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Abstract
Exosomes are the smallest extracellular vesicles present in most of the biological fluids. They are found to play an important 
role in cell signaling, immune response, tumor metastasis, etc. Studies have shown that these vesicles also have diagnostic 
and therapeutic roles for which their accurate detection and quantification is essential. Due to the complexity in size and 
structure of exosomes, even the gold standard methods face challenges. This comprehensive review discusses the various 
standard methods such as ultracentrifugation, ultrafiltration, size-exclusion chromatography, precipitation, immunoaffinity, 
and microfluidic technologies for the isolation of exosomes. The principle of isolation of each method is described, as well 
as their specific advantages and disadvantages. Quantification of exosomes by nanoparticle tracking analysis, flow cytometry, 
tunable resistive pulse sensing, electron microscopy, dynamic light scattering, and microfluidic devices are also described, 
along with the applications of exosomes in various biomedical domains.

Keywords Exosomes · Biomarkers · Therapeutics · Diagnosis

Introduction

Extracellular vesicles (EVs) are membrane-bound lipid 
vesicles. They are spherical secretory vesicles with a pro-
teolipid bilayer membrane, their diameters ranging from 
30–2000 nm [1]. Most eukaryotic cell types release these 
EVs as a means of intracellular communication and cellular 
waste removal. Apart from the proteins expressed on their 

membranes, EVs also contain other proteins and lipids, 
as well as genetic information (DNA, mRNAs, miRNAs, 
etc.). Based on the differences in their biogenesis, composi-
tions, and functions, EVs are classified into microvesicles, 
exosomes and apoptotic bodies [2–4]. Figure 1a illustrates 
the process by which exosomes are produced and released 
from the cell, also the overall composition including the sur-
face markers of an exosome has been shown in Fig. 1b. Fur-
ther, the types of EVs and their various compositions have 
been summarized in Table 1 and 2. Micro vesicles (MVs) 
bud from the plasma membrane and are of 100 – 1000 nm 
in size. Due to the differences in their origins, proteins such 
as integrins, arrestin containing protein 1 (AARDC1) and 
P-selectin glycoprotein Ib (GPIb) are enriched in MVs [5]. 
They tend to contain more proteins that have undergone 
posttranslational modifications, including glycoproteins and 
phosphoproteins, compared to exosomes [6]. Dying cells 
that undergo apoptosis release apoptotic bodies from the 
plasma membrane, with diameters of 50 – 2000 nm. These 
vesicles contain DNA-binding histones and lack glycopro-
teins, directly opposite to exosomes [7].  

Exosomes, often present in bodily fluids, are about 
30–150 nm in size and are known to be the smallest type 
of extracellular vesicles. Previously thought of as cellular 
waste disposal systems, exosomes are now known for their 
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functions in cell and signaling, antigen presentation, immune 
response modulation, and more. They play a role in tumor 
metastasis, with cancer cell-derived exosomes carrying 
information responsible for angiogenesis and cell prolif-
eration [1]. They also serve a therapeutic purpose, as their 
biocompatibility, low immunogenicity, and ability to cross 
the blood–brain barrier, allowing them to be exploited for 
targeted drug delivery therapy [2]. Exosomes isolated from 
urine can also serve as biomarkers of genitourinary disorders 
and prostate cancer, while those extracted from the cerebro-
spinal fluid can be used to diagnose prion diseases and a 
few neurodegenerative disorders [3]. This role as biomark-
ers for disease detection and prognosis makes exosomes an 
ideal candidate for use in liquid biopsies, in which exosomes 
released by parent cells into circulating fluids (blood, urine) 
can be analyzed to identify the presence or severity of dis-
eases. However, research into the role of exosomes as bio-
markers for disease requires accurate measurement of their 
concentrations in clinical samples. This remains difficult due 
to the complexity of isolating pure exosomes from biological 

and cell culture fluids, and of detecting and enumerating 
them [25].

With the increasing interest in the field of exosomes, a 
comprehensive article highlighting the different methods 
for their isolation and detection is important. It will provide 
researchers with a broader understanding of each technique 
and allow them to choose the one most appropriate for their 
work. In this review, we focus on the methods for isolation 
and quantification of exosomes. First, a brief overview on 
the biogenesis and structures of EVs and exosomes is pro-
vided. We then discuss the different methods employed for 
exosome isolation and purification, and the advantages and 
disadvantages of each method. We also highlight the differ-
ent applications of exosomes as biomarkers for diagnosis of 
various medical conditions and their potential therapeutic 
role.

Fig. 1  a Illustrates the process by which exosomes are produced and released from the cell; b shows the overall composition including the sur-
face markers of an exosome released from the cell. Figure is reproduced from [8, 9] with permission from MDPI publisher.

Table 1  Comparison between extracellular vesicles

Types Exosomes Microvesicles Apoptotic bodies References

Origin Endocytic pathway Plasma membrane Plasma membrane [1, 9]
Size 30–150 nm 50–1000 nm 500–2000 nm
Function Intercellular communication Intercellular communication Facilitate phagocytosis
Markers Alix, Tsg101, tetraspanins (CD81, CD63, 

CD9), flotillin
Integrins, selectins, CD40 Annexin V, phosphatidylserine

Contents Proteins and nucleic acids (mRNA, miRNA, 
and other non-coding RNAs)

Proteins and nucleic acids (mRNA, 
miRNA, and other non-coding 
RNAs)

Nuclear fractions, cell organelles
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Exosome

Discovery

In 1983, two papers independent of each other, by Hard-
ing et al. and Pan et al. described exosomes for the first 
time, only a week apart from each other. In these papers, 
the movement of labeled transferrin receptors (TfRs) from 
the plasma membrane into maturing reticulocytes was 
tracked. It was discovered that the transferrin receptors 
are taken into the cells, and then repackaged into small 
(~ 50 nm) vesicles inside them [8, 26]. These vesicles 
originally thought destined to be trafficked to lysosomes 
for destruction, are instead secreted out of the maturing 
blood reticulocytes into the extracellular space and were 
later coined “exosomes” [27, 28].

Biogenesis and Release

Exosomes are formed as a product of the endosomal path-
way unlike MVs and apoptotic bodies which also arise from 
the plasma membrane budding. As depicted in Fig. 1, the 
releasing of the exosomes is by the inward budding by form-
ing endocytic vesicles. These vesicles will have an inside-out 
cell membrane externally and extracellular fluid internally 
[8]. Several endocytic vesicles will fuse to form an endo-
some, which later matures into multivesicular endosomes. 
During this, the outer membrane of the endosomes invagi-
nates to generate small vesicles measuring about 50–90 nm 
in diameter, called intraluminal vesicles (ILVs) containing 
cytosolic content. These multivesicular endosomes or bodies 
(MVBs) have two fates: either as intermediates in intracel-
lular protein degradation or in exosome formation. In the 
endolysosomal degradative pathway, proteins from the cell 
membrane or Trans-Golgi packaged into ILVs fuse with lys-
osomes which release enzymes to destroy proteins. Alterna-
tively, these ILVs are routed to the cell surface, to deliver 
its material into the extracellular space as exosomes [29].

For the formation of MVBs, the sorting and packaging of 
their protein cargo depends on the endosomal sorting com-
plex required for transport (ESCRT) such as ESCRT-0, I, 
II, III and associated proteins such as Vps4, Tsg101 and 
Alix. The ESCRT-0 complex interacts with the -I and -II 
complexes, once it is ubiquinated, which cause membrane 
deformation and form the neck of the budding membrane. 
Together, the complexes combine with ESCRT-III, which 
interacts with Vps4 to cleave the necks of the buds to form 
ILVs. However, recent evidence suggests that there could 
be an ESCRT-independent pathway for exosome formation 
and cargo loading, which uses raft-based lipid microdo-
mains of the plasma membrane and associated proteins like 
tetraspanins [30]. The lipid rafts are enriched with sphin-
gomyelinases, which convert sphingomyelin to ceramide, 
a sphingolipid that induces the spontaneous budding of the 
membrane to form ILVs [31]. The role of tetraspanins in ves-
icle formation is still being studied but is thought to induce 
negative curving of the membrane or vesicle scission. Tet-
raspanin-enriched microdomains (TEMs) are involved with 
cargo loading, sorting target receptors, signaling proteins, 
and cellular components into exosomes [32].

Structure and Composition

Due to their small size, exosomes are not visible to the naked 
eye or under light microscopes and can only be visualized 
under an electron microscope. They appear as flattened 
spheres, most likely due to the preparation process for elec-
tron microscopy, which involves extreme dehydration result-
ing in the exosomes collapsing [9, 33]. In recent years, struc-
tural studies of exosomes have revealed that they contain 

Table 2  Different types/classes of protein/RNA/lipid content in EVs

Types/classes Protein/lipid/RNA References

MHC class II‐associated proteins Protein [10]
Tetraspanin proteins Protein [11]
HLA-DM Protein
Lamp-1, and Lamp-2 Protein
GM1 Protein [12]
Lyn, flotillin-1 Protein
Stomatin Protein
Adaptor protein CD2AP Protein [13]
L-type lectin LMAN2 Protein
Activating transcription factor 3 

(ATF3)
Protein [14]

Wilms tumor 1 (WT-1) Protein
Sphingomyelins Lipid [15]
Cardiolipins Lipid
Latent membrane protein 1 (LMP1) Protein [16]
Immunomodulatory protein galectin 

9
Protein

Heat shock protein (Hsc73) Protein [17]
Ubiquitinated proteins Protein [18]
Inhibitory protein CD59 Protein [19]
Hexosylceramides Lipid [20]
Phosphatidylserine Lipid
Saturated fatty acids Lipid
mRNA, miRNA, lncRNA RNA
Heat shock protein (HSP70, HSP84) Protein [7, 21]
HLA-G1 proteins Protein [22]
SNARE synaptobrevin 2 (VAMP2) Protein [23]
SNX25, BTG1, PEDF, thrombos-

pondin 2
Protein [24]
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certain lipids that help to maintain their biological activ-
ity, many of which are recorded in the exosome database 
ExoCarta. Exosome membranes are composed of a lipid 
bilayer, containing other biomolecules such as unsaturated 
lipids, cholesterol, phosphatidylserine, sphingomyelin, and 
gangliosides [34]. The high levels of unsaturated lipids and 
sphingomyelins in the exosome membrane may be the cause 
of its strength and rigidity, making it less susceptible to deg-
radation outside the cell and more stable as a carrier [35]. 
However, the exosome lipid profile does not fully reflect 
that of their parent cells. They have minor differences com-
pared to the membranes of their parent cells, namely con-
taining increased proportions of cholesterol, sphingomyelin 
and phosphatidylserine, and less phosphatidylcholine and 
lyso(bis)phosphatidic acid [36]. The protein composition of 
extracellular vesicles is a good indicator of the subtype of 
EV, the mode of biogenesis and release, and the original cell 
type. However, regardless of these factors, all exosomes con-
tain some common proteins, for instance, heat shock protein 
84 (Hsp84), tumor susceptibility gene 101 (TSG101) and 
Alix, for transport mechanism [7]. The endosomal ESCRT 
is a collection of proteins required for the membrane infold-
ings to form MVBs [37]. Five protein complexes comprise 
the ESCRT machinery, ESCRT-0, ESCRT-I, ESCRT-II, 
ESCRT-III and Vps4-Vta1, and a few ESCRT-associated 
proteins. Among them, the soluble complexes are ESCRT-0, 
ESCRT-I, ESCRT-II and Vps4-Vta1 [23]. ESCRT complex 
components, GTPases, Rab, tetraspanin, and other proteins 
play a role in the recognition, uptake, release, and exosome 
internalization. Alix, TSG101, Hsp70, and CD9 were the 
exosome markers used in the Western blotting and electron 
microscopy techniques [21]. Other commonly found exo-
somal proteins include membrane adhesion proteins such 
as integrins, membrane transport/trafficking which include 
annexins and rab protein family, cytoskeletal components 
such as ezrin, actin, tubulin, cytokeratins and myosin), and 
lysosome membrane protein 2, cathepsin D, CD63, LAMP-
1/2 which are the lysosomal markers, antigen presenting pro-
teins such as HLA class I and II/peptide complexes, meta-
bolic enzymes such as GAPDH and pyruvate, heat shock 
proteins, proteases (ADAM10, DPEP1, ST14), kinases, 
transporters (ATP7A, ATP7B, MRP2, SLC1A4, SLC16A1, 
CLIC1), tetraspanins such as CD9, CD81, CD82 andtetras-
panin-8, and receptors (CD46, CD55, NOTCH1) [23]. Exo-
somal proteins consists of molecules which are associated 
with endocytic pathway in cytosol or plasma membrane not 
in mitochondria, endoplasmic reticulum, and Golgi complex 
[7].

Besides lipids and proteins, exosomes are also known 
to contain large amounts of DNA and RNA. EV-DNA, or 
DNA that is transported within extracellular vesicles [38] 
ranges from 100 bp to 2.5 kb in size. MicroRNAs (miRNA) 
and transfer RNAs (tRNAs) are thought to make up 15% of 

EV-RNA, and RNA repeats making up 50% of EV-RNA 
[39], based on sequencing of all RNA derived from isolated 
EVs in serum. Some RNAs, such as those derived from mes-
enchymal stem cell exosomes, are present in an increased 
proportion as compared to that present in the origin cells 
[40]. Although several studies show that RNA can be trans-
ferred within exosomes from cell to cell [41, 42], the extent 
to which this transferred RNA is functional in the recipient 
cells and the extent of their fragmentation and transfer is yet 
to be determined.

Methods of Isolation

Exosomes have shown to be a promising source for potential 
biomarker, before detecting and quantifying the exosomes, 
they must be extracted from biological fluids as pure iso-
lates. This section summarizes the various methods currently 
employed for exosome isolation along with their comparison 
in Table 3.

Ultracentrifugation

Ultracentrifugation applies a high centrifugal force of 
100,000×g to a heterogeneous mixture. Constituents in the 
mixture are therefore sedimented sequentially according to 
their density and size, with larger or denser particles sedi-
menting first. Ultracentrifugation is of two types, the differ-
ential centrifugation which involves centrifuging the sample 
at increasing speeds (300–2000×g), to remove large cells 
and debris and higher speed spin at 10,000×g to sediment 
larger extracellular vesicles and remaining cell debris, and 
finally, ultracentrifugation at 100,000×g to isolate exosomes 
[51]. However, ultracentrifugation is time-consuming with 
low exosomal yield and high protein contamination. Sample 
purity can be increased with the use of a sucrose density 
gradient, as in density gradient centrifugation. The sucrose 
density gradient separates particles according to their densi-
ties, and exosomes can be found in a 30% sucrose cushion, 
separated from non-exosomal particles that could other-
wise be precipitated during ultracentrifugation. Develop-
ing this method further, a one-step sucrose cushion method 
was demonstrated and has shown to increase the yield in 
mesenchymal stem cells exosomes isolation [52]. An opti-
mized ultracentrifugation method involving five cycles at 
100,000×g for 70 min was compared with size exclusion 
chromatography and found to be removed 95% of serum 
protein without any significant loss of exosomes [43]. Den-
sity gradient ultracentrifugation has shown to isolate human 
tongue cancer-derived exosomes with an increased extrac-
tion efficiency of uniform-sized exosomes by two-folds [53]. 
Further, an iodixanol density gradient ultracentrifugation 
method was demonstrated for the isolation of exosome from 
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human saliva. This method isolated exosomes in the size 
range of 47.8 ± 12.3 nm with higher concentration which 
was not possible with the commonly used density gradient 
methods [54]. Isolating exosomes from plasma is more clini-
cally significant as blood plasma can be easily be obtained 
from patients but contain a higher level of contamination in 
terms of non EV proteins and lipoproteins regardless of the 
method for isolation used.

Ultrafiltration

This size-based isolation method involves the usage of mem-
brane filters with specific size exclusion limits. A 0.22 µm 
pore size-containing membrane filters can be used to collect 
exosomes from the filtrate. Before this filtration step, the 
cells, debris, and larger vesicles must be removed from the 
exosome-containing fluid by centrifugation steps or by pass-
ing through membrane filters of pore sizes such as 0.80 µm 
from retentate [7, 44, 55]. Exosomes are used to study vari-
ous diseases along with their underlying medical conditions 
and for the same, their isolation from body fluids is essen-
tial. A centrifugal ultrafiltration approach was demonstrated 
for isolating exosomes from bronchoalveolar lavage fluid 
providing information about various respiratory conditions. 
100 kDa molecular weight cut-off nano-membrane filter was 
used in this method and was also compared to the density 
gradient method for exosome isolation. It was found that 
the ultrafiltration approach could isolate 7.69 ± 2.6 × 108/μL 
compared to 0.5 ± 0.05 × 108/μL using the latter as enumer-
ated using NTA. Thus, proving efficient, simple, and high 
purity exosome isolation [56]. Ultrafiltration has shown to 
isolate urinary exosomes with much lesser time and more 
efficiently than ultracentrifugation. A nano-membrane 
concentrator was used to concentrate the exosomes and 
showed to detect them in the minimal urine sample volume 
of 0.5 mL [57]. Further, exosomes from human colon can-
cer samples were isolated by combining ultrafiltration with 
sequential centrifugation. The method was able to perform 
unbiased isolation of exosomes from conditioned media with 
uniformity in vesicle size [58]. Fetal bovine serum (FBS) 
is an important supplement for various cell culture related 
studies and is found to contain a large number of EVs such 
as exosomes. These vesicles tend to sometime disrupt the 
experiments by interfering with cell viability and function-
ing thereby causing bias to the results. An efficient ultrafil-
tration-based method which used ultracentrifugation com-
bined with commercial Amicon ultra-15 centrifugal filters 
was demonstrated to complete deplete the FBS of vesicles. 
This method was found to be more efficient than the com-
mercially available methods with being cost-effective, can be 
replicated in any laboratory, and supported cell proliferation 
up to 96 h [59].

Size‑Exclusion Chromatography (SEC)

SEC is another technique that aims to separate molecules 
based on their size. A mixture is passed down a column 
of beads containing multiple pores. Individual molecules 
can pass through the pores in the polymeric beads depend-
ing on their size, with molecules with smaller radii being 
able to pass into the pores and having to migrate through 
the column’s tunnels and therefore eluting later from the 
column. Molecules like exosomes, which have larger hydro-
dynamic radii, are unable to enter the pores, and therefore, 
pass through the column faster [45].

Exosome isolation is quite challenging as a number of 
proteins and lipoproteins are present in the plasma mem-
brane. A single step size exclusion chromatography method 
was demonstrated for isolation of exosomes using a sepha-
rose CL-2B column and found to efficiently separate the 
vesicles with a diameter of more than 75 nm from body flu-
ids [60]. The SEC method was also found to minimally alter 
exosome characteristics compared to precipitation-based 
methods. It was observed that the former method was more 
efficient in removing the soluble plasma protein and showed 
the presence of surface markers such as CD-9, CD-63, etc. in 
the isolated exosomes compared to the precipitation methods 
[61]. A simple isolation of exosome acute myeloid leukemia 
(AML) plasma using mini-sized size exclusion chromatog-
raphy columns packed with sepharose 2B was performed. 
The method was able to isolate clean and non-aggregated 
exosomes in the size range of 50–200 nm [62]. Further, the 
SEC method coupled with ultracentrifugation was found to 
be more efficient than both the methods stand alone. First 
using ultracentrifugation, the EV particles were separated 
from the sample followed by enrichment of exosomes using 
the size exclusion chromatography. This approach was found 
to reduce user variability in the experiment along with the 
improved yield of exosomes [63].

Precipitation

Precipitation techniques alter the solubility of exosomes in 
a solvent to precipitate them out of the solution. Generally, 
water-excluding polymers that attract water molecules to 
each other and therefore force insoluble molecules in the 
water out of solution are used for this purpose, particularly 
polyethylene glycol with 8 kDa molecular weight [46]. Fol-
lowing a short incubation period where the precipitation 
solution is mixed with the exosome-containing fluid, cen-
trifugation with a tabletop centrifuge can be used to pellet 
the precipitated exosomes. Commercially available exosome 
isolation kits also separate exosomes from biological fluids 
through precipitation, yielding high quantities of protein, 
miRNA, and mRNA [47].
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Apart from these methods, a charged-based precipitation 
method can also be used for the isolation of exosomes. These 
EVs are negatively charged which can be easily precipitated 
by interaction with positive molecules such as Protamine. 
The exosomes recovered by this method were compared to 
that isolated using ultracentrifugation and the former showed 
more efficient recovery when compared by NTA [64]. A 
low cost and effective method utilizing polyethylene glycol 
(PEG) as the agent for precipitation was demonstrated. The 
PEG wraps the exosomes to aggregate them which leads to 
easy precipitation. The exosomes isolated by this method 
were compared for the surface marker in the ExoCarta data-
base and found to contain the top 97% of the exosome mark-
ers [65]. Further, a rapid and inexpensive method utilizing 
solvent-based precipitation was used for the isolation of 
exosomes from human blood plasma. Initially, the plasma 
proteins were precipitated using cold acetone which left the 
exosomes in the supernatant. Then either using ultracentrifu-
gation or filtration, the exosomes can be easily separated. 
This method was found to be efficient in removing plasma 
protein contamination and took lesser time than traditional 
ultracentrifugation methods [66].

Immunoaffinity‑Based Capture (IAC)

IAC uses the affinitive binding property of proteins with 
protein receptors present in the exosome membranes and 
vice-versa, to specifically isolate exosomes from biological 
fluids. ELISA is a common method that uses IAC to cap-
ture and quantify exosomes, using the exosome biomarkers 
CD63, CD326, Tim-4 binding phosphatidylserine, etc. [48]. 
IAC can be used to further purify exosomes isolated using 
other non-specific techniques, such as those based on density 
and size. Isolating tumor-specific exosome is a tedious job as 
they are being very less in number. The IAC-based method 
was shown to separate and isolate the melanoma-specific 
exosomes using mAb 763.74 which is specific for CSPG4 
epitope expressed by the cells. The efficiency to capture mel-
anoma-specific exosomes was found around 95% with this 
method thereby proving itself as a method for liquid biopsy 
[67]. An anti-CD34 antibody-based IAC method demon-
strated AML specific exosomes isolation from the super-
natant of cell culture supernatant. The CD34 microbeads 
were found to be highly efficient and 10 µL aliquots of the 
same was able to capture all the exosomes in 100–1000 µL 
of AML suspension [68]. Another IAC-based method used 
anti-epithelial cell adhesion molecule (EpCAM) which were 
modified by magnetic activated cell sorting (MACS) to iso-
late ovarian cancer-derived exosomes. The EpCAM mole-
cules tagged to magnetic microbeads were mixed with serum 
samples and isolated using a MACS separator. The method 
was able to detect a higher concentration of exosomal pro-
tein related to ovarian cancer in patients (0.149 ± 0.065 mg/

mL) as compared to normal humans (0.039 ± 0.030 mg/mL). 
Thus, showing itself as an efficient method to obtain highly 
pure exosomes [69].

Microfluidics‑Based Technologies

Microfluidics provide highly efficient, rapid methods for the 
isolation and detection of exosomes on a single chip. Differ-
ent methods of exosome isolation are employed, all based 
on size and utilizing nano filters, nanoarrays, or nanowires. 
The first method includes silicone nanowires engraved on 
the micropillars’ sidewalls that help to trap liposomes. The 
second method is acoustic nanofiltration, by which exosomes 
of size 100–1000 nm are isolated using the microbeads. 
Another method is viscoelastic microfluidics, in which elas-
tic lift forces determine particle separation of different sizes 
through a viscoelastic medium such as Poly-(oxyethylene) 
(PEO). Through this, > 80% isolation efficiency and > 90% 
purity could be obtained [49]. Isolation based on filtration 
using ExoTIC includes a microfluidic chip that separates 
EVs through membranes of different pore sizes [50]. The 
dialysis membrane (30 nm pore size) is observed to isolate 
EVs with the application of electric forces [70]. Wu et al. 
demonstrated a method of isolating exosomes from whole 
blood using acoustofluidics (a combination of acoustics and 
microfluidics). It includes a microscale cell-removal module, 
which removes large blood parts, and the exosome-isolation 
module, which separates extracellular vesicles sub-parts like 
microvesicles [71]. Another method is immunoaffinity-based 
separation integrated with microfluidic devices to isolate 
circulating extracellular vesicles filled with exosomes from 
a serum sample of the blood, using ExoChip. This device 
is made up of polydimethylsiloxane (PDMS), and antibod-
ies were used to functionalize it against CD63 antigen [72]. 
Isolation of exosomes could be carried out employing one 
of these techniques, based on the research and analysis 
requirements. Table 3 summarizes the working principles, 
advantages, and disadvantages of some common exosome 
isolation techniques.

Methods of Quantification

The small size of exosomes makes traditional quantification 
methods in molecular biology cumbersome and inaccurate. 
With the advancements in technology and instrumentation, 
various methods are currently employed for their faster and 
more efficient quantification. The current methods for quan-
tification, their principles, and their advantages and disad-
vantages have been discussed herewith along with Table 4 
which summarizes all the methods comprehensively.
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Nanoparticle Tracking Analysis (NTA)

NTA is used for quantification of exosomes, using the 
detection of fluctuations of the light scattered by sus-
pended particles due to their Brownian motion to deter-
mine the concentration of particles present [91, 92]. A 
laser beam illuminates to particles suspended in a sample 
chamber, and a light-sensitive CCD camera mounted on 
a long working distance microscope acquires a video of 
the particles in the path of the laser in Brownian motion 
and scattering light. An external software then analyses 
the video and tracks individual particles and calculates 
their hydrodynamic radii with the help of the Stokes–Ein-
stein equation. The particle concentration of the sample 
can then be determined by counting all particles in the 
field of view of the camera, giving concentration as the 
number of particles per  cm3. NTA is the preferred method 
for the detection and enumeration of exosomes as it does 
not detect specific biomarkers and requires no changes 
to the sample to be made. A fluorescent mode is also 
available, under which specifically fluorescently-labeled 
exosomes can be detected, excluding other EVs present in 
the solution [73]. A drawback to this instrument is that it 
is limited to the detection of EVs of sizes 30–500 nm and 
therefore underestimates the concentration of EVs larger 
than 500 nm [74]. Apart from the use of high cost instru-
ment, thorough knowledge of the software and hardware 
settings is required to ensure reproducible results. Also, 
photobleaching as well as potential background from dye 
aggregates can sometimes interfere with the results obtain.

Gleadle et  al. demonstrated the quantification of 
exosomes in the urine sample from proteinuric patients using 
NTA. There was a decrease in the particle concentration 
due to the immunodepletion of albumin in such patients. 
The particle diameter of 105 nm extracted from the albu-
min solution by NTA measurements. Hence, the NTA result 
interpretation requires great caution for the proteins enriched 
fluids [93]. In the study conducted by Aguilera-Rojas et al. 
exosome quantification and sizing was performed in blood 
serum from the dog using this technique. Exosome concen-
trations in the range of 7.3–17.5 × 1010/mL were detected 
in serum and C2 cell line culture medium [94]. Zheng et al. 
showed how NTA was used to check the exosome secre-
tion inhibition due to RNA targeted for Rab27a expressed 
by MDA-MB-231 breast cancer cells. Rab27a and Rab27b 
were inhibited leading to altered intracellular CD63+ com-
partments and few exosomes were released into the culture 
medium. The data obtained proved that NTA was effective in 
monitoring exosome secretion disruption [95]. NTA is com-
monly used for EVs measurement. However, similar sizes of 
lipoproteins could confound the results of EVs quantifica-
tion. It is suggested that the user strictly follow the protocols 
and report data accurately [96].

Flow Cytometry

Flow cytometry is another preferred method for counting 
exosomes. The instrument can count particles of a size 
larger than 500 nm and can, therefore, be used to detect 
microvesicles and apoptotic bodies [75]. However, exosomes 
lie outside the detection limits of the flow cytometer and 
must therefore be attached to beads conjugated with specific 
antibodies against antigens found on the exosome membrane 
surface. These counting beads are then bound to second-
ary fluorophore-conjugated antibodies and are suspended 
in fluid and passed through the center of a detection cell in 
a thin single particle stream, controlled by a sheath fluid. 
The fluorophores bound to the beads will fluoresce and emit 
light of a longer wavelength as an incident laser beam excites 
them, and the fluorescence detector will measure the fluores-
cence intensity and the number of emission ‘events’ to count 
the number of beads, and therefore, exosomes present in the 
sample [43]. The light scattered by particles will also be 
detected and measured, with a detector in front of the laser 
beam detecting forward scatter signals, and a detector at the 
side of the laser beam detecting side scatter signals. How-
ever, this analysis can be disrupted by immune complexes 
in the sample, which have similar biophysical characteristics 
as extracellular vesicles and will cause fluctuations in the 
forward and side scattered light intensities [76]. Another 
limitation in flow cytometry measurement of exosome is 
the swarm effect. Multiple smaller vesicles are counted as 
single event which cause erroneous data interpretation. This 
occurs if the concentration of smaller vesicles is high in 
the sample and scattering or fluorescence signal exceed the 
detection limit [77].

A flow cytometer is the most commonly applied in the 
analysis of exosomes due to its potentiality to inspect many 
parameters at the given time. Conventional cytometers could 
miss the particles with a size below 300 nm due to their side 
detection limitation. That is why modified new generation 
flow cytometers having multi-angle lasers could achieve 
better particle resolution [97]. EVs can also be quantified 
by on-bead flow cytometry using fluorochrome‐labeled 
antibodies. The on-bead flow cytometer is standardized for 
use with the conventional cytometer in the detection and 
quantification of exosomes [98]. In the study by Rim et al. 
exosomes consisting of murine lung fibroblasts (Mlg2908) 
and murine lung cancer cells (LA-4 and KLN 205) were 
quantitatively measured by fluorescence-activated cell sort-
ing to create a novel tool for observing in vivo genetic altera-
tions during cancer. It was detected that LA-4 lung cancer 
cells contained increased CD63-specific exosomes. Thereby, 
helping in the classification of miRNA as diagnostic markers 
and cancer-specific proteins [99]. To confirm if the microen-
vironmental acidity is responsible for exosome release and 
increased prostate specific antigen (PSA) expression during 
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malignancy, nanoscale flow cytometry along with NTA and 
an immunocapture-based ELISA were performed. This acid-
ity may be an important factor for the detection of cancer, 
both qualitatively and quantitatively [100]. Again, to estab-
lish the experimental reliability of EV under flow cytom-
etry (FC), a working group of experts in EV-FC from ISEV, 
ISAC and ISTH, developed a consensus framework called 
MIFlowCyt-EV. Minimum information related to sample 
preparation, detection, experimental design and analysis 
should be provided in manuscript on EV-FC results. It does 
not provide a specific protocol since hardware, methods and 
software shall continue in evolution in future [101].

Tunable Resistive Pulse Sensing (TRPS)

TRPS detects individual particles passing through pores in 
a voltage applied membrane across which voltage is applied 
[78]. The size of this pore is changeable and can therefore be 
used for a variety of samples of different sizes. The exosome 
sample is loaded on one end of the membrane and single 
exosomes are forced through the pore, decreasing the current 
flowing through the pore as they pass, due to the increased 
resistance within the pore at that moment. The fluctuations 
in the current are detected and analyzed to provide informa-
tion about the number and size of particles flowing through 
the pore. A single decrease in the current is called an ‘event’, 
and the number of events is directly related to the concentra-
tion of exosomes in the sample [78]. The disadvantages of 
this technique include the risk of pores getting clogged with 
repeated use of the membrane, and the lacking sensitivity of 
the instrument, whose detection limits do not include small 
exosomes [79].

Maas et al. showed that the qNano system was used for 
the determination of the size and concentration of exosomes. 
The procedure is based on transferring EVs through nano-
pores and makes it faster and serves small sample volume 
usage. This real-time calibration technique helps to over-
come the challenges faced during the measurement of 
EVs directly in the fluids [102]. Zhang et al. developed the 
method to size and quantify the catecholamine molecules 
in nanometer transmitter vesicles. For this, resistive pulse 
measurements and vesicle impact electrochemical cytom-
etry (VIEC) as the vesicles leave the nanopore pipet. Bovine 
adrenal vesicles were analyzed and it showed that vesicles 
size and counts were varying due to the presence of dense 
core in the vesicles [103]. Another study conducted by Vogel 
et al. demonstrated the measurement of EVs concentration 
from blood plasma using TRPS. Coefficients of the variance 
of 23.9% and 52.5% were detected for the mean liposome 
and EVs concentrations, respectively [104]. Bogomolny 
et al. characterized EVs obtained from bacteria and they 
are also known as outer membrane vesicles (OMVs) using 
TRPS. Size distribution (124 ± 3 nm modal diameter) and 

concentration (lower bound 7.4 × 109/mL) were determined 
from uropathogenic Escherichia coli [105]. Appling TRPS 
for the analysis of EVs could aid in this particle development 
in therapeutics and clinical diagnostics.

Electron Microscopy

Electron microscopy is the most preferred method for attest-
ing the quality of exosome isolation and for ensuring that 
the vesicles are undamaged. Whole-mount negative staining 
is a well-characterized and often used technique to image 
exosomes and display morphology. However, the exosomes 
are completely spherical, as demonstrated by cryo-TEM 
imaging, and the cup shape is a result of the drying process 
for the preparation for imaging. Plastic embedding, blocking 
sectioning, and fixation with glutaraldehyde can reduce the 
change in the exosome morphology, and may be preferred 
to observe the natural structure of extracellular vesicles [80, 
81]. While it remains a useful method to confirm the mor-
phology and purity of exosome isolates, electron microscopy 
is too tedious and low throughput technique for the efficient 
counting of exosomes. It is also expected to under-represent 
the number of exosomes present, due to the loss of vesicles 
during sample preparation for microscopy [106].

Characterization and quantification of the exosomes 
from the primary culture of the canine transmissible vene-
real tumor were performed using scanning electron micros-
copy (SEM) as part of immunotherapy for treating the 
tumor [107]. EVs from human milk were also quantified 
using SEM and it was observed that the size of these nan-
ovesicles was in the range between 50 and 350 nm [108]. 
Transmission electron microscopy (TEM) was employed for 
the purpose of quantification and characterization of mito-
chondria-rich cells that provide cellular ions for intestinal 
homeostasis to study and understand its optimal regulation 
[109]. A cryo-transmission electron microscope was used to 
identify and characterize the heterogeneous populations of 
urinary extracellular vesicles from low centrifugation pel-
lets [110]. Immuno-electron microscopy was utilized for the 
characterization and quantification of respiratory exosomes 
and nanovesicles derived from the samples of cystic fibrosis, 
asthma, and ciliary dyskinesia to understand and analyze 
their involvement in causing lung damage [111].

Dynamic Light Scattering (DLS)

DLS is commonly used to determine the size of nanoparti-
cles. In a solution, particles randomly move due to Brownian 
motion leading to collision among them and resulting in the 
transfer of energy between them, which results in the move-
ment of the solute particles. The energy transfer majorly 
effects the smaller particles as they move faster in the sol-
vent than larger particles. An incident light beam directed 
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at the solution will be scattered by particles in the solution 
in all directions [82]. The fluctuations in the scattered light 
intensity are detected at a certain angle over time by a fast 
photon detector and analyzed to provide information about 
the movement of the particles, which further divulges the 
particle size and concentration in the solution. Smaller par-
ticles, which are moving faster, will cause more fluctuations 
over time in the scattered light intensity. The fluctuations 
will be studied by analysing the intensity correlation func-
tion (R) and the diffusion coefficient (D) of the particles. 
The Stokes–Einstein equation can then be used to relate ‘D’ 
to the radius ‘R’ of the particles, thus obtaining the size of 
the particles present in the solution. DLS will also give a 
measure of the polydispersity of the solution, with values 
below 0.1 indicating that the sample contains particles of the 
same size [112]. Fluctuations in light scattered by moving 
particles are detected and recorded as a function of time.

DLS has several applications in the quantification of 
exosomes. For instance, a physical quantification of plasma 
EVs was carried out using DLS to study and identify these 
vesicles as potential phenotypic biomarkers of prostate 
cancer [113]. Microvesicles were prepared from the mes-
enchymal stem cells using ultracentrifugation to study their 
biological impact which was evaluated using DLS [114]. 
Exosomes from human mesenchymal cells were quantified 
using DLS as the regulation of vascular endothelial growth 
factors derived from breast cancer tissues were regulated 
by them [115]. DLS coupled with nanoplasmonic assay 
improved the quantification of EVs from the samples of 
multiple sclerosis patients which helped to study the physi-
ological deviation in vesicles [116]. Exosomes incubated 
from different cell types were loaded with drugs such as 
doxorubicin and were quantified using DLS to determine the 
efficacy of the drug packing. It was observed that pancreatic 
cancer cells were the most efficient drug-loaded exosomes 
followed by macrophages [117].

Microfluidics

Microfluidics is a system or a process that is used to manip-
ulate small amounts of fluids, ranging from microliter to 
milliliter using channels with micro-dimensions. A micro-
fluidic device facilitates immunocapture, quantification and 
characterization of exosomes in the cell culture medium, 
as well as a patient sample. Fang et al. used microfluidic 
devices to detect exosomes that were characterized by TEM. 
The immune captured exosomes were quantified by a sta-
ble on-chip capture efficiency using a programmable pump 
system [118]. A double-filtration microfluidic device was 
developed by Liang et al. to isolate and quantify urinary EVs 
taken from bladder cancer patients based on size-exclusion 
principle. To quantify EVs, microplates and microchips were 
developed and a BSA standard solution was used to plot the 

quantification curve; it was observed that 72.4% efficient 
compared to ultracentrifugation [83]. Another integrated 
microfluidic device was developed using RT-PCR for micro-
RNA quantification by Ramshani et al. producing fairly 
accurate results [84]. Lin et al. discovered the potential for 
on-chip separation and quantification of exosomes based on 
deterministic lateral displacement (DLD) chip report. Quan-
tification using this approach can be utilized because of its 
low sample requirements, low cost, and easy operations [50].

Microfluidics used for exosome quantification has vari-
ous applications. Sensitive microRNA was detected directly 
from the derived biological samples using microfluidic 
exponential rolling circle amplification. The high sensitiv-
ity exhibited by this method suggested that the analysis and 
quantification of miRNA could be done for the application 
in clinical medicine and biological research [119]. Addition-
ally, to overcome the challenges associated with sensitivity 
in the quantification of miRNAs, cyclic amplification was 
coupled with microfluidic Voltage-Assisted Liquid Desorp-
tion Electrospray Ionization Mass Spectrometry which sug-
gested that the results were accurate and cost-effective for 
studying miRNAs in the biomedical samples [120]. Selec-
tive quantification of biomarkers in nanovesicles derived 
from cancerous tissues was performed using microfluidics-
based on liquid biopsy screening tests which improved the 
accuracy of the results [121]. Highly sensitive cancerous 
exosomes were quantified using a detachable microflu-
idic device implemented with electrochemical aptasensor 
(DeMEA) which helped in the early detection of cancer-
ous biomarkers thereby contributing to the early diagnosis 
(exosome-based cancer diagnosis) [122]. A microfluidic 
device called ExoChip was designed to isolate and quantify 
circulating exosomes obtained directly from the serum sam-
ple of blood, which are a promising diagnostic biomarkers 
source and therefore, can be utilized for molecular screening 
of cancers [72].

Surface Plasmon Resonance (SPR)

Over the past decade, SPR and its applications have been 
extensively studied. SPR is a label-free detection technique 
that employs the resonant oscillation of electrons due to the 
refractive index mismatch between the surface of the mate-
rial and incident light [123, 124]. SPR is known to be a reli-
able platform for studying biomolecule interactions. Further-
more, SPR is also used in the detection and quantification 
of exosomes. For instance, the concentration of exosomes 
carrying the tetraspanin membrane protein CD63 was deter-
mined using a SPR sensor probed with anti-CD63 antibodies 
where the SPR response was converted into surface-bound 
mass. The measurement accuracy was observed to be better 
than ± 50% [125]. SPR and dual gold nanoparticle (AuNP)-
assisted amplification of signal was employed for direct 
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exosome quantification. This method was highly sensitive, 
differentiating exosomes derived from MCF-10A normal 
breast cells and MCF-7 breast cancer cells and a 104-fold 
improvement in the detection limit compared to ELISA was 
observed. The SPR based sensor also successfully detected 
the exosomes in 30% fetal bovine serum [126]. SPR inte-
grated antibody microarrays for exosome membrane proteins 
were used for the real-time quantification of exosomes in 
tumor cells. A positive correlation was observed between 
the secretion of exosomes and the metastatic potential of 
tumor cells [127]. Real-time quantification of clinically rel-
evant exosomes from breast cancer patients was carried out 
using SPR which could provide information about the stage 
of a disease stage and enable non-invasive tracking of the 
tumor-expression levels [128]. Overall, the SPR approach for 
quantification of exosomes has been a promising technique 
as it enables real-time detection.

Single Particle Interferometric Reflectance Imaging 
Sensor (SP‑IRIS)

SP-IRIS is a method for multiplex phenotyping and digi-
tally counting of different populations of exosomes of size 
greater than 50 nm which are captured using microarray-
based solid-phase chips. The IRIS signal depends on the 
fields interfering after reflecting from the  SiO2 layer. IRIS 
exhibits dual-modality consisting of label-free high-through-
put measurement of biomass and high-magnification digital 
detection of single particles [88]. There are many tools used 
for exosome analysis and characterization, but they may not 
be very sensitive and the small size of exosomes can cause 
difficulty. Therefore, a plasmonic microscopy SP-IRIS could 
analyze the size and antibody interaction of a single exo-
some with higher sensitivity. Daaboul et al. demonstrated the 
characterization of exosomes in HEK 293 cell culture from 
human cerebrospinal fluid (hCSF). The method interfero-
metric imaging could target nanoparticles with size compat-
ibility with exosomes even from a 20 µL of hCSF volume 
using antibodies against tetraspanins. SP-IRIS could lead to 
improvements in disease diagnosis [89]. A study by Yang 
et al. demonstrated label-free imaging and real-time detec-
tion of exosomes using SP-IRIS. Exosomes were adsorbed 
on a chemically modified gold (Au) surface and then inten-
sity of image and size distribution were calculated. The size 
distribution parameter determines the fusion activity tak-
ing place between exosomes and liposomes quantitatively. 
Antibody-exosome interaction and the behavior of adsorbed 
exosomes on a surface coated with antibody-coated surface 
were also monitored [129]. Using defocused images with 
such interferometric microscopy could improve the detec-
tion of nanoparticles such as exosomes and their detectable 
size limit. Aygun et al. proposed depth scanning correla-
tion (DSC) interferometric microscopy which was able to 

detect and characterize exosomes over a few nanometers 
range [90]. Daaboul et al. proposed a label-free microarray 
imaging method using visible light that captures exosomes 
using a sensor functionalized by a membrane-specific array 
capture probe. Exosome populations from pancreatic can-
cer cell lines were studied by depositing antibodies against 
CD9, CD63, CD81, Epcam, Tissue Factor, EGFR, Mucin 1, 
MHC-1, and MHC-2. This technology was used to detect of 
exosomes from human plasma and it could improve exosome 
sample preparation standardization allowing liquid biopsy 
translation based on exosomes [130].

Functions and Applications

The major property of exosomes in intercellular commu-
nication; carrying proteins and genetic information fol-
lowing release from the parent cell into target cells by 
endocytosis. This function allows these structures to play 
significant roles in several biological pathways, includ-
ing inflammation, angiogenesis, coagulation, and apopto-
sis [131]. Exosomes are also significant in the process of 
gestation and contribute to the signaling between maternal 
cells and fetal cells. Exosomes released into the blood cir-
culation from the placenta [132] promote uteroplacental 
angiogenesis and inhibit the maternal immune response 
from acting against the growing fetus. They also main-
tain homeostasis within the cell by secreting out harmful 
DNA and other cytosolic contents [133]. Stem cell-derived 
exosomes influence bone and tissue regeneration [134]. 
Exosomes also reduce organ damage by reducing oxida-
tive stress and ROS accumulation [135]. However, they 
are implicated in many pathophysiological roles as well, 
increasing rates of tumor growth, infection, immune sup-
pression, etc. They are involved in the development of can-
cers, especially in tumor growth, drug resistance, survival, 
and metastasis. They mediate intercellular communication 
in hypoxic conditions, which aggravates tumor develop-
ment; help to establish premetastatic niches required for 
metastasis; contribute to the tumor microenvironment by 
transporting cancerous cells to the niche [136, 137]; and 
prevent the proliferation of lymphocytes, therefore helping 
tumor cells avoid detection and destruction by the immune 
system [138, 139]. This role in immune system regula-
tion is highlighted by the mechanism of HIV infection, in 
which the virus particles are carried into CD4+ cells by 
exosomes and therefore avoid detection by immune cells 
[140]. Besides their natural biological functions, exosomes 
are now being studied for their potential use in diagnos-
tics. Exosomes from the urine samples of renal ischemia, 
prostate cancer, and reperfusion injury patients contained 
markers for these diseases that are rarely detected in the 
whole urine sample. Early detection of lung cancer could 



261Molecular Biotechnology (2021) 63:249–266 

1 3

become a reality, as exosomes isolated from plasma of 
lung tumor patients contained lung-tumor associated 
miRNAs and have higher levels of CAV1 expression 
than exosomes of healthy people. The concentration of 
placenta-derived exosomes is higher in expectant moth-
ers with complications such as gestational diabetes [141] 
and pre-eclampsia [142] than in normal pregnant women. 
Salivary exosome contents can be used to detect Sjogren’s 
syndrome and pancreatobiliary tract cancer [143], while 
cerebrospinal fluidic exosomes contain biomarkers for 
Parkinson’s disease, Alzheimer’s disease, and such other 
neurodegenerative disorders such as prion diseases. The 
molecular contents of exosomes isolated from biological 
fluids have proven to be a useful tool for the detection of 
several diseases.

Exosomes are also being investigated for their use as 
therapeutic agents. Due to their low immunogenicity, low 
toxicity, biocompatibility, biodistribution, ability to tar-
get specific cells and tissues, and ability to transfer their 
contents into recipient cells via endocytosis, they are ideal 
for the delivery of therapeutic molecules across biological 
barriers to target cells. Artificial exosomes containing bio-
logical therapeutics, such as siRNA, recombinant proteins, 
and anti-inflammatory drugs, can be prepared via differ-
ent methods, such as (1) Exosomes isolation from donor 
cells, followed by artificial delivery of therapeutics into 
vesicles; (2) Transfection of therapeutic-encoding DNA 
into donor cells, which will be expressed and secreted out 
in exosomes; (3) Coating donor cells with a therapeutic 
material, which will be drawn into the cell and sorted into 
exosomes during their biogenesis. The artificial exosomes 
are then delivered to target cells and unload their molecu-
lar cargo into the cells, conferring a therapeutic effect. 
Alternatively, parent cells can be genetically modified to 
produce exosomes that contain the required therapeutic 
molecules [2].

In recent years, major research and progress have been 
made to use exosomes in diagnostics as most body fluids 
have exosomes that contain RNA, proteins, and lipids [144]. 
Eight proteins were identified from urine which constitutes 
an important diagnostic aspect of bladder cancer [145]. 
Exosomes are also used in the targeted drug delivery as vehi-
cles, such as the Brain which has a Blood–Brain–Barrier 
obstacle could also be targeted [146]. Brain inflammation 
could be treated using drugs such as curcumin encapsulated 
(Exo-cur) to inhibit the signal transduction and activate tran-
scription thereby enabling the delivery of the drug into the 
microglia cells [147]. Exosomes are used in immunotherapy, 
RNA interference as they serve as an excellent therapeutic 
cargo [148]. As exosomes are involved in cell–cell commu-
nication, its role in aging and senescence is notable [149]. 
Tumor-derived exosomes play an anti-tumorigenic role as 
they contain tumor-specific antigens [85].

Conclusion

With the increase of our knowledge about the role of exosomes 
in diseases, there has been a rapid surge of interest in this 
field. Depending on the components and quantity of exosomes, 
researchers can pinpoint their cellular sources and also moni-
tor the progress of the disease. Apart from being a biomarker, 
exosomes have also shown its role as a therapeutic agent 
against diseases. A major hindrance in exosome research 
is the difficulty in isolating pure samples of exosomes and 
quantifying them directly, due to their small size. Current 
methods employed for isolation include ultracentrifugation, 
ultrafiltration, size exclusion chromatography, precipitation, 
immunoaffinity-based capture. These methods have undergone 
expeditious development which has made isolation easier and 
faster with larger and purified yields of exosomes. However, 
even these methods of isolation pose challenges such as lim-
ited efficiency, co-precipitation of non-exosome molecules, 
and damage to the vesicular structure. Fewer still are the tech-
niques available for determining the exact number of exosomes 
in a sample. Quantifying exosomes by nanoparticle tracking 
analysis, flow cytometry, tunable resistive pulse sensing, elec-
tron microscopy, dynamic light scattering, surface plasmon 
resonance and single particle reflectance imaging sensor has 
allowed direct quantification with high sensitivity and accu-
racy. However, the instruments employed for these methods 
are often very expensive and require high maintenance and 
complicated processing, and they cannot be easily incorpo-
rated in resource-limited settings. In the past decade, novel 
methods such as microfluidic approaches and combinations 
of existing methods have been tested for their efficiency and 
accuracy in both isolation and quantification, and are giving 
optimistic results with high throughput. The development of 
a rapid, cost-efficient, and simple technique for the exosomes 
isolation from clinical samples, followed by their accurate 
quantification, would greatly advance research into their role 
as disease biomarkers and therapeutic systems.

Acknowledgements We received financial support from the Ministry 
of Science and Technology, Department of Science and Technology 
(DST), Government of India (Project Number-DST/INT/BLG/P-
3/2019). We thank Dr. K. Satyamoorthy, Director, Manipal School of 
Life Sciences (MSLS), Manipal for his encouragement. Authors thank 
Dr. K. K. Mahato, Head of Department of Biophysics, MSLS for his 
constant support and Manipal Academy of Higher Education (MAHE), 
Manipal, India, for providing the infrastructure needed.

Funding Open access funding provided by Manipal Academy of 
Higher Education, Manipal.

Compliance with Ethical Standards 

Conflict of Interest The authors declare no conflict of interest.



262 Molecular Biotechnology (2021) 63:249–266

1 3

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Momen-Heravi, F., Getting, S. J., & Moschos, S. A. (2018). 
Extracellular vesicles and their nucleic acids for biomarker dis-
covery. Pharmacology and Therapeutics, 192, 170–187.

 2. Crenshaw, B. J., Sims, B., & Matthews, Q. L. (2018). Biologi-
cal function of exosomes as diagnostic markers and therapeu-
tic delivery vehicles in carcinogenesis and infectious diseases. 
IntechOpen: In Nanomedicines.

 3. Andaloussi, S. E., Lakhal, S., Mäger, I., & Wood, M. J. (2013). 
Exosomes for targeted siRNA delivery across biological barriers. 
Advanced Drug Delivery Reviews, 65, 391–397.

 4. Yuan, L., & Li, J. Y. (2019). Exosomes in Parkinson’s disease: 
Current perspectives and future challenges. ACS Chemical Neu-
roscience, 10, 964–972.

 5. Heijnen, H. F., Schiel, A. E., Fijnheer, R., Geuze, H. J., & Sixma, 
J. J. (1999). Activated platelets release two types of membrane 
vesicles: Microvesicles by surface shedding and exosomes 
derived from exocytosis of multivesicular bodies and granules. 
Blood, 94, 3791–3799.

 6. Palmisano, G., Jensen, S. S., Le Bihan, M. C., Laine, J., McGuire, 
J. N., Pociot, F., & Larsen, M. R. (2012). Characterization of 
membrane-shed microvesicles from cytokine-stimulated β-cells 
using proteomics strategies. Molecular and Cellular Proteomics, 
11, 230–243.

 7. Théry, C., Boussac, M., Véron, P., Ricciardi-Castagnoli, P., 
Raposo, G., Garin, J., & Amigorena, S. (2001). Proteomic anal-
ysis of dendritic cell-derived exosomes: A secreted subcellular 
compartment distinct from apoptotic vesicles. The Journal of 
Immunology, 166, 7309–7318.

 8. Kalra, H., Drummen, G. P., & Mathivanan, S. (2016). Focus 
on extracellular vesicles: Introducing the next small big thing. 
International Journal of Molecular Sciences, 17, 1–30.

 9. Gurunathan, S., Kang, M. H., Jeyaraj, M., Qasim, M., & Kim, J. 
H. (2019). Review of the isolation, characterization, biological 
function, and multifarious therapeutic approaches of exosomes. 
Cells, 8, 1–36.

 10. Buschow, S. I., Van Balkom, B. W., Aalberts, M., Heck, A. J., 
Wauben, M., & Stoorvogel, W. (2010). MHC class II-associated 
proteins in B-cell exosomes and potential functional implica-
tions for exosome biogenesis. Immunology and Cell Biology, 88, 
851–856.

 11. Kleijmeer, M. J., Stoorvogel, W., Griffith, J. M., Yoshie, O., & 
Geuze, H. J. (1998). Selective enrichment of tetraspanin pro-
teins on the internal vesicles of multivesicular endosomes and on 
exosomes secreted by human B-lymphocytes. Journal of Biologi-
cal Chemistry, 273, 20121–20127.

 12. De Gassart, A., Géminard, C., Février, B., Raposo, G., & Vidal, 
M. (2003). Lipid raft-associated protein sorting in exosomes. 
Blood, 102, 4336–4344.

 13. Kwon, S. H., Oh, S., Nacke, M., Mostov, K. E., & Lipschutz, J. 
H. (2016). Adaptor protein CD2AP and L-type lectin LMAN2 
regulate exosome cargo protein trafficking through the Golgi 
complex. Journal of Biological Chemistry, 291, 25462–25475.

 14. Zhou, H., Cheruvanky, A., Hu, X., Matsumoto, T., Hiramatsu, N., 
Cho, M. E., et al. (2008). Urinary exosomal transcription factors, 
a new class of biomarkers for renal disease. Kidney International, 
74, 613–621.

 15. Haraszti, R. A., Didiot, M. C., Sapp, E., Leszyk, J., Shaffer, S. 
A., Rockwell, H. E., et al. (2016). High-resolution proteomic and 
lipidomic analysis of exosomes and microvesicles from different 
cell sources. Journal of Extracellular Vesicles, 5, 1–14.

 16. Keryer-Bibens, C., Pioche-Durieu, C., Villemant, C., Souquère, 
S., Nishi, N., Hirashima, M., et al. (2006). Exosomes released 
by EBV-infected nasopharyngeal carcinoma cells convey the 
viral latent membrane protein 1 and the immunomodulatory 
protein galectin 9. BMC Cancer, 6, 1–8.

 17. Théry, C., Regnault, A., Garin, J., Wolfers, J., Zitvogel, L., Ric-
ciardi-Castagnoli, P., et al. (1999). Molecular characterization 
of dendritic cell-derived exosomes: Selective accumulation of 
the heat shock protein hsc73. The Journal of Cell Biology, 147, 
599–610.

 18. Buschow, S. I., Liefhebber, J. M., Wubbolts, R., & Stoorvogel, 
W. (2005). Exosomes contain ubiquitinated proteins. Blood 
Cells, Molecules, and Diseases, 35, 398–403.

 19. Clayton, A., Court, J., Navabi, H., Adams, M., Mason, M. 
D., Hobot, J. A., et al. (2001). Analysis of antigen presenting 
cell derived exosomes, based on immuno-magnetic isolation 
and flow cytometry. Journal of Immunological Methods, 247, 
163–174.

 20. Kalluri, R. (2016). The biology and function of exosomes in 
cancer. The Journal of Clinical Investigation, 126, 1208–1215.

 21. Tauro, B. J., Greening, D. W., Mathias, R. A., Ji, H., Mathi-
vanan, S., Scott, A. M., & Simpson, R. J. (2012). Comparison of 
ultracentrifugation, density gradient separation, and immunoaf-
finity capture methods for isolating human colon cancer cell line 
LIM1863-derived exosomes. Methods, 56, 293–304.

 22. Riteau, B., Faure, F., Menier, C., Viel, S., Carosella, E. D., 
Amigorena, S., & Rouas-Freiss, N. (2003). Exosomes bearing 
HLA-G are released by melanoma cells. Human Immunology, 
64, 1064–1072.

 23. Wollert, T., Yang, D., Ren, X., Lee, H. H., Im, Y. J., & Hurley, 
J. H. (2009). The ESCRT machinery at a glance. Journal of cell 
science, 122(13), 2163–2166.

 24. Bard, M. P., Hegmans, J. P., Hemmes, A., Luider, T. M., Wil-
lemsen, R., Severijnen, L. A. A., et al. (2004). Proteomic analysis 
of exosomes isolated from human malignant pleural effusions. 
American Journal of Respiratory Cell and Molecular Biology, 
31, 114–121.

 25. Van Der Pol, E., Hoekstra, A. G., Sturk, A., Otto, C., Van Leeu-
wen, T. G., & Nieuwland, R. (2010). Optical and non-optical 
methods for detection and characterization of microparticles 
and exosomes. Journal of Thrombosis and Haemostasis, 8, 
2596–2607.

 26. Harding, C., Heuser, J., & Stahl, P. (1983). Receptor-mediated 
endocytosis of transferrin and recycling of the transferrin recep-
tor in rat reticulocytes. The Journal of Cell Biology, 97, 329–339.

 27. Pan, B. T., & Johnstone, R. M. (1983). Fate of the transferrin 
receptor during maturation of sheep reticulocytes in vitro: Selec-
tive externalization of the receptor. Cell, 33, 967–978.

 28. Johnstone, R. M., Mathew, A., Mason, A. B., & Teng, K. (1991). 
Exosome formation during maturation of mammalian and avian 
reticulocytes: Evidence that exosome release is a major route 
for externalization of obsolete membrane proteins. Journal of 
Cellular Physiology, 147, 27–36.

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


263Molecular Biotechnology (2021) 63:249–266 

1 3

 29. Théry, C., Zitvogel, L., & Amigorena, S. (2002). Exosomes: 
Composition, biogenesis and function. Nature Reviews Immu-
nology, 2, 569–579.

 30. Stuffers, S., Sem Wegner, C., Stenmark, H., & Brech, A. (2009). 
Multivesicular endosome biogenesis in the absence of ESCRTs. 
Traffic, 10, 925–937.

 31. Castro, B. M., Prieto, M., & Silva, L. C. (2014). Ceramide: A 
simple sphingolipid with unique biophysical properties. Progress 
in Lipid Research, 54, 53–67.

 32. Pols, M. S., & Klumperman, J. (2009). Trafficking and func-
tion of the tetraspanin CD63. Experimental Cell Research, 315, 
1584–1592.

 33. Li, P., Kaslan, M., Lee, S. H., Yao, J., & Gao, Z. (2017). Progress 
in exosome isolation techniques. Theranostics, 7, 789–804.

 34. Laulagnier, K., Motta, C., Hamdi, S., Roy, S., Fauvelle, F., 
Pageaux, J. F., et al. (2004). Mast cell-and dendritic cell-derived 
exosomes display a specific lipid composition and an unusual 
membrane organization. Biochemical Journal, 380, 161–171.

 35. Ridder, K., Keller, S., Dams, M., Rupp, A. K., Schlaudraff, J., Del 
Turco, D., et al. (2014). Extracellular vesicle-mediated transfer 
of genetic information between the hematopoietic system and the 
brain in response to inflammation. PLoS Biology, 12, 1–15.

 36. Llorente, A., Skotland, T., Sylvänne, T., Kauhanen, D., Róg, T., 
Orłowski, A., et al. (2013). Molecular lipidomics of exosomes 
released by PC-3 prostate cancer cells. Biochimica et Biophys-
ica Acta (BBA): Molecular and Cell Biology of Lipids, 1831, 
1302–1309.

 37. Morita, E., Sandrin, V., Chung, H. Y., Morham, S. G., Gygi, S. 
P., Rodesch, C. K., & Sundquist, W. I. (2007). Human ESCRT 
and ALIX proteins interact with proteins of the midbody and 
function in cytokinesis. The EMBO Journal, 26, 4215–4227.

 38. Guescini, M., Genedani, S., Stocchi, V., & Agnati, L. F. (2010). 
Astrocytes and glioblastoma cells release exosomes carrying 
mtDNA. Journal of Neural Transmission, 117, 1–4.

 39. Bellingham, S. A., Coleman, B. M., & Hill, A. F. (2012). Small 
RNA deep sequencing reveals a distinct miRNA signature 
released in exosomes from prion-infected neuronal cells. Nucleic 
Acids Research, 40, 10937–10949.

 40. Eirin, A., Riester, S. M., Zhu, X. Y., Tang, H., Evans, J. M., 
O’Brien, D., et al. (2014). MicroRNA and mRNA cargo of extra-
cellular vesicles from porcine adipose tissue-derived mesenchy-
mal stem cells. Gene, 551, 55–64.

 41. Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., & 
Lötvall, J. O. (2007). Exosome-mediated transfer of mRNAs and 
microRNAs is a novel mechanism of genetic exchange between 
cells. Nature Cell Biology, 9, 654–659.

 42. Mittelbrunn, M., Gutiérrez-Vázquez, C., Villarroya-Beltri, C., 
González, S., Sánchez-Cabo, F., González, M. Á., et al. (2011). 
Unidirectional transfer of microRNA-loaded exosomes from T 
cells to antigen-presenting cells. Nature Communications, 2, 
1–10.

 43. An, M., Wu, J., Zhu, J., & Lubman, D. M. (2018). Comparison 
of an optimized ultracentrifugation method versus size-exclusion 
chromatography for isolation of exosomes from human serum. 
Journal of Proteome Research, 17(10), 3599–3605.

 44 Barreiro, K., Huber, T. B., & Holthofer, H. (2020). Isolating uri-
nary extracellular vesicles as biomarkers for diabetic disease. In 
L. Gnudi & D. Long (Eds.), Diabetic nephropathy: Methods in 
molecular biology (pp. 175–188). New York, NY: Humana.

 45. Feng, Y., Huang, W., Wani, M., Yu, X., & Ashraf, M. (2014). 
Ischemic preconditioning potentiates the protective effect of stem 
cells through secretion of exosomes by targeting Mecp2 via miR-
22. PLoS ONE, 9, 1–8.

 46. Rider, M. A., Hurwitz, S. N., & Meckes, D. G., Jr. (2016). 
ExtraPEG: A polyethylene glycol-based method for enrichment 
of extracellular vesicles. Scientific Reports, 6, 1–14.

 47. Alvarez, M. L., Khosroheidari, M., Ravi, R. K., & DiStefano, J. 
K. (2012). Comparison of protein, microRNA, and mRNA yields 
using different methods of urinary exosome isolation for the dis-
covery of kidney disease biomarkers. Kidney International, 82, 
1024–1032.

 48. Zarovni, N., Corrado, A., Guazzi, P., Zocco, D., Lari, E., Radano, 
G., et al. (2015). Integrated isolation and quantitative analysis of 
exosome shuttled proteins and nucleic acids using immunocap-
ture approaches. Methods, 87, 46–58.

 49. Contreras-Naranjo, J. C., Wu, H. J., & Ugaz, V. M. (2017). 
Microfluidics for exosome isolation and analysis: enabling liquid 
biopsy for personalized medicine. Lab on a Chip, 17, 3558–3577.

 50. Lin, S., Yu, Z., Chen, D., Wang, Z., Miao, J., Li, Q., et al. (2020). 
Progress in microfluidics-based exosome separation and detec-
tion technologies for diagnostic applications. Small (Weinheim 
an der Bergstrasse, Germany), 16, 1–18.

 51. Théry, C., Amigorena, S., Raposo, G., & Clayton, A. (2006). 
Isolation and characterization of exosomes from cell culture 
supernatants and biological fluids. Current Protocols in Cell 
Biology, 30, 3–22.

 52. Gupta, S., Rawat, S., Arora, V., Kottarath, S. K., Dinda, A. K., 
Vaishnav, P. K., et al. (2018). An improvised one-step sucrose 
cushion ultracentrifugation method for exosome isolation from 
culture supernatants of mesenchymal stem cells. Stem Cell 
Research and Therapy, 9, 1–11.

 53. Zhang, Z., Wang, C., Li, T., Liu, Z., & Li, L. (2014). Com-
parison of ultracentrifugation and density gradient separation 
methods for isolating Tca8113 human tongue cancer cell line-
derived exosomes. Oncology Letters, 8, 1701–1706.

 54. Iwai, K., Minamisawa, T., Suga, K., Yajima, Y., & Shiba, K. 
(2016). Isolation of human salivary extracellular vesicles by 
iodixanol density gradient ultracentrifugation and their char-
acterizations. Journal of Extracellular Vesicles, 5, 1–17.

 55. Chahar, H. S., Bao, X., & Casola, A. (2015). Exosomes and 
their role in the life cycle and pathogenesis of RNA viruses. 
Viruses, 7, 3204–3225.

 56. Parimon, T., Garrett, N. E., III., Chen, P., & Antes, T. J. (2018). 
Isolation of extracellular vesicles from murine bronchoalveolar 
lavage fluid using an ultrafiltration centrifugation technique. 
JoVE: Journal of Visualized Experiments, 141, 1–9.

 57. Cheruvanky, A., Zhou, H., Pisitkun, T., Kopp, J. B., Knepper, 
M. A., Yuen, P. S., & Star, R. A. (2007). Rapid isolation of 
urinary exosomal biomarkers using a nanomembrane ultrafil-
tration concentrator. American Journal of Physiology-Renal 
Physiology, 292, 1657–1661.

 58. Xu, R., Simpson, R. J., & Greening, D. W. (2017). A pro-
tocol for isolation and proteomic characterization of distinct 
extracellular vesicle subtypes by sequential centrifugal ultra-
filtration. In A. Hill (Ed.), Exosomes and Microvesicles (pp. 
91–116). New York, NY: Humana Press.

 59. Kornilov, R., Puhka, M., Mannerström, B., Hiidenmaa, H., 
Peltoniemi, H., Siljander, P., et al. (2018). Efficient ultrafiltra-
tion-based protocol to deplete extracellular vesicles from fetal 
bovine serum. Journal of Extracellular Vesicles, 7, 1–14.

 60. Böing, A. N., Van Der Pol, E., Grootemaat, A. E., Coumans, F. 
A., Sturk, A., & Nieuwland, R. (2014). Single-step isolation of 
extracellular vesicles by size-exclusion chromatography. Jour-
nal of Extracellular Vesicles, 3, 1–11.

 61. Gámez-Valero, A., Monguió-Tortajada, M., Carreras-Planella, 
L., Beyer, K., & Borràs, F. E. (2016). Size-exclusion chroma-
tography-based isolation minimally alters extracellular vesi-
cles’ characteristics compared to precipitating agents. Scientific 
Reports, 6, 1–9.

 62. Hong, C. S., Funk, S., Muller, L., Boyiadzis, M., & Whi-
teside, T. L. (2016). Isolation of biologically active and 



264 Molecular Biotechnology (2021) 63:249–266

1 3

morphologically intact exosomes from plasma of patients with 
cancer. Journal of Extracellular Vesicles, 5, 1–11.

 63. Koh, Y. Q., Almughlliq, F. B., Vaswani, K., Peiris, H. N., & 
Mitchell, M. D. (2018). Exosome enrichment by ultracentrifu-
gation and size exclusion chromatography. Frontiers in Biosci-
ence, 23, 865–874.

 64. Deregibus, M. C., Figliolini, F., & D’antico, S., Manzini, 
P.M., Pasquino, C., De Lena, M., Tetta, C., Brizzi, M.F. and 
Camussi, G. . (2016). Charge-based precipitation of extracel-
lular vesicles. International Journal of Molecular Medicine, 
38, 1359–1366.

 65. Weng, Y., Sui, Z., Shan, Y., Hu, Y., Chen, Y., Zhang, L., & 
Zhang, Y. (2016). Effective isolation of exosomes with polyeth-
ylene glycol from cell culture supernatant for in-depth proteome 
profiling. Analyst, 141, 4640–4646.

 66. Gallart-Palau, X., Serra, A., Wong, A. S. W., Sandin, S., Lai, M. 
K., Chen, C. P., et al. (2015). Extracellular vesicles are rapidly 
purified from human plasma by PRotein Organic Solvent PRe-
cipitation (PROSPR). Scientific Reports, 5, 1–12.

 67. Sharma, P., Ludwig, S., Muller, L., Hong, C. S., Kirkwood, J. M., 
Ferrone, S., & Whiteside, T. L. (2018). Immunoaffinity-based 
isolation of melanoma cell-derived exosomes from plasma of 
patients with melanoma. Journal of Extracellular Vesicles, 7, 
1–14.

 68. Hong, C. S., Muller, L., Boyiadzis, M., & Whiteside, T. L. 
(2014). Isolation and characterization of CD34+ blast-derived 
exosomes in acute myeloid leukemia. PLoS ONE, 9, 1–7.

 69. Taylor, D. D., & Gercel-Taylor, C. (2008). MicroRNA signatures 
of tumor-derived exosomes as diagnostic biomarkers of ovarian 
cancer. Gynecologic Oncology, 110, 13–21.

 70. Yang, F., Liao, X., Tian, Y., & Li, G. (2017). Exosome separation 
using microfluidic systems: Size-based, immunoaffinity-based 
and dynamic methodologies. Biotechnology Journal, 12, 1–8.

 71. Wu, M., Ouyang, Y., Wang, Z., Zhang, R., Huang, P. H., Chen, 
C., et al. (2017). Isolation of exosomes from whole blood by inte-
grating acoustics and microfluidics. Proceedings of the National 
Academy of Sciences, 114, 10584–10589.

 72. Kanwar, S. S., Dunlay, C. J., Simeone, D. M., & Nagrath, S. 
(2014). Microfluidic device (ExoChip) for on-chip isolation, 
quantification and characterization of circulating exosomes. Lab 
on a Chip, 14, 1891–1900.

 73. Dragovic, R. A., Gardiner, C., Brooks, A. S., Tannetta, D. S., 
Ferguson, D. J., Hole, P., et al. (2011). Sizing and phenotyping 
of cellular vesicles using nanoparticle tracking analysis. Nano-
medicine: Nanotechnology, Biology and Medicine, 7, 780–788.

 74. Maas, S. L., De Vrij, J., Van Der Vlist, E. J., Geragousian, B., 
Van Bloois, L., Mastrobattista, E., et al. (2015). Possibilities and 
limitations of current technologies for quantification of biologi-
cal extracellular vesicles and synthetic mimics. Journal of Con-
trolled Release, 200, 87–96.

 75. Orozco, A. F., & Lewis, D. E. (2010). Flow cytometric analysis 
of circulating microparticles in plasma. Cytometry Part A, 77, 
502–514.

 76. György, B., Módos, K., Pállinger, E., Pálóczi, K., Pásztói, M., 
Misják, P., et al. (2011). Detection and isolation of cell-derived 
microparticles are compromised by protein complexes resulting 
from shared biophysical parameters. Blood, 117, 39–48.

 77. Libregts, S. F. W. M., Arkesteijn, G. J. A., Németh, A., Noltet 
Hoen, E. N. M., & Wauben, M. H. M. (2020). Flow cytometric 
analysis of extracellular vesicle subsets in plasma: Impact of 
swarm by particles of non-interest. Journal of Thrombosis and 
Haemostasis, 16, 1423–1436.

 78. Maas, S. L., Broekman, M. L., & de Vrij, J. (2017). Tunable 
resistive pulse sensing for the characterization of extracellu-
lar vesicles. In A. Hill (Ed.), Exosomes and microvesicles (pp. 
21–33). New York, NY: Humana Press.

 79. Anderson, W., Lane, R., Korbie, D., & Trau, M. (2015). Obser-
vations of tunable resistive pulse sensing for exosome analy-
sis: Improving system sensitivity and stability. Langmuir, 31, 
6577–6587.

 80. Jung, M. K., & Mun, J. Y. (2018). Sample preparation and imag-
ing of exosomes by transmission electron microscopy. JoVE: 
Journal of Visualized Experiments, 131, 1–5.

 81. Akers, J. C., Ramakrishnan, V., Nolan, J. P., Duggan, E., Fu, C. 
C., Hochberg, F. H., et al. (2016). Comparative analysis of tech-
nologies for quantifying extracellular vesicles (EVs) in clinical 
cerebrospinal fluids (CSF). PLoS ONE, 11, 1–11.

 82. Pecora, R. (2000). Dynamic light scattering measurement of 
nanometer particles in liquids. Journal of Nanoparticle Research, 
2, 123–131.

 83. Liang, L. G., Sheng, Y. F., Zhou, S., Inci, F., Li, L., Demirci, 
U., & Wang, S. (2017). An integrated double-filtration microflu-
idic device for detection of extracellular vesicles from urine for 
bladder cancer diagnosis. Methods in Molecular Biology, 1660, 
355–364.

 84. Ramshani, Z., Zhang, C., Richards, K., Chen, L., Xu, G., Stiles, 
B. L., et al. (2019). Extracellular vesicle microRNA quantifica-
tion from plasma using an integrated microfluidic device. Com-
munications Biology, 2, 1–9.

 85. Tanaka, M., Oikawa, K., Takanashi, M., Kudo, M., Ohyashiki, J., 
Ohyashiki, K., & Kuroda, M. (2009). Down-regulation of miR-92 
in human plasma is a novel marker for acute leukemia patients. 
PLoS ONE, 4, 1–5.

 86. Mullett, W. M., Lai, E. P., & Yeung, J. M. (2000). Surface plas-
mon resonance-based immunoassays. Methods, 22, 77–91.

 87. Catimel, B., Rothacker, J., & Nice, E. (2001). The use of bio-
sensors for microaffinity purification: An integrated approach to 
proteomics. Journal of Biochemical and Biophysical Methods, 
49, 289–312.

 88. Avci, O., Ünlü, N. L., Özkumur, A. Y., & Ünlü, M. S. (2015). 
Interferometric reflectance imaging sensor (IRIS)–a platform 
technology for multiplexed diagnostics and digital detection. 
Sensors, 15, 17649–17665.

 89. Daaboul, G. G., Gagni, P., Benussi, L., Bettotti, P., Ciani, M., 
Cretich, M., et al. (2016). Digital detection of exosomes by inter-
ferometric imaging. Scientific Reports, 6, 1–10.

 90. Aygun, U., Urey, H., & Ozkumur, A. Y. (2019). Label-free detec-
tion of nanoparticles using depth scanning correlation interfero-
metric microscopy. Scientific Reports, 9, 1–8.

 91. Filipe, V., Hawe, A., & Jiskoot, W. (2010). Critical evaluation of 
nanoparticle tracking analysis (NTA) by nanosight for the meas-
urement of nanoparticles and protein aggregates. Pharmaceutical 
Research, 27, 796–810.

 92. Soo, C. Y., Song, Y., Zheng, Y., Campbell, E. C., Riches, A. 
C., Gunn-Moore, F., & Powis, S. J. (2012). Nanoparticle track-
ing analysis monitors microvesicle and exosome secretion from 
immune cells. Immunology, 136, 192–197.

 93. Gleadle, J., McNicholas, K., Li, J., Michael, M., & Rojas-Cana-
les, D. (2018). Nanoparticle tracking analysis of urine to detect 
exosomes can be confounded by albuminuria. Journal of the 
American Society of Nephrology, 29, 1784–1784.

 94. Aguilera-Rojas, M., Badewien-Rentzsch, B., Plendl, J., Kohn, B., 
& Einspanier, R. (2018). Exploration of serum-and cell culture-
derived exosomes from dogs. BMC Veterinary Research, 14, 1–9.

 95. Zheng, Y., Campbell, E. C., Lucocq, J., Riches, A., & Powis, S. J. 
(2013). Monitoring the Rab27 associated exosome pathway using 
nanoparticle tracking analysis. Experimental Cell Research, 319, 
1706–1713.

 96. Shearn, A. I., Aday, S., Ben-Aicha, S., Carnell-Morris, P., Siupa, 
A., Angelini, G. D., et al. (2020). Analysis of neat biofluids 
obtained during cardiac surgery using nanoparticle tracking 



265Molecular Biotechnology (2021) 63:249–266 

1 3

analysis: Methodological considerations. Frontiers in Cell and 
Developmental Biology, 8, 1–14.

 97. Logozzi, M., Di Raimo, R., Mizzoni, D., & Fais, S. (2020). 
Immunocapture-based ELISA to characterize and quantify 
exosomes in both cell culture supernatants and body fluids. 
Methods in Enzymology (in press).

 98 Theodoraki, M. N., Hong, C. S., Donnenberg, V. S., Donnen-
berg, A. D., & Whiteside, T. L. (2020). Evaluation of exosome 
proteins by on-bead flow cytometry. Cytometry Part A. https ://
doi.org/10.1002/cyto.a.24193 .

 99. Rim, K. T., & Kim, S. J. (2016). Quantitative analysis of 
exosomes from murine lung cancer cells by flow cytometry. 
Journal of Cancer Prevention, 21, 194–200.

 100. Welsh, J. A., Van Der Pol, E., Arkesteijn, G. J., Bremer, M., 
Brisson, A., Coumans, F., et  al. (2020). MIFlowCyt-EV: A 
framework for standardized reporting of extracellular vesicle 
flow cytometry experiments. Journal of Extracellular Vesicles, 
9(1–19), 1713526.

 101. Pospichalova, V., Svoboda, J., Dave, Z., Kotrbova, A., Kaiser, K., 
Klemova, D., et al. (2015). Simplified protocol for flow cytom-
etry analysis of fluorescently labeled exosomes and microvesicles 
using dedicated flow cytometer. Journal of Extracellular Vesi-
cles, 4, 1–15.

 102. Maas, S. L., De Vrij, J., & Broekman, M. L. (2014). Quantifi-
cation and size-profiling of extracellular vesicles using tunable 
resistive pulse sensing. JoVE: Journal of Visualized Experiments, 
92, 1–7.

 103. Zhang, X. W., Hatamie, A., & Ewing, A. G. (2020). Simultane-
ous quantification of vesicle size and catecholamine content by 
resistive pulses in nanopores and vesicle impact electrochemi-
cal cytometry. Journal of the American Chemical Society, 142, 
4093–4097.

 104. Vogel, R., Coumans, F. A., Maltesen, R. G., Böing, A. N., Bon-
nington, K. E., Broekman, M. L., et al. (2016). A standardized 
method to determine the concentration of extracellular vesicles 
using tunable resistive pulse sensing. Journal of Extracellular 
Vesicles, 5, 1–13.

 105. Bogomolny, E., Hong, J., Blenkiron, C., Simonov, D., Dauros, 
P., Swift, S., et al. (2015). Analysis of bacteria-derived outer 
membrane vesicles using tunable resistive pulse sensing. In W. J. 
Parak, M. Osinski, & X.-J. Liang (Eds.), Colloidal nanoparticles 
for biomedical applications X (p. 93381K). Washington, DC: 
International Society for Optics and Photonics.

 106. Muller, L., Mitsuhashi, M., Simms, P., Gooding, W. E., & Whi-
teside, T. L. (2016). Tumor-derived exosomes regulate expres-
sion of immune function-related genes in human T cell subsets. 
Scientific Reports, 6, 1–13.

 107. Ramos-Zayas, Y., Franco-Molina, M. A., Hernádez-Granados, A. 
J., Zárate-Triviño, D. G., Coronado-Cerda, E. E., Mendoza-Gam-
boa, E., et al. (2019). Immunotherapy for the treatment of canine 
transmissible venereal tumor based in dendritic cells pulsed with 
tumoral exosomes. Immunopharmacology and Immunotoxicol-
ogy, 41, 48–54.

 108. Bickmore, D. C., & Miklavcic, J. J. (2020). Characterization of 
extracellular vesicles isolated from human milk using a precipi-
tation-based method. Frontiers in Nutrition, 7, 1–7.

 109. Ali Vistro, W., Liu, Y., Xu, M., Yang, P., Haseeb, A., Huang, Y., 
et al. (2019). Mitochondria-rich cells: A novel type of concealed 
cell in the small intestine of chinese soft-shelled turtles (Pelodis-
cus sinensis). Animals, 9, 1–12.

 110. Musante, L., Bontha, S. V., La Salvia, S., Fernandez-Piñeros, A., 
Lannigan, J., Le, T. H., et al. (2020). Rigorous characterization 
of urinary extracellular vesicles (uEVs) in the low centrifugation 
pellet-a neglected source for uEVs. Scientific Reports, 10, 1–14.

 111. Rollet-Cohen, V., Bourderioux, M., Lipecka, J., Chhuon, C., 
Jung, V. A., Mesbahi, M., et al. (2018). Comparative proteomics 

of respiratory exosomes in cystic fibrosis, primary ciliary dyski-
nesia and asthma. Journal of Proteomics, 185, 1–7.

 112. Palmieri, V., Lucchetti, D., Gatto, I., Maiorana, A., Marcantoni, 
M., Maulucci, G., et al. (2014). Dynamic light scattering for the 
characterization and counting of extracellular vesicles: A power-
ful noninvasive tool. Journal of Nanoparticle Research, 16, 1–8.

 113. Joncas, F. H., Lucien, F., Rouleau, M., Morin, F., Leong, H. S., 
Pouliot, F., et al. (2019). Plasma extracellular vesicles as pheno-
typic biomarkers in prostate cancer patients. The Prostate, 79, 
1767–1776.

 114. Rad, F., Pourfathollah, A. A., Yari, F., Mohammadi, S., & Kheir-
andish, M. (2016). Microvesicles preparation from mesenchymal 
stem cells. Medical Journal of the Islamic Republic of Iran, 30, 
1–8.

 115. Pakravan, K., Babashah, S., Sadeghizadeh, M., Mowla, S. 
J., Mossahebi-Mohammadi, M., Ataei, F., et  al. (2017). 
MicroRNA-100 shuttled by mesenchymal stem cell-derived 
exosomes suppresses in vitro angiogenesis through modulating 
the mTOR/HIF-1α/VEGF signaling axis in breast cancer cells. 
Cellular Oncology, 40, 457–470.

 116. Mallardi, A., Nuzziello, N., Liguori, M., Avolio, C., & Palazzo, 
G. (2018). Counting of peripheral extracellular vesicles in mul-
tiple sclerosis patients by an improved nanoplasmonic assay 
and dynamic light scattering. Colloids and Surfaces B: Bioint-
erfaces, 168, 134–142.

 117. Kanchanapally, R., Deshmukh, S. K., Chavva, S. R., Tyagi, 
N., Srivastava, S. K., Patel, G. K., et al. (2019). Drug-loaded 
exosomal preparations from different cell types exhibit dis-
tinctive loading capability, yield, and antitumor efficacies: A 
comparative analysis. International Journal of Nanomedicine, 
14, 531–541.

 118. Fang, S., Tian, H., Li, X., Jin, D., Li, X., & Kong, J. (2017). 
Clinical application of a microfluidic chip for immunocapture 
and quantification of circulating exosomes to assist breast cancer 
diagnosis and molecular classification. PLoS ONE, 12, 1–13.

 119. Cao, H., Zhou, X., & Zeng, Y. (2019). Microfluidic exponen-
tial rolling circle amplification for sensitive microRNA detec-
tion directly from biological samples. Sensors and Actuators B: 
Chemical, 279, 447–457.

 120. Li, X., Rout, P., Xu, R., Pan, L., Tchounwou, P. B., Ma, Y., & 
Liu, Y. M. (2018). Quantification of micrornas by coupling cyclic 
enzymatic amplification with microfluidic voltage-assisted liquid 
desorption electrospray ionization mass spectrometry. Analytical 
Chemistry, 90, 13663–13669.

 121 Wang, C., Senapati, S., & Chang, H. C. (2020). Liquid biopsy 
technologies based on membrane microfluidics: High-yield puri-
fication and selective quantification of biomarkers in nanocarri-
ers. Electrophoresis, 41, 1–15.

 122. Kashefi-Kheyrabadi, L., Kim, J., Chakravarty, S., Park, S., 
Gwak, H., Kim, S. I., et al. (2020). Detachable microfluidic 
device implemented with electrochemical aptasensor (DeMEA) 
for sequential analysis of cancerous exosomes. Biosensors and 
Bioelectronics, 169, 1–9.

 123. Nguyen, H. H., Park, J., Kang, S., & Kim, M. (2015). Surface 
plasmon resonance: A versatile technique for biosensor applica-
tions. Sensors, 15, 10481–10510.

 124. Duo, J., Bruno, J., Kozhich, A., David-Brown, D., Luo, L., Kwok, 
S., et al. (2018). Surface plasmon resonance as a tool for ligand-
binding assay reagent characterization in bioanalysis of biothera-
peutics. Bioanalysis, 10, 559–576.

 125. Rupert, D. L., Lässer, C., Eldh, M., Block, S., Zhdanov, V. P., 
Lotvall, J. O., et al. (2014). Determination of exosome concentra-
tion in solution using surface plasmon resonance spectroscopy. 
Analytical Chemistry, 86, 5929–5936.

 126. Wang, Q., Zou, L., Yang, X., Liu, X., Nie, W., Zheng, Y., et al. 
(2019). Direct quantification of cancerous exosomes via surface 

https://doi.org/10.1002/cyto.a.24193
https://doi.org/10.1002/cyto.a.24193


266 Molecular Biotechnology (2021) 63:249–266

1 3

plasmon resonance with dual gold nanoparticle-assisted signal 
amplification. Biosensors and Bioelectronics, 135, 129–136.

 127. Zhu, L., Wang, K., Cui, J., Liu, H., Bu, X., Ma, H., et al. (2014). 
Label-free quantitative detection of tumor-derived exosomes 
through surface plasmon resonance imaging. Analytical Chem-
istry, 86, 8857–8864.

 128. Sina, A. A., Vaidyanathan, R., Dey, S., Carrascosa, L. G., Shid-
diky, M. J., & Trau, M. (2016). Real time and label free profiling 
of clinically relevant exosomes. Scientific Reports, 6, 1–9.

 129. Yang, Y., Shen, G., Wang, H., Li, H., Zhang, T., Tao, N., et al. 
(2018). Interferometric plasmonic imaging and detection of sin-
gle exosomes. Proceedings of the National Academy of Sciences, 
115, 10275–10280.

 130. Daaboul, G., Reznik, G., Dhande, A., Deliwala, A., & Freedman, 
D. (2018). Co-localization, counting and size characterization 
of single exosomes using a direct from sample surface capture 
based imaging technique. Journal of Extracellular Vesicles, 7, 
249–249.

 131. Borges, F. T., Melo, S. A., Özdemir, B. C., Kato, N., Revuelta, I., 
Miller, C. A., et al. (2013). TGF-β1–containing exosomes from 
injured epithelial cells activate fibroblasts to initiate tissue regen-
erative responses and fibrosis. Journal of the American Society 
of Nephrology, 24, 385–392.

 132. Mitchell, M. D., Peiris, H. N., Kobayashi, M., Koh, Y. Q., Dun-
combe, G., Illanes, S. E., et al. (2015). Placental exosomes in 
normal and complicated pregnancy. American Journal of Obstet-
rics and Gynecology, 213, 173–181.

 133. Takahashi, A., Okada, R., Nagao, K., Kawamata, Y., Hanyu, A., 
Yoshimoto, S., et al. (2017). Exosomes maintain cellular homeo-
stasis by excreting harmful DNA from cells. Nature Communica-
tions, 8, 1–14.

 134. Meirelles, S. L., & Nardi, N. B. (2009). Methodology, biology 
and clinical applications of mesenchymal stem cells. Frontiers 
in Bioscience (Landmark Edition), 14, 4281–4298.

 135. Arslan, F., Lai, R. C., Smeets, M. B., Akeroyd, L., Choo, A., 
Aguor, E. N., et al. (2013). Mesenchymal stem cell-derived 
exosomes increase ATP levels, decrease oxidative stress and 
activate PI3K/Akt pathway to enhance myocardial viability and 
prevent adverse remodeling after myocardial ischemia/reperfu-
sion injury. Stem Cell Research, 10, 301–312.

 136. Raposo, G., Nijman, H. W., Stoorvogel, W., Liejendekker, R., 
Harding, C. V., Melief, J., & Geuze, H. J. (1996). B lymphocytes 
secrete antigen-presenting vesicles. Journal of Experimental 
Medicine, 183, 1161–1172.

 137. Sokolova, V., Ludwig, A. K., Hornung, S., Rotan, O., Horn, P. 
A., Epple, M., & Giebel, B. (2011). Characterisation of exosomes 
derived from human cells by nanoparticle tracking analysis and 
scanning electron microscopy. Colloids Surf B Biointerfaces, 
87(1), 146–150.

 138. Wen, S. W., Sceneay, J., Lima, L. G., Wong, C. S., Becker, M., 
Krumeich, S., et al. (2016). The biodistribution and immune 
suppressive effects of breast cancer–derived exosomes. Cancer 
Research, 76, 6816–6827.

 139. Wiley, R. D., & Gummuluru, S. (2006). Immature dendritic cell-
derived exosomes can mediate HIV-1 trans infection. Proceed-
ings of the National Academy of Sciences, 103, 738–743.

 140. Sarker, S., Scholz-Romero, K., Perez, A., Illanes, S. E., Mitch-
ell, M. D., Rice, G. E., & Salomon, C. (2014). Placenta-derived 
exosomes continuously increase in maternal circulation over the 
first trimester of pregnancy. Journal of Translational Medicine, 
12, 1–19.

 141. Iljas, J. D., Guanzon, D., Elfeky, O., Rice, G. E., & Salomon, C. 
(2017). Bio-compartmentalization of microRNAs in exosomes 
during gestational diabetes mellitus. Placenta, 54, 76–82.

 142. Salomon, C., & Rice, G. E. (2017). Role of exosomes in placental 
homeostasis and pregnancydisorders. In W. R. Huckle (Ed.), Pro-
gressinmolecularbiologyandtranslationalscience (pp. 163–179). 
Cambridge: Academic Press.

 143. Machida, T., Tomofuji, T., Maruyama, T., Yoneda, T., Ekuni, 
D., Azuma, T., et al. (2016). miR-1246 and miR-4644 in sali-
vary exosome as potential biomarkers for pancreatobiliary tract 
cancer. Oncology Reports, 36, 2375–2381.

 144. Ratajczak, J., Miekus, K., Kucia, M., Zhang, J., Reca, R., Dvorak, 
P., & Ratajczak, M. Z. (2006). Embryonic stem cell-derived 
microvesicles reprogram hematopoietic progenitors: Evidence 
for horizontal transfer of mRNA and protein delivery. Leukemia, 
20, 847–856.

 145. Li, J., Zhang, Y., Li, D., Liu, Y., Chu, D., Jiang, X., et al. (2015). 
Small non-coding RNAs transfer through mammalian placenta 
and directly regulate fetal gene expression. Protein and Cell, 6, 
391–396.

 146. Kim, Y. S., Ahn, J. S., Kim, S., Kim, H. J., Kim, S. H., & Kang, 
J. S. (2018). The potential theragnostic (diagnostic+therapeutic) 
application of exosomes in diverse biomedical fields. The Korean 
Journal of Physiology and Pharmacology, 22, 113–125.

 147. Zhang, Y., Luo, C. L., He, B. C., Zhang, J. M., Cheng, G., & 
Wu, X. H. (2009). Exosomes derived from IL-12-anchored renal 
cancer cells increase induction of specific antitumor response 
in vitro: A novel vaccine for renal cell carcinoma. International 
Journal of Oncology, 36, 133–140.

 148. Qin, J., & Xu, Q. (2014). Functions and applications of exosomes. 
Acta Poloniae Pharmaceutica: Drug Research, 71, 537–543.

 149. Waqas, M. K., Saqib, N. U., Rashid, S. U., Shah, P. A., Akhtar, 
N., & Murtaza, G. (2013). Screening of various botanical extracts 
for antioxidant activity using DPPH free radical method. African 
Journal of Traditional, Complementary, and Alternative Medi-
cines: AJTCAM, 10, 452–455.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Elucidating Methods for Isolation and Quantification of Exosomes: A Review
	Abstract
	Introduction
	Exosome
	Discovery
	Biogenesis and Release
	Structure and Composition

	Methods of Isolation
	Ultracentrifugation
	Ultrafiltration
	Size-Exclusion Chromatography (SEC)
	Precipitation
	Immunoaffinity-Based Capture (IAC)
	Microfluidics-Based Technologies

	Methods of Quantification
	Nanoparticle Tracking Analysis (NTA)
	Flow Cytometry
	Tunable Resistive Pulse Sensing (TRPS)
	Electron Microscopy
	Dynamic Light Scattering (DLS)
	Microfluidics
	Surface Plasmon Resonance (SPR)
	Single Particle Interferometric Reflectance Imaging Sensor (SP-IRIS)

	Functions and Applications
	Conclusion
	Acknowledgements 
	References




