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a b s t r a c t 

Extracellular vesicles (EVs) are heterogenous membrane-bound vesicles released from various origins. EVs 

play a crucial role in cellular communication and mediate several physiological and pathological pro- 

cesses, highlighting their potential therapeutic and diagnostic applications. Due to the rapid increase 

in interests and needs to elucidate EV properties and functions, numerous isolation and separation ap- 

proaches for EVs have been developed to overcome limitations of conventional techniques, such as ultra- 

centrifugation. This review focuses on recently emerging and modern EV isolation and separation tech- 

niques, including size-, charge-, and affinity-based techniques while excluding ultracentrifugation and 

precipitation-based techniques due to their multiple limitations. The advantages and drawbacks of each 

technique are discussed together with insights into their applications. Emerging approaches all share sim- 

ilar features in terms of being time-effective, easy-to-operate, and capable of providing EVs with suitable 

and desirable purity and integrity for applications of interest. Combination and hyphenation of techniques 

have been used for EV isolation and separation to yield EVs with the best quality. The most recent de- 

velopment using an automated on-line system including selective affinity-based trapping unit and asym- 

metrical flow field-flow fractionation allows reliable isolation and fractionation of EV subpopulations from 

human plasma. 

© 2020 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Extracellular vesicles (EVs) are a group of diverse membrane- 

ound nanosized particles having a size range of 30-50 0 0 nm. Ex- 

somes (50-150 nm), a subtype of EVs, are originated from endoso- 

al origin but may share similar size and density with ectosomal 

Vs, such as microvesicles (MVs), making differentiation of EV sub- 

lasses highly challenging. In addition, other plasma components, 

uch as lipoproteins (high-density lipoprotein (HDL), low-density 

ipoprotein (LDL), intermediate-density lipoprotein (IDL), very low- 

ensity lipoprotein (VLDL), and chylomicrons) and viruses, share 

imilar sizes and densities with EVs ( Fig. 1 ), complicating selective 

ize- or density-based EV isolation [1] . Exosomes and EVs in gen- 

ral have shown potential in biomarker discovery for diagnostics 

f various diseases [2] . For diagnostic purposes, high purity iso- 

ates are not necessary, while the high yield of isolation is more 

mportant. However, well-defined, intact, and pure EV subpopula- 

ions could serve therapeutic purposes (e.g., in drug delivery, im- 

unotherapy, or cellular reprogramming). Since EVs take part in 

ellular communication by transferring nucleic acids (e.g., RNAs) 

nd metabolites from cells to cells, the role of subpopulations in 
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ntercellular communication needs to be further studied. These 

hallenges require modern isolation and separation techniques to 

ncover how different cell origins or states affect the EV compo- 

ition. This is particularly crucial in tumor progression since car- 

inogenic materials are carried by EVs, making them attractive as 

iomarkers for non-invasive diagnosis and prognosis of the stage 

f cancer [ 1 , 3 ]. To stop the disease progression, even the removal

f tumor-derived EVs has been suggested [4] . Discovering new EV 

ubpopulations, such as exomeres [5] , have lately revealed that ad- 

itional effort is needed on improving isolation and characteriza- 

ion techniques. 

Currently, popular techniques include ultracentrifugation (UC), 

ize-exclusion chromatography (SEC), ultrafiltration (UF), precipita- 

ion, and immunoaffinity (IA) capture, while e.g., asymmetric flow 

eld-flow fractionation (AsFlFFF/AF4) has been an emerging tech- 

ique used to fractionate EV subpopulations, such as exomeres 

nd exosomes. Other emerging techniques are microfluidics and 

ombined multi-step methods. A combination of methods is of- 

en the best option for EV isolation since diverse origin, com- 

lex nature, and heterogeneity of EVs require sophisticated isola- 

ion approaches [6] . In addition, conventional isolation techniques 

e.g., UC) limit scaling-up of EV production due to intra- and 

nter-batch variations in EV preparations [6] . Many of the current 

echnologies are also time-intensive, require tedious manual labor, 

nd are prone to lipoprotein and other protein contamination. For 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Extracellular vesicles (EVs) and lipoprotein subtypes (HDL: high-density lipoprotein, LDL: low-density lipoprotein, Lp(a): lipoprotein(a), IDL: intermediate-density 

lipoprotein, and VLDL: very-low-density lipoprotein) and their physical characteristics. The density of exomeres has not yet been determined experimentally. Information 

used to generate this figure was acquired from [8–10] . 
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herapeutic purposes, EV isolation and separation technologies 

hould be scalable, more automated, selective to specific subpopu- 

ations of EVs, and able to handle complex biological fluids [ 6 , 7 ]. 

This review gives a comprehensive overview of the current sta- 

us of the techniques applicable for isolation, separation, and frac- 

ionation of subpopulations of EVs from prokaryotes and eukary- 

tes excluding ultracentrifugation and precipitation-based tech- 

iques due to their above-mentioned limitations. The emphasis is 

iven to modern and most recently developed techniques that take 

dvantage of size, charge, and affinity for the separation of differ- 

nt EV subpopulations. 

. Modern EV isolation and separation techniques 

In this review, modern isolation and separation techniques in 

he field of EVs are divided into three categories based on the 

solation principle, namely size-, charge-, and affinity-based tech- 

iques. Although UC is still the most commonly used technique in 

020 [11] , there has been a significant increase in SEC applications 

ince 2010 as shown in Fig. 2 . Affinity-based techniques as well as 

lter-based techniques have also started to become more popular 

n the last six years. The utilization of newly emerging techniques 

n the EV field, such as flow field-flow fractionation, ion-exchange, 

s well as electrophoresis and dielectrophoresis has been increas- 

ng since 2016. 

.1. Size-based techniques 

.1.1. Size-exclusion chromatography 

Size exclusion chromatography (SEC) is a well-established tech- 

ique used for macromolecule separation based on their molecular 
2 
ize or hydrodynamic volumes [12] . A typical SEC system consists 

f a porous stationary phase for chromatographic separation with 

r without coupling to a pump for elution as shown in Fig. 3 A.

EC has been used for the isolation of EVs from a large variety 

f sample matrices from both prokaryotes and eukaryotes, includ- 

ng cell culture-derived samples, blood-based samples (plasma and 

erum) [13–17] , urine [ 18 , 19 ], milk [20] , saliva [21] , nasal lavage

22] , synovial fluid [23] , cerebrospinal fluids [ 24 , 25 ], ascites [26–

9] , and tear [21] ( Table 1 ). Diluted samples, especially urine and

ell culture-derived samples, are often concentrated or subjected 

o soluble contaminant removal using filtration-based techniques 

rior to injection to the column [30] . The commonly used sta- 

ionary phase materials for EV isolation and separation are cross- 

inked agarose beads (commercially named as Sepharose® (CL- 

B and CL-4B) and Sephacryl® S-400) as summarized in Table 1 . 

garose beads are highly scalable and flexible and thus adjustable 

o meet sample requirements. Various studies have also utilized 

EV SEC columns available in different bed volumes and size ex- 

lusion limits (intra-pore sizes). Sepharose® CL-4B with a size ex- 

lusion limit of 42 nm [31] was found to be more suitable for 

eparating EVs from protein contaminants, such as albumin, com- 

ared to Sepharose® CL-2B [32–34] with an exclusion limit of 75 

m [31] . An improved resolution was also obtained with a larger 

olumn bed volume (1 mL vs. 10 mL) [34] . In addition, Arntz 

t al. isolated plasma-derived EVs using two Sepharose® CL-2B 

EC columns having the same stacking volume but different col- 

mn lengths (56 mm vs. 222 mm) [35] . They discovered that by 

sing the longer column, protein and immunoglobulin contamina- 

ion was reduced by 90%, while the EV particle size distribution 

nd yields remained the same [35] . 
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Fig. 2. Modern EV isolation, separation, and fractionation techniques based on the number of published articles per year ( ∗as of September 2020). 

Table 1 

Size-exclusion chromatography for EV isolation and separation. 

Column Sample matrix Reference 

IZON® qEV column Cell culture [55] 

Plasma or serum [ 14 , 15 ] 

Urine [ 46 , 56 ] 

Saliva and tear fluid [ 21 , 57 ] 

Milk [ 20 , 58 ] 

Lymph node and spleen [59] 

Uterine flush [ 13 , 60 ] 

Seminal plasma and brain [61] 

Induced pluripotent stem cell- 

derived neurons 

[62] 

Stromal vascular fraction [63] 

Nasal lavages [22] 

Skin sections and dermal 

intestinal fluid 

[64] 

Sepharose® CL-2B column Cell culture [ 65 , 66 ] 

Plasma or serum [ 67 , 68 ] 

Urine [ 69 , 70 ] 

Cerebrospinal fluid [ 24 , 25 ] 

Peritoneal dialysis effluent [ 71 , 72 ] 

Saliva [73] 

Stool [74] 

Sepharose® CL-4B column Cell culture [75] 

Plasma [ 33 , 43 ] 

Sephacryl® S-400 column Cell culture [ 76 , 77 ] 

Plasma or serum [ 33 , 78 ] 

Sephacryl® S-500 column Milk [79] 

Synovial fluid [23] 

Sephacryl® S-1000 column Seminal fluid [80] 

Superdex® 200 column Cell culture [ 81 , 82 ] 

Seminal plasma [83] 

Serum [84] 
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SEC is commonly used to isolate heterogeneous populations of 

Vs, while the separation of distinct EV subpopulations remains a 

hallenge due to limited resolution. However, recently, the sepa- 

ation of urinary exosome sub-populations, including small (36 ±6 

m), medium (60 ±10 nm), and large exosomes (102 ±16 nm), was 

chieved using two-dimensional SEC including two SEC columns. 

he first column having a smaller pore size (50 nm) was used to 

re-isolate exosomes, and the second column with a larger pore 
3 
ize (200 nm) further separated the collected exosomes into three 

ifferent size ranges with satisfactory resolution [18] . 

Several studies have also demonstrated the superiority of SEC 

ver conventional EV separation techniques, such as UC and pre- 

ipitation with chemical agents. For instance, since high-density 

ipoproteins (HDLs) and EVs share a similar density range, EVs 

solated from plasma by density gradient UC, a separation tech- 

ique based solely on density difference, were co-isolated with 

DLs [36] , while with SEC this issue was not encountered due 

o HDLs being smaller than EVs ( Fig. 1 ). Moreover, SEC success- 

ully removed unwanted serum albumin that is present in EV iso- 

ates [ 33 , 37 ]. Studies also showed that SEC yielded cell culture- 

nd plasma-derived EVs with better functionality compared to UC 

38–40] . The recovery of plasma-derived EVs isolated by differen- 

ial UC was also negatively affected by the highly viscous nature of 

lasma [41] . These findings proved that UC was not suitable for EV 

solation from plasma. SEC also yielded higher-quality cell culture- 

erived EVs, with less protein contamination, and less composi- 

ional and structural alteration compared to EV isolation using pre- 

ipitating agents, such as polyethylene glycol and PRotein Organic 

olvent PRecipitation [42] . It is also worthy to note that the com- 

only used SEC mobile phase, phosphate buffered saline (PBS) (pH 

.4), preserves EV functionality and integrity. 

Although SEC has been effective in removing the majority of 

DLs and relatively small proteins from plasma, its major draw- 

ack is co-isolation with other lipoproteins, including chylomi- 

rons, VLDL, VLDL remnants (e.g., IDL), and LDL, sharing the same 

ize range with EVs [17] ( Fig. 1 ). In addition, it was found that SEC

solated relatively smaller EVs than UC, resulting in different pro- 

eomes [17] . Self-packing of SEC can also be tedious and decrease 

he reliability of the method. 

Over 40% of studies have also combined SEC with other tech- 

iques to overcome SEC limitations as well as to improve EV 

urity. For instance, anion exchange chromatography has been 

sed to selectively remove lipoproteins after SEC separation [43] . 

ther studies have also shown that the combination of SEC with 

ther techniques, such as UC and UF, improves EV quality [44–

8] . Therefore, the choice of combined separation techniques needs 

areful thinking to guarantee the best results. 
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Fig. 3. Size-based EV isolation, separation, and fractionation methods: A) Mini-SEC column for tumor-derived exosome isolation from cell culture media. Reprinted with 

permission from [49] , copyright 2019 Elsevier. B) Exodisc for urinary EV isolation. Reprinted with permission from [50] , copyright 2017 American Chemical Society. C) 

Double-filtration microfluidic device for isolation of urinary EVs. Reprinted with permission from [51] , copyright 2017 Springer Nature (Creative Commons Attribution CC 

BY license). D) Isolation of EV subpopulations from human plasma by immunoaffinity chromatography coupled to asymmetrical flow field-flow fractionation. Reprinted with 

permission from [52] , copyright 2020, American Chemical Society (Creative Commons Attribution CC BY license). E) Lateral displacement arrays for exosome separation. 

Reprinted with permission from [53] , copyright 2016 Springer Nature. F) Three-dimensional carbon nanotube arrays for size-based EV capture from cell culture. Reprinted 

with permission from [54] , copyright 2020 American Chemical Society. 

4 



T. Liangsupree, E. Multia and M.-L. Riekkola Journal of Chromatography A 1636 (2021) 461773 

Table 2 

Filtration-based techniques for EV isolation. 

Technique Separation system 

Molecular weight cut-off (MWCO) 

or pore size Sample matrix Reference 

Centrifugal ultrafiltration (UF) Centrifugal filter unit 10 kDa MWCO Urine [ 46 , 97 ] 

Cell culture [ 98 , 99 ] 

30 kDa MWCO Cell culture [92] 

Stromal vascular fraction [63] 

50 kDa MWCO Cell culture [92] 

Plasma [34] 

100 kDa MWCO Urine [ 19 , 46 , 97 ] 

Cell culture [ 92 , 100 ] 

Plasma or serum [ 74 , 101 ] 

Stool [74] 

Semen [61] 

Cerebrospinal fluid [102] 

Peritoneal dialysis effluent [103] 

Bronchoalveolar lavage fluid [93] 

Saliva [104] 

300 kDa MWCO Serum [95] 

500 kDa MWCO Cell culture [105] 

Tangential flow filtration (TFF) Membrane filter 10 kDa MWCO Cell culture [106] 

Hollow fiber membrane 100 kDa MWCO Cell culture [ 107 , 108 ] 

Membrane filter 300 kDa MWCO Cell culture [ 109 , 110 ] 

UF membrane filter capsule 500 kDa MWCO Cell culture [111] 

Filter 750 kDa MWCO Cell culture [87] 

Exodisc Track-etched polycarbonate (PC) 

membrane and anodic aluminum 

oxide (AAO) membrane 

600 nm (PC membrane) and 20 

nm (AAO membrane) pore sizes 

Cell culture [50] 

ExoTIC (exosome total isolation chip) Track-etched PC and a 

polyethersulfone (PES) filter 

30 nm or 50 nm (PC) and 200 nm 

(PES) pore sizes 

Plasma, urine, and lavage [90] 

Hydrostatic filtration dialysis (HFD) Cellulose membrane 1000 kDa MWCO Urine [ 112 , 113 ] 

Cell culture [113] 

Integrated double-filtration 

microfluidic device 

Whatman® Nuclepore TM track-etched 

membranes 

0.2 μm and 30 nm pore sizes Urine [51] 
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.1.2. Filtration 

Filtration is another popular size-based separation technique 

sed for EV purification. In this review, the focus was made on 

odern and more automated filtration techniques thus exclud- 

ng the applications of conventional filters. Ultrafiltration (UF) uti- 

izes membranes with defined molecular weight cut-off (MWCO) 

anging from 10-100 kDa for most studies ( Table 2 ). UF has been

idely used to isolate EVs from relatively dilute samples, such as 

rine and cell cultures. UF devices generally consist of a UF mem- 

rane inserted in a container. The filtration is often performed us- 

ng centrifugal UF which is advantageous in being a relatively sim- 

le and easy-to-use technique and offers faster EV isolation com- 

ared to UC [85] . However, many of the UF methods suffer from 

rotein contaminants and EV losses to the membrane [ 3 , 86 ] as

ell as from morphological changes of EVs that have not been 

tudied in detail. In addition to centrifugal UF, tangential flow fil- 

ration (TFF), also known as cross-flow filtration, is a UF tech- 

ique widely used for EV isolation and separation. In TFF, a stream 

f fluids containing EVs flow tangentially by moving across the 

F membrane (hollow fiber membrane) but not directly through 

he membrane. Molecules smaller than MWCO travel through the 

embrane and are discarded, while molecules larger than the cut- 

ff level, such as EVs, remain on the membrane and are recircu- 

ated and concentrated [ 87 , 88 ]. TFF is more beneficial compared 

o conventional filters in which the fluid flows directly through 

he membrane, which often results in cake formation that clogs 

he pores [88] . In comparison to SEC, TFF also concentrates EVs, 

hile SEC dilutes the isolates [87] , making TFF suitable for large- 

cale EV isolation from diluted samples. A special filtration tech- 

ique, hydrostatic filtration dialysis (HFD) [89] , where 10 0 0 kDa 

ellulose ester dialysis membranes are employed, has been devel- 

ped to isolate EVs from urine. HFD does not require centrifu- 

ation steps like many other UF methods and exhibits low EV 

osses. 
t

5 
Specialized filtration devices have been developed utilizing 

rack-etched membranes (30, 50, 200, and 600 nm pore sizes) for 

ast and size-selective isolation of EVs [ 50 , 51 , 90 ] ( Figs. 3 B and 3 C).

ith a sequential centrifugal UF, it is possible to isolate exosomes 

rom cell culture media of human colon carcinoma cell organoids 

91] . This method utilizes sequentially hydrophilic polyvinylidene 

ifluoride membranes with 0.65, 0.45, 0.22, and 0.1 μm pores. The 

ddition of filtration steps increased the purity of the isolates but 

educed the yields [3] . Although UF alone might be sufficient for 

V isolation in some cases, additional purity and selectivity can be 

chieved by combining different techniques with UF. For instance, 

entrifugal UF has been extensively used in combination with SEC 

o isolate EVs from cell culture media, urine, and bronchoalveo- 

ar lavage fluid [92–94] . UF in combination with AsFlFFF on the 

ther hand has been used to isolate exosomes from a more com- 

lex biofluid, human serum [95] . An even more sophisticated com- 

ination of three different methods (UF, SEC, and AsFlFFF) has been 

eveloped to study urinary EVs from human urine samples [96] . 

.1.3. Flow field-flow fractionation 

Flow field-flow fractionation (FFF) is an emerging size-based 

ractionation technique for EV separation, with asymmetrical flow 

eld-flow fractionation (AsFlFFF or AF4) being the most popular 

FF subtechnique used. The separation of macromolecules in As- 

lFFF is based on their diffusion coefficients. An AsFlFFF channel 

ontains two plates separated by a spacer with a permeable mem- 

rane at the bottom (accumulation wall) [114] . Parabolic flow pro- 

le carries EVs from the channel to detectors. Size-based fraction- 

tion is achieved by a perpendicular cross-flow to a parabolic flow 

rofile that separates EVs based on their size on the accumulation 

all [114] . The cross-flow can be modified and optimized even be- 

ween runs to enhance separation efficiency, making AsFlFFF more 

exible compared to SEC. In AsFlFFF, small EVs remain further from 

he bottom of the channel due to their higher diffusion coefficient, 
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Table 3 

Flow field-flow fractionation-based techniques for EV isolation and fractionation. 

Technique Separation channel material Sample matrix Reference 

Immunoaffinity chromatography - asymmetrical 

flow field-flow fractionation (IAC-AsFlFFF) 

350 μm spacer, 10 kDa regenerated cellulose 

membrane 

Plasma [52] 

Frit-inlet AsFlFFF 350 μm spacer, 10 kDa regenerated cellulose 

membrane 

EV isolated from serum [95] 

AsFlFFF 190 μm spacer, 10 kDa regenerated cellulose 

membrane 

Exosomes isolated by UC from urine [117] 

350 μm spacer, 10 kDa regenerated cellulose 

membrane 

UF and SEC purified EVs from urine [96] 

Plasma and serum [118] 

Immunoaffinity purified EVs from plasma [ 115 , 116 ] 

490 μm spacer, 10 kDa regenerated cellulose 

membrane 

Small EVs from ultracentrifuged cell cultures [5] 

190, 250, 350, and 480 μm spacers, 10 kDa 

regenerated cellulose membrane 

Lyophilized exosome standard purified from 

cell culture 

[114] 

350 and 490 μm spacer, regenerated cellulose 

and polyethersulfone 

Cell culture [119] 

350 μm spacer, 30 kDa nadir cellulose 

mambrane 

Cell culture [120] 

Lyophilized exosome standard purified from 

cell culture 

[121] 
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hile larger EVs stay closer to the accumulation wall [114] . In nor- 

al mode, the parabolic flow profile carries smaller EVs to the 

etectors first followed by larger ones as opposed to SEC, where 

arger particles arrive first. In combination with light scattering de- 

ectors, AsFlFFF can provide accurate information on EV size distri- 

ution, size morphology, and aggregation or agglomeration states. 

oupled with a fraction collector, EV subpopulations can also be 

ollected for additional studies. One of the advantages of AsFlFFF 

or EV separation is gentle fractionation since there are no shear 

orces from the stationary phase deteriorating the particles as in 

he case of SEC. In addition, AsFlFFF allows buffer exchange with 

he EV formulation buffer, being im portant especially in potential 

herapeutic applications of fractionated EV subpopulations. How- 

ver, fractionated EVs obtained from both AsFlFFF and SEC are di- 

uted and may require an extra pre-concentration step prior to fur- 

her studies. In addition, to avoid self-association and overloading 

ffects, only small quantities of the sample can be injected. This 

an limit the applications when large volumes of the sample need 

o be processed. 

The most commonly used accumulation wall membrane for 

ractionation of EVs has been a 10 kDa regenerated cellulose mem- 

rane with 350 μm spacer ( Table 3 ). Pre-concentration of urine 

r cell culture media samples in most cases has been done with 

C. For example, frit-inlet AsFlFFF has been used to separate exo- 

omes from HDLs and LDLs in human serum samples pre-isolated 

y UF, UC, or exosome isolation kit [95] . Above all, AsFlFFF has 

een especially important for the separation of subpopulations of 

Vs, resulting in the separation of new EV subpopulation called ex- 

meres from small and large exosomes from ultracentrifuged cell- 

ine culture media first reported by Zhang et al. [5] . Following 

his work, CD9 + and CD61 + EVs were pre-isolated from human 

lasma using immunoaffinity chromatography (IAC) with mono- 

ithic columns immobilized with monoclonal antibodies against 

D9 and CD61. The isolates were further fractionated by AsFlFFF, 

esulting in EV fractions having the size range of exomeres as well 

s small and large exosomes without lipoprotein contaminants that 

re often found in UC and SEC isolates [ 115 , 116 ]. The pre-isolation

ethod also allowed the isolation of EVs in higher yields compared 

o UC and SEC based on capillary electrophoresis-laser-induced flu- 

rescence (CE-LIF) signal intensities of fluorescently labeled EVs 

115] . The IAC was afterward successfully integrated on-line to As- 

lFFF for automated isolation and fractionation of CD9 + and CD61 + 

Vs [52] . The IAC-AsFlFFF system ( Fig. 3 D) provided highly reli- 

ble and reproducible isolation and fractionation (RSD 2.9-4.2%) 

nd could process up to 18 plasma samples per day in an auto- 

ated fashion. The system enabled for the first time reproducible 
6 
tudy of amino acids and glucose found in subpopulations of CD9 + 

nd CD61 + EVs in the size range of exosomes and exomeres [52] . 

.1.4. Other size-based techniques 

Other modern techniques include deterministic lateral displace- 

ent (DLD) pillar arrays as summarized in Table 4 . DLD is a mi- 

rofluidic technique that separates EVs based on their trajectories 

n a pillar array. Particles smaller than the set DLD critical di- 

meter will follow a zigzag mode, while larger particles travel in 

 bumping or displacement mode ( Fig. 2 E), resulting in separa- 

ion based on their size differences [53] . DLD pillar arrays with 

35 nm nanopillar gap have been used to separate exosomes in 

he size range of 20 to 110 nm [53] . In another study, integrated 

anoDLD arrays showed a superior yield (approximately 50%) of 

Vs from urine and plasma, compared with UC, density gradient 

C, SEC, and precipitation-based isolation [122] . DLD pilar arrays 

ave also been exploited to detect BD21 vesicles with exosome- 

pecific beads coated with antibodies [123] . Even electroosmotic 

ow-driven DLD micro- and nanopillar array chips have been re- 

ently used to separate and enrich EVs from breast cancer cells 

MDA-MB-231) based on their size [124] . In addition to DLD pillar 

rrays, carbon nanotube arrays have been developed for size-based, 

abel-free, and rapid EV separation from glial cells ( Fig. 2 F) [54] . 

Separation of adenocarcinomic human alveolar basal epithelial 

ell-derived EVs based on fluid dynamics and particle size discrim- 

nation has been reported by Liu et al. [125] . This microfluidic sys- 

em utilized viscoelasticity for exosome isolation and gave recover- 

es of over 80% and purity of more than 90%. It also had a higher

rocessing speed compared to DLD pilar arrays. Sheathless oscilla- 

ory viscoelastic microfluidics system [126] has been utilized for EV 

ocusing and separation from bovine milk and cultured cell-derived 

Vs. In addition, the λ-DNA mediated viscoelastic microfluidic sys- 

em has been developed to separate EV subpopulations [127] . 

.2. Charge-based techniques 

.2.1. Ion-exchange techniques 

Separation of EVs using ion-exchange techniques, such as chro- 

atography and metal-affinity based systems exploits the inter- 

ctions between negatively charged EV membrane components 

hose charges have been determined by zeta potential [128] and 

n anion exchanger with positively charged functional groups or 

ations. In general, bound EVs can be released by introducing high 

alt concentrations to increase the ionic strength of the buffer 

o promote the desorption of EVs from positively charged me- 

ia. Anion-exchange chromatography (AIEC) has recently been used 
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Table 4 

Other size-based techniques for EV isolation. 

Technique Separation system Sample matrix Reference 

Deterministic lateral displacement (DLD) pillar array Nanopillar chips BD21 vesicles [123] 

Exosomes isolated from urine [53] 

Electroosmotic flow-driven DLD pillar array Cell culture [124] 

NanoDLD pillar array Serum and urine EVs [122] 

Oscillatory viscoelastic microfluidic system Microfluidics Small EVs produced by in vitro cultured cells and EVs from 

bovine milk 

[126] 

Viscoelasticity-based microfluidic system Cell culture [125] 

λ-DNA mediated viscoelastic microfluidic system EVs isolated from cell culture by differential centrifugation [127] 

Table 5 

Ion-exchange based techniques for EV isolation and separation. 

Technique Separation system Sample matrix Reference 

Anion-exchange chromatography (AIEC) Anion exchange column Cell culture [138] 

Column packed with anion exchange resin Cell culture [131] 

Column packed with anion exchange resin (quaternary ammonium) Cell culture [ 99 , 139–141 ] 

Diethylaminoethyl cellulose Sephadex® A-50 Amniotic fluid [132] 

Monolithic quaternary amine column Cell culture [ 129 , 142 ] 

Anion exchange Anion-exchange magnetic beads Cell culture and plasma [133] 

Nickel-based isolation Anion-exchange agarose beads (Ni 2 + ) Cell culture and plasma [134] 

Cation- and anion-exchange 

chromatography 

Column packed with either cation exchange resin (sulfoxyethyl) or 

anion exchange resin 

Cell culture [130] 
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or the isolation of EVs from cell culture [129–131] and amniotic 

uid [132] , while anion-exchange magnetic beads have been used 

or human plasma [133] ( Table 5 ). A comparative study by Heath 

t al. demonstrated the applicability of the AIEC technique using 

 monolithic column with quaternary amine functionality (strong 

nion exchanger) for the isolation of cell-derived EVs [129] . The 

ethod required shorter isolation time (under 3 h for 1 L of cell 

ulture supernatant) compared to UC and yielded intact EVs with 

igher purity compared to TFF. In addition, EV isolation from amni- 

tic fluids was also possible using diethylaminoethyl cellulose resin 

weak anion exchanger) as reported by Kosanovi ́c et al. [132] . The 

IEC required optimization of separation and elution conditions, 

ncluding concentration and volume of the salt gradient. For in- 

tance, it was found that a higher concentration of NaCl (1 M vs 

.2 M) was best for larger cell-derived EVs [132] . In addition, dif- 

erences in glycoprotein compositions of EVs also affected separa- 

ion in ion-exchange chromatography [132] . Despite the versatility 

nd scalability of AIEC, its applications in EV research as an indi- 

idual technique is mostly limited to cell culture so far. More com- 

lex biological matrices, such as blood and plasma, are challenging 

or ion-exchange methods due to the presence of other charged 

iomolecules in high amounts. The method can, however, com- 

lete other EV isolation techniques to remove viral contaminants 

nd other proteins from the isolate to increase EV purity. 

In addition to AIEC, nickel-functionalized agarose beads have 

lso been used to capture a heterogeneous population of EVs from 

uman plasma via electrostatic interaction in a similar way as 

n AIEC [134] ( Fig. 4 A). Interestingly, without manipulating ionic 

trength to release bound EVs, the EVs did not experience signifi- 

ant osmotic stress [135] since PBS (pH 7.4) with chelating agents 

EDTA and citric acid) was used to release EVs while maintain- 

ng their integrity and stability. With this system, EVs of the large 

ize range (50–700 nm) were isolated in addition to co-isolating 

xosomes, apoptotic bodies, and microvesicles [134] . Thus, this 

ethod alone was insufficient for the separation of different EV 

ubpopulations. 

.2.2. Electrophoresis and dielectrophoresis 

Electrophoresis and dielectrophoresis (DEP) are relatively new 

dditions to the charge-based separation of EVs ( Table 6 ) ( Figs. 4 B

nd 4 C). In electrophoresis, EVs and their subpopulations can be 

eparated based on their electrophoretic mobilities [115] , giving 
7 
dditional information on characteristics of charged EVs that is not 

ossible with size- and density-based techniques. With the DEP, it 

s possible to gain even deeper information on the properties of 

oth charged and non-charged EVs, and it has also been success- 

ully used in microfluidic format [143] . The on-chip electrophore- 

is separation of breast cancer cell-derived EVs and exosomes has 

een achieved with an electric field of 50 V/cm [ 136 , 144 , 145 ]

 Fig. 4 B). A combination of 300 kDa dialysis bag and electrophore- 

is has been utilized to isolate lemon-derived EVs [146] . In a proof 

f concept study, Pectobacterium sp. derived EVs were separated 

rom other macromolecular aggregates by CE with 10 kV in normal 

olarity mode [147] . The authors also hypothesized that subpop- 

lations of EVs could be studied with CE, which was proved in a 

tudy by Morani et al. [115] , where EVs from different sources were 

eparated with CE-LIF. Bovine milk-derived EVs were pre-isolated 

ith sucrose gradient UC, pony plasma/serum and human plasma- 

erived EVs with SEC, and human plasma with monolithic IAC. The 

tudy demonstrated for the first time that CE based separation of 

V subpopulations in the size range of exomeres and exosomes is 

ossible due to different electrophoretic mobilities of the subpop- 

lations. In addition, agarose gel electrophoresis has been used for 

igh-efficiency EV separation from lipoproteins in human plasma 

ith 100V for 2 h [148] . 

Alternating current electrokinetic (ACE) microarray chip devices 

ave been successfully utilized to isolate and recover exosomes 

nd EVs from blood, serum, plasma, and cell culture media in less 

han 30 min [149–152] . The isolations were achieved with an al- 

ernating current of 14 V and 15 kHz for 10 min. Direct current–

nsulator-based dielectrophoresis (iDEP) was successful in exosome 

eparation from EVs purified from human breast adenocarcinoma 

MCF-7) cells [153] as well as from human plasma and serum 

154] . DEP has been also used to isolate and study EVs from hu- 

an non-small cell lung cancer cells [133] and pancreatic cancer 

ell culture-derived EVs [155] . 

.2.3. Other charge-based techniques 

Other charge-based techniques have also been used for EV iso- 

ation and separation. Ion concentration polarization is a tech- 

ique that could simultaneously isolate and preconcentrate ex- 

somes [157] . The chip was packed with agarose gel and ion- 

elective membrane and could concentrate exosomes by a fac- 

or of 15 every 10 min. The recovery rate was 60-80%, which 
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Fig. 4. Charge-based techniques for EV isolation: A) Nickel-based ion-exchange method for EV capture from human plasma. Reprinted with permission from [134] , copyright 

2019 Elsevier. B) On-chip electrophoresis for the isolation of breast cancer cell-derived EVs. Reprinted with permission from [136] , copyright 2015, open access (Creative 

Commons Attribution license). C) Dielectrophoretic platform for isolation of EVs from human non-small cell lung cancer cells (A549). Reprinted with permission from [137] , 

copyright 2019 Royal Society of Chemistry. 

Table 6 

Electrophoresis and dielectrophoresis (DEP) based techniques for EV separation and isolation. 

Technique Separation parameters Sample matrix Reference 

Alternating current electrokinetic (ACE) 

microarray chip device 

Alternating current 14 V, 15 kHz for 10 min UC-isolated EVs from cell cultures [151] 

Blood, serum, and plasma [150] 

Plasma [ 149 , 152 ] 

Agarose gel electrophoresis 2 h at 100 V Plasma [148] 

Capillary electrophoresis Fused silica capillary (I.D. of 50 μm, O.D. of 375 μm, 

effective length (L eff) of 50.2 cm, and total length (L tot ) of 

60.2 cm) under 25 kV (normal polarity) 

Pre-isolated plasma, milk, and 

plasma/serum-derived EVs 

[115] 

Capillary zone electrophoresis Uncoated fused silica capillaries (50 μm i.d. x 30.2 cm 

total capillary length) under constant voltage of 10 kV 

(normal polarity) 

Pectobacterium sp. [147] 

Direct current–insulator-based 

dielectrophoresis (DEP) 

Media conductivity 1.6 S/m, with 0.01-1.5 mHz field 

frequency at 50 kHz increments for 30s 

Cell culture-derived EVs isolated 

with differential UC 

[155] 

Sinusoidal wave 2-10 kHz and amplitude 6 Vp-p or 4 kHz 

and amplitude 2-10 Vp-p 

Cell culture [137] 

Direct current for 20 min (10 V/cm) Plasma and serum [154] 

Direct current of 1500-2000 V for 20s (main channel) and 

200 V for 1 min (side channels) 

Cell culture purified with total 

exosome isolation reagent 

[153] 

Electrophoresis with dialysis 300 kDa dialysis bag, 300 mA for 30 min and after 

changing electrophoretic direction additional 150 min 

Lemon [146] 

Electrophoretic migration through porous 

membrane 

Track-etched polycarbonate (PCTE) 30 nm membranes, 

voltage 0–200V, flow rate 10–80 L/min 

UC isolated EVs from the whole 

blood of mice 

[156] 

On-chip immunoelectrophoresis An electric field of 50 V/cm Cell culture [136] 

On-chip microcapillary electrophoresis [ 144 , 145 ] 

8 
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Table 7 

Affinity-based EV isolation and separation techniques. 

Separation system Affinity ligand Sample matrix Affinity type Reference 

Magnetic beads Anti-EpCAM antibody Ascites Immunocapture [ 26 , 27 ] 

Anti-ICAM-1 monoclonal antibody Cell culture [202] 

Anti-CD9, anti-CD63, and anti-CD81 antibodies Cell culture [203] 

Anti-CD34 and anti-CD61 antibodies Cell culture and plasma [204] 

Anti-CSPG4 monoclonal antibody Plasma [205] 

Anti-prostate-specific membrane antigen antibody Plasma [168] 

Anti-ceramide antibody Serum [206] 

Silica nanospring TG97 (inhibitor of prostate-specific membrane 

antigen enzymatic activity) 

Cell culture [181] 

Agarose resin Anti-human CD171 (L1CAM) antibody Plasma [170] 

Magnetic beads Anti-epidermal growth factor receptor (EGFR), 

anti-EGFRvIII, and anti-CD9 antibodies 

Cell culture Microfluidic 

immunocapture 

[207] 

Polymeric monolithic disks Anti-human-CD9 and anti-human-CD61 monoclonal 

antibodies 

Plasma Immunoaffinity 

chromatography 

[ 52 , 115 , 116 ] 

Magnetic beads CD63-aptamer Plasma and cell culture Affinity capture [183] 

Magnetic beads Vn96 peptide Cell culture [185] 

ME TM kit Vn96 peptide Plasma [17] 

Magnetic beads T-cell immunoglobulin domain and mucin 

domain-containing protein 4 (Tim4) 

Cell culture [190] 

Magnetic beads Tim4 Plasma [208] 

Magnetic beads Solanum tuberosum (potato) lectin Urine [192] 

Agarose gel column Concanavalin A (ConA)- and wheat germ agglutinin 

(WGA)-reactive glycans 

Semen [193] 

Magnetic beads Annexin A5 Plasma, serum, and ascites [28] 

Agarose beads Heparin Cell culture [184] 

Sepharose and HiTrap Heparin 

HP column 

Heparin and ConA Serum Affinity 

chromatography 

[84] 
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as significantly higher than conventional methods (6% for UC 

nd 30% for ExoQuick TM ). Cyclical electrical field-flow fractionation 

cyclical ElFFF) is another electrophoretic mobility-based separa- 

ion technique that has been recently utilized to separate purified 

elanoma exosomes [158] and small and medium-size EVs from 

lasma and glioblastoma cells [159] . 

.3. Affinity-based techniques 

Besides charge-, density-, and size-based isolation techniques, 

ffinity-based isolation is among the most popular techniques used 

or EV isolation ( Fig. 2 ). Affinity-based approaches utilize highly 

elective and specific interactions between proteins or receptors 

ound on the EV membrane and their corresponding ligands, such 

s antibodies. To develop an affinity-based isolation technique, 

he ligands are immobilized or conjugated onto/into a variety of 

olid media, such as magnetic beads or polymeric materials (e.g., 

garose beads and monolithic columns) ( Table 7 ). Based on isola- 

ion mechanisms, affinity-based isolation can be categorized into 

wo groups, namely affinity chromatography and immunocapture, 

hile affinity ligands can be further divided into bioaffinity lig- 

nds (e.g., antibodies, peptides, and transmembrane proteins) and 

eparin. The most widely used affinity-based technique for EV iso- 

ation relies on immunoaffinity capture by employing antibodies 

gainst EV surface proteins. In general, the antibodies are cova- 

ently coupled to magnetic beads via biotinylation. The most com- 

only used antibodies target tetraspanin proteins commonly en- 

iched on exosome and EV surfaces, such as CD9, CD63, and CD81 

 160 , 161 ]. One of the major advantages of immunoaffinity, in ad- 

ition to the selective isolation of EVs in general, is the possi- 

ility to isolate EVs originating from different cell types. For in- 

tance, epithelial cell adhesion molecule (EpCAM) or CD326, a type 

f glycoprotein, has been found to be overexpressed in different 

ancer cells, including lung, stomach, colon, prostate, and ovar- 

an cancer [162–165] . This discovery has led to the use of anti- 

pCAM conjugated magnetic beads to target and isolate tumor- 

erived EVs [ 162 , 166 ]. In addition to anti-EpCAM, Sharma et al.
9 
sed a monoclonal antibody having specificity toward a peptide 

f melanoma cells but not healthy cells to capture melanoma cell- 

erived exosomes from human plasma [167] . Other antibodies have 

lso been used for the isolation of specific EVs, including anti- 

33 (colon epithelial cell-specific exosomes) [166] , anti-prostate- 

pecific membrane antigen (PSMA) (prostate-derived EVs) [168] , 

nti-CD105 (endothelial cell-specific exosomes) [169] , anti-CD171 

L1CAM) (neuron-derived EVs) [170] , anti-CD34 (endothelial pro- 

enitor cell-specific exosomes) [169] , anti-CD61 [ 115 , 116 ] ( Fig. 5 A)

nd anti-CD41 [169] (platelet-specific exosomes), and anti-CD235a 

erythrocyte-specific exosomes) [169] . 

In general, bound EVs are either eluted from the beads us- 

ng appropriate reagents, or alternatively, bead-EV complexes can 

e directly used for further analysis (e.g., immunoassay). For in- 

tance, Zhao et al. have developed a microfluidic device (ExoSearch 

hip) for continuous exosome isolation and detection from hu- 

an plasma using magnetic beads conjugated with three anti- 

odies against common exosomal markers (CD9, CD81, and CD63) 

or immunocapture and fluorescence-labeled tumor markers (CA- 

25, EpCAM, and CD24) for probing [171] ( Fig. 5 B). Other microflu- 

dic devices utilizing immunocapture-based isolation methods have 

lso been reported [172] ( Fig. 5 C). Besides exosomes, microvesicle- 

pecific markers, annexins (e.g., annexin V and annexin A1), a 

amily of phospholipid-binding and membrane-binding protein 

 173 , 174 ], have also been used for the isolation of microvesicles

nd as a negative control in exosome isolation [169] . 

Among different solid supports, immunoaffinity chromatogra- 

hy with monolithic materials has been extensively used to isolate 

nd separate biomacromolecules, including lipoproteins [175] and 

xtracellular vesicles [ 115 , 116 , 176 ]. For instance, immunoaffinity 

hromatography methods using polymeric monolithic disk columns 

ere developed in our laboratory to isolate CD9 + and CD61 + 

platelet-derived EVs) from human plasma [ 52 , 115 , 116 ] ( Fig. 5 A).

he methods could easily isolate intact CD9 + and CD61 + EVs from 

lasma in under 30 min in a single step, and the yielded EVs 

ould readily be used in further analysis. In addition, the mono- 

ithic disk was integrated on-line to AsFlFFF for automated iso- 
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Fig. 5. Affinity-based EV isolation systems: A) Immunoaffinity monolithic disk column for CD61 + EV isolation from plasma. Reprinted with permission from [116] , copy- 

right 2019 Elsevier. B) Microfluidic device (ExoSearch chip) for exosome isolation and detection from plasma using anti-CD9, CD81, and CD63 antibodies conjugated beads. 

Reprinted with permission from [171] , copyright 2016 Royal Society of Chemistry (Creative Commons Attribution-NonCommercial 3.0 Unported Licence). C) Microfluidic de- 

vice (OncoBean chip) for EV capture using the anti-CD63 antibody. Reprinted with permission from [172] , copyright 2020 Royal Society of Chemistry. D) Silica nanospring 

with TG97 ligand for exosome capture (arrows indicating the exosomes). Reprinted by permission from [181] , copyright 2017 Springer Nature. E) Capture and non-destructive 

release of EVs using aptamer-based magnetic isolation. Reprinted with permission from [183] , copyright 2019 American Chemical Society. F) Heparin-coated magnetic beads 

for EV isolation from cell culture. Reprinted with permission from [184] , copyright 2015, Springer Nature, open access (Creative Commons Attribution CC BY license). 
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ation and fractionation of CD9 + and CD61 + EV subpopulations 

52] . The IAC-AsFlFFF system could isolate CD9 + and CD61 + EVs 

nd fractionate them to their subpopulations (size range of ex- 

meres and exosomes) up to 18 plasma samples per day. The 
onolithic disks immobilized with antibodies could also be re- h

10 
sed multiple times [116] . Monolithic columns have several ad- 

antages over particulate-based stationary supports for the sep- 

ration of large biomolecules, including low back pressure and 

onvective mass transfer rather than diffusive transport, enabling 

igh flow rates and short separation times due to large intercon- 
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ected pores [ 177 , 178 ]. In particular, polymer-based monoliths can 

ithstand alkaline pH conditions required for elution or desorp- 

ion of bound particles unlike silica-based particles and mono- 

iths. The polymer-based monoliths can also be directly coupled 

o other separation methods or detection systems for further anal- 

ses, making them attractive solid supports for EV isolation. Be- 

ides magnetic beads and monolithic supports, other solid me- 

ia used for EV isolation have also been reported, such as mag- 

etic nanowires [179] , paper (cellulose) [180] , and nanospring 

181] ( Fig. 5 D). 

In addition to immunoaffinity-based approaches, aptamers have 

een used to capture EVs with high affinity and specificity. Ap- 

amers are single-stranded DNA or RNA oligonucleotides having 

hree-dimensional structure developed using systematic evolution 

f ligands by exponential enrichment (SELEX) technology, enabling 

he selection of EV-specific aptamers, and thereby usually referred 

o as chemical antibodies [182] . Recently, Zhang et al. [183] used 

agnetic beads conjugated with DNA aptamers specific for CD63 

nd MUC1 (tumor biomarker) for EV capture from human plasma 

nd cancer cell culture [183] ( Fig. 5 E). The group demonstrated 

he non-destructive release of bound EVs from the aptamers by 

ntroducing a complementary sequence to hybridize with the ap- 

amer, resulting in the aptamer breakage and the release of intact 

Vs. This made the aptamer-based isolation more advantageous 

han antibody-conjugated magnetic beads due to elution issues of 

Vs encountered with magnetic beads. The yielded EVs from the 

ptamer-based method were more uniform and of a narrower size 

ange in comparison to EVs isolated using UC [183] . Although ap- 

amers are believed to bind EVs with high specificity, they have 

ot been widely used for EV isolation but mostly for analysis and 

etection [127] . 

Venceremin (Vn), a specific class of peptides, was found to 

pecifically bind to heat shock proteins (HSPs) and thus has been 

sed as an affinity ligand to capture HSP-containing EVs [185] . 

hosh et al. developed an affinity pull-down method using Vn96- 

oated magnetic beads to capture EVs from cell culture, urine, and 

lasma samples that yielded similar properties for the EVs com- 

ared to those isolated using UC [185] . In addition, a commercial 

it, ME TM (microvesicle enrichment kit), utilizing the same prin- 

iple was also used for the isolation of clinically-feasible urinary 

186] and cancer cell-derived EVs [187] . Nevertheless, a compar- 

tive proteome study by Askeland et al. found that EVs isolated 

rom healthy platelet-poor plasma using the ME TM kit contained 

ow EV specific proteins (low EV yield) and a substantial amount 

f non-EV components, while lipoprotein contamination was rather 

mall [17] . Moreover, the reproducibility and consistency of the 

ethod were lower compared to high-speed centrifugation and 

EC, suggesting a need for method improvement [17] . These find- 

ngs suggested that the quality of EVs yielded by Vn96 peptide 

ffinity pull-down methods was highly dependent on the sample 

ype. 

A transmembrane protein, namely T-cell immunoglobulin do- 

ain and mucin domain-containing protein 4 (Tim4 or Timd4), 

inds strongly to phosphatidylserine exposed on apoptotic cells, 

xosomes, and microvesicles [ 188 , 189 ] and therefore could poten- 

ially be used as an affinity ligand for EV isolation. Nakai et al. 

eveloped an immunoaffinity capture using Tim4-Fc immobilized 

agnetic beads for the isolation of EVs from cell culture, serum, 

nd urine [190] . The EVs isolated using this method were of higher 

urity without detectable protein contaminants compared to UC 

nd precipitation methods. The elution of EVs from Tim4 was also 

ossible through the use of Ca 2 + chelators since the Tim4-EV bind- 

ng was Ca 2 + -dependent [190] . However, since phosphatidylserine 

s present in many EV subpopulations, the resulting EVs isolated 

sing the Tim4-based method can also contain not only exosomes, 

ut also apoptotic bodies. 
11 
Lectins, non-immune-system proteins having specificity to- 

ards carbohydrate residues [177] , such as glycans, enriched on 

V surface, have also been used for EV isolation. For instance, Ya- 

amoto et al. developed a method using agglutinin prepared from 

he freshwater cyanobacterium Oscillatoria Agardhii (OAA) as affin- 

ty ligand immobilized on magnetic beads to capture cancer cell- 

erived EVs [191] . Plant-derived lectins were also used for EV iso- 

ation, such as Solanum tuberosum (potato) (STR) lectin for affinity 

apture of urinary EVs [192] as well as concanavalin A (ConA) and 

heat germ agglutinin (WGA) for affinity chromatographic sepa- 

ation of seminal prostasomes [193] . Above all, lectins have been 

ostly used for identification and detection of EVs, such as glyco- 

ylation or glycan profiling of EV surface using array systems [194–

96] , and lectin binding assay [197] , while not many lectin-based 

ethods have been developed for EV isolation. 

In addition to bioaffinity-based isolation, other affinity ligands 

ave also been exploited. For instance, heparin was found to in- 

ibit the uptake of brain tumor cell-derived EVs into recipient 

ells, suggesting possible binding of heparin to EV surface [198] . 

tudies have shown that heparin exhibits interactions with EV sur- 

ace components, including annexin, zymogen, HSPs, and histone 

 184 , 199 ]. This finding led to the development of heparin-affinity 

ased methods for EV isolation from cell culture [184] , plasma 

 184 , 200 ], and serum [84] ( Fig. 5 F). Nevertheless, it is known that

eparin also binds other biomolecules, such as LDLs [201] . There- 

ore, additional purification or sample pretreatment steps are re- 

uired to avoid lipoprotein contamination. 

Advantages of affinity-based approaches for EV isolation and 

eparation include fast process, simple instrument, easy operation, 

nd most importantly, high specificity and selectivity for EVs of in- 

erest, making them highly attractive and suitable for clinical appli- 

ations and diagnostic purposes. Moreover, due to high specificity, 

ow non-specific binding can be achieved with immunoaffinity- 

ased methods. Many preparative methods can be directly cou- 

led with on-line detection and analysis systems [52] . Drawbacks 

f these methods include costly ligands (e.g., antibodies) and sev- 

ral optimization parameters required for efficient isolation, such 

s elution process capable of maintaining EV integrity, number 

f magnetic beads, and specificity of ligands toward antigens. In 

ddition, immunocapture efficiently isolates EVs from cell culture 

ut usually not from more complex matrices, such as plasma, 

ue to multiple competitive binding sites, resulting in low yield. 

he elution of bound EVs from bead-based methods is also of- 

en troublesome [3] . However successful elution of intact EVs and 

heir subpopulations (exomeres and exosomes) have been shown 

n studies with antibodies immobilized in the monolithic columns 

 52 , 115 , 116 ]. 

.4. Other techniques 

In addition to the previously mentioned techniques, EVs have 

lso been reported to be isolated with other techniques. For in- 

tance, hydrophobic interaction chromatography (HIC) has been 

sed for the isolation of exosomes from exosome-spiked hu- 

an plasma, exosome-spiked human urine, and cell line using 

oly(ethylene terephthalate) (PET) capillary-channeled polymer (C- 

P) [209–211] . This technique uses PET with weakly ionized sur- 

aces to bind with the hydrophobic surface of exosomes. The ex- 

somes adsorbed on the surface were then desorbed using gra- 

ient elution. Unfortunately, this technique is most probably not 

pplicable for all kinds of samples, such as biological fluids, due 

o the presence of other hydrophobic molecules than EVs in a 

arge amount. Microfluidic platforms are also among new emerg- 

ng techniques of EV isolation due to their small size, automation, 

nd only small sample volume required. Different isolation princi- 

les have been used in microfluidic platforms, such as immuno- 
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apture. In addition, acoustic trapping microfluidic devices have 

een reported for EV isolation from cell culture media, urine, and 

lasma [212–215] . The acoustic trapping technology utilizes ultra- 

onic wave scattering to capture EVs. The devices work by trapping 

eeding particles, such as polystyrene beads, with EVs via acoustic 

orces, resulting in the formation of clusters of EVs and the par- 

icles depending on their size, density, and compressibility. These 

lusters are then washed and released upon deactivation of ultra- 

ound [214] . The method has yielded EVs comparable to those iso- 

ated using UC [213] and only required a volume as low as 12.5 μL

215] . Magnetic nanowires (Fe/Au) have also been used to isolate 

umor-derived EVs from cancer cells by internalizing the nanowires 

nto EVs located in cells of interest (e.g., cancer cells) and using a 

agnetic stand to attract and isolate EVs [ 216 , 217 ]. Yield and size

istribution were comparable to those obtained by UC and a com- 

ercial kit [217] . 

. Concluding remarks 

A growing interest in EV research and the drawbacks of conven- 

ional ultracentrifugation and precipitation-based methods for EV 

solation have led to a noticeable increase in the development of 

umerous more advanced EV isolation techniques to obtain EVs of 

igh quality for further analysis in order to elucidate their proper- 

ies, functions, cargoes, and potentials for various applications. Cur- 

ently, there are no “one-size-fits-all” standalone techniques for EV 

solation. General criteria for efficient isolation techniques include 

eing fast, automated, simple, and suitable for further applications 

s well as being capable of isolating EVs with satisfactory quality 

nd yield. Since different techniques and methods offer both ad- 

antages and disadvantages and have different principles for isola- 

ion and separation, combinations of techniques, such as SEC with 

ltration-based methods, have been a common trend in numerous 

ublications in order to obtain best suited EVs for desired applica- 

ions. As the EV field is still rapidly evolving, there is an increas- 

ng need to study, for instance, EV subpopulations as well as their 

unctions and properties. Immunoaffinity methods are highly ad- 

antageous for the selective isolation of EVs from different cellu- 

ar origins, while other affinity-based techniques can be used to 

solate EVs of specific properties. Hyphenation of these methods 

o size-based techniques, such as AsFlFFF or AF4, can further pro- 

ide separation of EV subpopulations based on size, as was shown 

ith automated on-line IAC-AsFlFFF system. In addition, microflu- 

dic platforms utilizing different isolation principles have also been 

eveloped in order to overcome other limitations, such as the need 

f large sample volumes. Various microfluidic platforms also of- 

er both isolation and detection possibilities, allowing simultaneous 

solation and analysis of EVs. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

cknowledgement 

Financial support was provided by the Research Council for Nat- 

ral Sciences and Engineering, Academy of Finland (grant number 

311369). 

eferences 

[1] M. Mathieu, L. Martin-Jaular, G. Lavieu, C. Théry, Specificities of secretion and 
uptake of exosomes and other extracellular vesicles for cell-to-cell communi- 

cation, Nat. Cell Biol 21 (2019) 9–17, doi: 10.1038/s41556- 018- 0250- 9 . 
12 
[2] S. Boukouris, S. Mathivanan, Exosomes in bodily fluids are a highly stable 
resource of disease biomarkers, Proteomics - Clin. Appl 9 (2015) 358–367, 

doi: 10.10 02/prca.20140 0114 . 
[3] M.Y. Konoshenko, E.A. Lekchnov, A. V Vlassov, P.P. Laktionov, Isolation of 

Extracellular Vesicles: General Methodologies and Latest Trends, ( 2018 ). 
10.1155/2018/8545347. 

[4] A.M. Marleau, C.S. Chen, J.A. Joyce, R.H. Tullis, Exosome removal as a 
therapeutic adjuvant in cancer, J. Transl. Med (2012) 10, doi: 10.1186/ 

1479-5876-10-134 . 

[5] H. Zhang, D. Freitas, H.S. Kim, K. Fabijanic, Z. Li, H. Chen, M.T. Mark, 
H. Molina, A.B. Martin, L. Bojmar, J. Fang, S. Rampersaud, A. Hoshino, I. Matei, 

C.M. Kenific, M. Nakajima, A.P. Mutvei, P. Sansone, W. Buehring, H. Wang, 
J.P. Jimenez, L. Cohen-Gould, N. Paknejad, M. Brendel, K. Manova-Todorova, 

A . Magalhães, J.A . Ferreira, H. Osório, A.M. Silva, A. Massey, J.R. Cubillos-Ruiz,
G. Galletti, P. Giannakakou, A.M. Cuervo, J. Blenis, R. Schwartz, M.S. Brady, 

H. Peinado, J. Bromberg, H. Matsui, C.A. Reis, D. Lyden, Identification of 

distinct nanoparticles and subsets of extracellular vesicles by asymmetric 
flow field-flow fractionation, Nat. Cell Biol 20 (2018) 332–343, doi: 10.1038/ 

s41556- 018- 0040- 4 . 
[6] S. Gandham, X. Su, J. Wood, A.L. Nocera, S.C. Alli, L. Milane, A. Zimmerman, 

M. Amiji, A.R. Ivanov, Technologies and Standardization in Research on Ex- 
tracellular Vesicles, Trends Biotechnol (2020) 2020, doi: 10.1016/j.tibtech.2020. 

05.012 . 

[7] I.L. Colao, R. Corteling, D. Bracewell, I. Wall, Manufacturing Exosomes: A 
Promising Therapeutic Platform, Trends Mol. Med. 24 (2018) 242–256, doi: 10. 

1016/j.molmed.2018.01.006 . 
[8] M. Mathieu, L. Martin-Jaular, G. Lavieu, C. Théry, Specificities of secretion and 

uptake of exosomes and other extracellular vesicles for cell-to-cell communi- 
cation, Nat. Cell Biol 21 (2019) 9–17, doi: 10.1038/s41556- 018- 0250- 9 . 

[9] J.B. German, J.T. Smilowitz, A.M. Zivkovic, Lipoproteins: When size really mat- 

ters, Curr. Opin. Colloid Interface Sci. 11 (2006) 171–183, doi: 10.1016/j.cocis. 
20 05.11.0 06 . 

[10] F. Dati , E. Metzmann , Proteins: Laboratory Testing and Clinical Use - 
Francesco Dati, Erwin Metzmann - (2005) . 

[11] F. Royo, C. Théry, J.M. Falcón-Pérez, R. Nieuwland, K.W. Witwer, Methods for 
Separation and Characterization of Extracellular Vesicles: Results of a World- 

wide Survey Performed by the ISEV Rigor and Standardization Subcommittee, 

Cells 9 (2020) 1955, doi: 10.3390/cells9091955 . 
[12] S. Mori , H.Barth G. , Size Exclusion Chromatography, Springer, 1999 . 

[13] E.V. O’Neil, G.W. Burns, C.R. Ferreira, T.E. Spencer, Characterization and regu- 
lation of extracellular vesicles in the lumen of the ovine uterus, Biol. Reprod 

102 (2020) 1020–1032, doi: 10.1093/biolre/ioaa019 . 
[14] T. Shukuya, V. Ghai, J.M. Amann, T. Okimoto, K. Shilo, T.K. Kim, K. Wang, 

D.P. Carbone, Circulating MicroRNAs and Extracellular Vesicle–Containing Mi- 

croRNAs as Response Biomarkers of Anti–programmed Cell Death Protein 1 
or Programmed Death-Ligand 1 Therapy in NSCLC, J. Thorac. Oncol (2020), 

doi: 10.1016/j.jtho.2020.05.022 . 
[15] D. Povero, H. Yamashita, W. Ren, M.G. Subramanian, R.P. Myers, A. Eguchi, 

D.A. Simonetto, Z.D. Goodman, S.A. Harrison, A.J. Sanyal, J. Bosch, A.E. Feld- 
stein, Characterization and Proteome of Circulating Extracellular Vesicles 

as Potential Biomarkers for NASH, Hepatol. Commun 4 (2020) 1263–1278, 
doi: 10.1002/hep4.1556 . 

[16] M. Theodoraki, C. Hong, V.S. Donnenberg, A.D. Donnenberg, T.L. Whiteside, 

Evaluation of Exosome Proteins by on-Bead Flow Cytometry, Cytom. Part A 
(2020) cyto.a.24193, doi: 10.1002/cyto.a.24193 . 

[17] A . Askeland, A . Borup, O. Østergaard, J.V. Olsen, S.M. Lund, G. Christiansen, 
S.R. Kristensen, N.H.H. Heegaard, S. Pedersen, Mass-Spectrometry Based Pro- 

teome Comparison of Extracellular Vesicle Isolation Methods: Comparison 
of ME-kit, Size-Exclusion Chromatography, and High-Speed Centrifugation, 

Biomedicines 8 (2020) 246, doi: 10.3390/biomedicines8080246 . 

[18] H. Zheng, S. Guan, X. Wang, J. Zhao, M. Gao, X. Zhang, Deconstruction of Het-
erogeneity of Size-Dependent Exosome Subpopulations from Human Urine 

by Profiling N-Glycoproteomics and Phosphoproteomics Simultaneously, Anal. 
Chem (2020), doi: 10.1021/acs.analchem.0c01572 . 

[19] S. Guan, S. Guan, H. Yu, H. Yu, G. Yan, M. Gao, W. Sun, X. Zhang, Charac-
terization of Urinary Exosomes Purified with Size Exclusion Chromatography 

and Ultracentrifugation, J. Proteome Res 19 (2020) 2217–2225, doi: 10.1021/ 

acs.jproteome.9b00693 . 
[20] K. Vaswani, M.D. Mitchell, O.J. Holland, Y. Qin Koh, R.J. Hill, T. Harb, 

P.S.W. Davies, H. Peiris, A Method for the Isolation of Exosomes from Human 
and Bovine Milk, J. Nutr. Metab. (2019) 2019, doi: 10.1155/2019/5764740 . 

[21] L.A. Aqrawi, H.K. Galtung, E.M. Guerreiro, R. Øvstebø, B. Thiede, T.P. Utheim, 
X. Chen, Ø.A. Utheim, Ø. Palm, K. Skarstein, J.L. Jensen, Proteomic and 

histopathological characterisation of sicca subjects and primary Sjögren’s 

syndrome patients reveals promising tear, saliva and extracellular vesi- 
cle disease biomarkers, Arthritis Res. Ther 21 (2019) 1–14, doi: 10.1186/ 

s13075- 019- 1961- 4 . 
[22] S. Bartel, S. La Grutta, G. Cilluffo, G. Perconti, A. Bongiovanni, A. Gial- 

longo, J. Behrends, J. Kruppa, S. Hermann, D. Chiang, M.W. Pfaffl, S. Krauss- 
Etschmann, Human airway epithelial extracellular vesicle miRNA signature is 

altered upon asthma development, Allergy 75 (2020) 346–356, doi: 10.1111/ 

all.14008 . 
[23] A.D. Foers, S. Chatfield, L.F. Dagley, B.J. Scicluna, A.I. Webb, L. Cheng, A.F. Hill, 

I.P. Wicks, K.C. Pang, Enrichment of extracellular vesicles from human syn- 
ovial fluid using size exclusion chromatography, J. Extracell. Vesicles (2018) 7, 

doi: 10.1080/20013078.2018.1490145 . 

https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1002/prca.201400114
https://doi.org/10.1186/1479-5876-10-134
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.1016/j.tibtech.2020.05.012
https://doi.org/10.1016/j.molmed.2018.01.006
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1016/j.cocis.2005.11.006
http://refhub.elsevier.com/S0021-9673(20)31047-5/sbref0010
http://refhub.elsevier.com/S0021-9673(20)31047-5/sbref0010
http://refhub.elsevier.com/S0021-9673(20)31047-5/sbref0010
https://doi.org/10.3390/cells9091955
http://refhub.elsevier.com/S0021-9673(20)31047-5/sbref0012
http://refhub.elsevier.com/S0021-9673(20)31047-5/sbref0012
http://refhub.elsevier.com/S0021-9673(20)31047-5/sbref0012
https://doi.org/10.1093/biolre/ioaa019
https://doi.org/10.1016/j.jtho.2020.05.022
https://doi.org/10.1002/hep4.1556
https://doi.org/10.1002/cyto.a.24193
https://doi.org/10.3390/biomedicines8080246
https://doi.org/10.1021/acs.analchem.0c01572
https://doi.org/10.1021/acs.jproteome.9b00693
https://doi.org/10.1155/2019/5764740
https://doi.org/10.1186/s13075-019-1961-4
https://doi.org/10.1111/all.14008
https://doi.org/10.1080/20013078.2018.1490145


T. Liangsupree, E. Multia and M.-L. Riekkola Journal of Chromatography A 1636 (2021) 461773 

 

 

 

 

 

 

 

 

 

 

[24] E. Prieto-Fernández, A.M. Aransay, F. Royo, E. González, J.J. Lozano, B. Santos- 
Zorrozua, N. Macias-Camara, M. González, R.P. Garay, J. Benito, A. Garcia-Orad, 

J.M. Falcón-Pérez, A comprehensive study of vesicular and non-vesicular miR- 
NAs from a volume of cerebrospinal fluid compatible with clinical practice, 

Theranostics 9 (2019) 4567–4579, doi: 10.7150/thno.31502 . 
[25] A. Crotti, H.R. Sait, K.M. McAvoy, K. Estrada, A. Ergun, S. Szak, G. Marsh, 

L. Jandreski, M. Peterson, T.L. Reynolds, I. Dalkilic-Liddle, A. Cameron, E. Cahir- 
McFarland, R.M. Ransohoff, BIN1 favors the spreading of Tau via extracellular 

vesicles, Sci. Rep 9 (2019) 1–20, doi: 10.1038/s41598- 019- 45676- 0 . 

[26] M. Czystowska-Kuzmicz, A. Sosnowska, D. Nowis, K. Ramji, M. Szajnik, 
J. Chlebowska-Tuz, E. Wolinska, P. Gaj, M. Grazul, Z. Pilch, A. Zerrouqi, 

A. Graczyk-Jarzynka, K. Soroczynska, S. Cierniak, R. Koktysz, E. Elishaev, 
S. Gruca, A. Stefanowicz, R. Blaszczyk, B. Borek, A. Gzik, T. Whiteside, J. Golab,

Small extracellular vesicles containing arginase-1 suppress T-cell responses 
and promote tumor growth in ovarian carcinoma, Nat. Commun 10 (2019) 

1–16, doi: 10.1038/s41467- 019- 10979- 3 . 

[27] D.D. Taylor, W. Zacharias, C. Gercel-Taylor, Exosome isolation for proteomic 
analyses and RNA profiling, Methods Mol. Biol 728 (2011) 235–246, doi: 10. 

1007/978- 1- 61779- 068- 3 _ 15 . 
[28] C.L. Shih, K.Y. Chong, S.C. Hsu, H.J. Chien, C.T. Ma, J.W.C. Chang, C.J. Yu,

C.C. Chiou, Development of a magnetic bead-based method for the collec- 
tion of circulating extracellular vesicles, N, Biotechnol 33 (2016) 116–122, 

doi: 10.1016/j.nbt.2015.09.003 . 

[29] S. Klein-Scory, M.M. Tehrani, C. Eilert-Micus, K.A. Adamczyk, N. Wojtalewicz, 
M. Schnölzer, S.A. Hahn, W. Schmiegel, I. Schwarte-Waldhoff, New insights in 

the composition of extracellular vesicles from pancreatic cancer cells: Impli- 
cations for biomarkers and functions, Proteome Sci 12 (2014) 50, doi: 10.1186/ 

s12953- 014- 0050- 5 . 
[30] I. Lozano-Ramos, I. Bancu, A. Oliveira-Tercero, M.P. Armengol, A. Menezes- 

Neto, H.A. Del Portillo, R. Lauzurica-Valdemoros, F.E. Borràs, Size-exclusion 

chromatography-based enrichment of extracellular vesicles from urine sam- 
ples, J. Extracell. Vesicles. 4 (2015) 1–11, doi: 10.3402/jev.v4.27369 . 

[31] L. Hagel, M. Östberg, T. Andersson, Apparent pore size distributions of chro- 
matography media, in, J. Chromatogr. A, Elsevier B.V (1996) 33–42, doi: 10. 

1016/0 021-9673(96)0 0130-6 . 
[32] B.J. Benedikter, F.G. Bouwman, T. Vajen, A .C.A . Heinzmann, G. Grauls, E.C. Ma- 

riman, E.F.M. Wouters, P.H. Savelkoul, C. Lopez-Iglesias, R.R. Koenen, G.G.U. 

Rohde, F.R.M. Stassen, Ultrafiltration combined with size exclusion chro- 
matography efficiently isolates extracellular vesicles from cell culture media 

for compositional and functional studies OPEN, (n.d.). 10.1038/s41598-017- 
15717-7. 

[33] T. Baranyai, K. Herczeg, Z. Onódi, I. Voszka, K. Módos, N. Marton, G. Nagy, 
I. Mäger, M.J. Wood, S. El Andaloussi, Z. Pálinkás, V. Kumar, P. Nagy, Á. Kittel,

E.I. Buzás, P. Ferdinandy, Z. Giricz, Isolation of Exosomes from Blood Plasma: 

Qualitative and Quantitative Comparison of Ultracentrifugation and Size Ex- 
clusion Chromatography Methods, PLoS One 10 (2015) e0145686, doi: 10.1371/ 

journal.pone.0145686 . 
[34] R.E. Lane, D. Korbie, M. Trau, M.M. Hill, Optimizing Size Exclusion Chro- 

matography for Extracellular Vesicle Enrichment and Proteomic Analysis from 

Clinically Relevant Samples, Proteomics 19 (2019) 1800156, doi: 10.1002/pmic. 

201800156 . 
[35] O.J. Arntz, B.C.H. Pieters, P.L.E.M. van Lent, M.I. Koenders, P.M. van der Kraan, 

F.A.J. van de Loo, An optimized method for plasma extracellular vesicles 

isolation to exclude the copresence of biological drugs and plasma pro- 
teins which impairs their biological characterization, PLoS One 15 (2020) 

e0236508, doi: 10.1371/journal.pone.0236508 . 
[36] Y. Yuana, J. Levels, A. Grootemaat, A. Sturk, R. Nieuwland, Co-isolation of ex- 

tracellular vesicles and high-density lipoproteins using density gradient ultra- 
centrifugation, J. Extracell. Vesicles. 3 (2014) 23262, doi: 10.3402/jev.v3.23262 . 

[37] R. Stranska, L. Gysbrechts, J. Wouters, P. Vermeersch, K. Bloch, D. Dierickx, 

G. Andrei, R. Snoeck, Comparison of membrane affinity-based method with 
size-exclusion chromatography for isolation of exosome-like vesicles from hu- 

man plasma, J. Transl. Med. 16 (2018) 1, doi: 10.1186/s12967- 017- 1374- 6 . 
[38] E.A. Mol, M.J. Goumans, P.A. Doevendans, J.P.G. Sluijter, P. Vader, Higher func- 

tionality of extracellular vesicles isolated using size-exclusion chromatog- 
raphy compared to ultracentrifugation, Nanomedicine Nanotechnology, Biol. 

Med 13 (2017) 2061–2065, doi: 10.1016/j.nano.2017.03.011 . 

[39] S. La Shu, Y. Yang, C.L. Allen, E. Hurley, K.H. Tung, H. Minderman, Y. Wu,
M.S. Ernstoff, Purity and yield of melanoma exosomes are dependent on iso- 

lation method, J. Extracell. Vesicles. 9 (2020) 1692401, doi: 10.1080/20013078. 
2019.1692401 . 

[40] A.N. Böing, E. van der Pol, A.E. Grootemaat, F.A.W. Coumans, A. Sturk, 
R. Nieuwland, Single-step isolation of extracellular vesicles by size- 

exclusion chromatography, J. Extracell. Vesicles (2014) 3, doi: 10.3402/jev.v3. 

23430 . 
[41] F. Momen-Heravi, L. Balaj, S. Alian, A.J. Trachtenberg, F.H. Hochberg, J. Skog, 

W.P. Kuo, Impact of biofluid viscosity on size and sedimentation efficiency 
of the isolated microvesicles, Front. Physiol (2012) 3 MAY, doi: 10.3389/fphys. 

2012.00162 . 
[42] A. Gámez-Valero, M. Monguió-Tortajada, L. Carreras-Planella, M. Franquesa, 

K. Beyer, F.E. Borràs, Size-Exclusion Chromatography-based isolation mini- 

mally alters Extracellular Vesicles’ characteristics compared to precipitating 
agents, Sci. Rep 6 (2016) 1–9, doi: 10.1038/srep33641 . 

[43] J. Van Deun, A. Jo, H. Li, H. Lin, R. Weissleder, H. Im, H. Lee, Integrated Dual-
Mode Chromatography to Enrich Extracellular Vesicles from Plasma, Adv. 

Biosyst (2020) 1900310, doi: 10.10 02/adbi.20190 0310 . 
13 
[44] M. An, J. Wu, J. Zhu, D.M. Lubman, Comparison of an Optimized Ultracen- 
trifugation Method versus Size-Exclusion Chromatography for Isolation of Ex- 

osomes from Human Serum, J. Proteome Res 17 (2018) 3599–3605, doi: 10. 
1021/acs.jproteome.8b00479 . 

[45] R. Wei, L. Zhao, G. Kong, X. Liu, S. Zhu, S. Zhang, L. Min, Combination of Size-
Exclusion Chromatography and Ultracentrifugation Improves the Proteomic 

Profiling of Plasma-Derived Small Extracellular Vesicles, Biol. Proced. Online 
22 (2020) 1–11, doi: 10.1186/s12575- 020- 00125- 5 . 

[46] S. Cho, H.C. Yang, W.J. Rhee, Development and comparative analysis of hu- 

man urine exosome isolation strategies, Process Biochem 88 (2020) 197–203, 
doi: 10.1016/j.procbio.2019.09.017 . 

[47] N. Karimi, A. Cvjetkovic, S.C. Jang, R. Crescitelli, M.A. Hosseinpour Feizi, 
R. Nieuwland, J. Lötvall, C. Lässer, Detailed analysis of the plasma extracel- 

lular vesicle proteome after separation from lipoproteins, Cell. Mol. Life Sci 
75 (2018) 2873–2886, doi: 10.10 07/s0 0 018-018- 2773- 4 . 

[48] K. Brennan, K. Martin, S.P. FitzGerald, J. O’Sullivan, Y. Wu, A. Blanco, 

C. Richardson, M.M. Mc Gee, A comparison of methods for the isolation and 
separation of extracellular vesicles from protein and lipid particles in human 

serum, Sci. Rep 10 (2020) 1–13, doi: 10.1038/s41598- 020- 57497- 7 . 
[49] N. Ludwig, B.M. Razzo, S.S. Yerneni, T.L. Whiteside, Optimization of cell cul- 

ture conditions for exosome isolation using mini-size exclusion chromatogra- 
phy (mini-SEC), Exp. Cell Res 378 (2019) 149–157, doi: 10.1016/j.yexcr.2019.03. 

014 . 

[50] H.K. Woo, V. Sunkara, J. Park, T.H. Kim, J.R. Han, C.J. Kim, H. Il Choi, Y.K. Kim,
Y.K. Cho, Exodisc for Rapid, Size-Selective, and Efficient Isolation and Analy- 

sis of Nanoscale Extracellular Vesicles from Biological Samples, ACS Nano 11 
(2017) 1360–1370, doi: 10.1021/acsnano.6b06131 . 

[51] L.G. Liang, M.Q. Kong, S. Zhou, Y.F. Sheng, P. Wang, T. Yu, F. Inci, W.P. Kuo,
L.J. Li, U. Demirci, S.Q. Wang, An integrated double-filtration microfluidic 

device for isolation, enrichment and quantification of urinary extracellu- 

lar vesicles for detection of bladder cancer, Sci. Rep (2017) 7, doi: 10.1038/ 
srep46224 . 

[52] E. Multia, T. Liangsupree, M. Jussila, J. Ruiz-Jimenez, M. Kemell, M.- 
L. Riekkola, Automated on-line isolation and fractionation system for 

nanosized biomacromolecules from human plasma, Anal. Chem 9 (2020) 
acs.analchem.0c01986, doi: 10.1021/acs.analchem.0c01986 . 

[53] B.H. Wunsch, J.T. Smith, S.M. Gifford, C. Wang, M. Brink, R.L. Bruce, 

R.H. Austin, G. Stolovitzky, Y. Astier, Nanoscale lateral displacement arrays for 
the separation of exosomes and colloids down to 20nm, Nat. Nanotechnol 11 

(2016) 936–940, doi: 10.1038/nnano.2016.134 . 
[54] Y.T. Yeh, Y. Zhou, D. Zou, H. Liu, H. Yu, H. Lu, V. Swaminathan, Y. Mao,

M. Terrones, Rapid Size-Based Isolation of Extracellular Vesicles by Three- 
Dimensional Carbon Nanotube Arrays, ACS Appl. Mater. Interfaces 12 (2020) 

13134–13139, doi: 10.1021/acsami.9b20990 . 

[55] D. Zhu, T.K. Johnson, Y. Wang, K. Huynh, Q. Yang, V.C. Bond, Y.E. Chen, D.
Liu, Macrophage M2 polarization induced by exosomes from adipose-derived 

stem cells contributes to the exosomal proangiogenic effect on mouse is- 
chemic hindlimb, (n.d.). 10.1186/s13287-020-01669-9. 

[56] V. Ghai, X. Wu, A. Bheda-Malge, C.P. Argyropoulos, J.F. Bernardo, T. Orchard, 
D. Galas, K. Wang, Genome-wide Profiling of Urinary Extracellular Vesicle mi- 

croRNAs Associated With Diabetic Nephropathy in Type 1 Diabetes, Kidney 
Int. Reports 3 (2018) 555–572, doi: 10.1016/j.ekir.2017.11.019 . 

[57] L.A. Aqrawi, H.K. Galtung, B. Vestad, R. Øvstebø, B. Thiede, S. Rusthen, 

A. Young, E.M. Guerreiro, T.P. Utheim, X. Chen, Ø.A. Utheim, Ø. Palm, 
J.L. Jensen, Identification of potential saliva and tear biomarkers in pri- 

mary Sjögren’s syndrome, utilising the extraction of extracellular vesi- 
cles and proteomics analysis, Arthritis Res. Ther (2017) 19, doi: 10.1186/ 

s13075- 017- 1228- x . 
[58] K. Vaswani, Y.Q. Koh, F.B. Almughlliq, H.N. Peiris, M.D. Mitchell, A method for 

the isolation and enrichment of purified bovine milk exosomes, Reprod. Biol 

17 (2017) 341–348, doi: 10.1016/j.repbio.2017.09.007 . 
[59] M. Bordas, G. Genard, S. Ohl, M. Nessling, K. Richter, T. Roider, S. Dietrich, 

K.K. Maaß, M. Seiffert, Optimized Protocol for Isolation of Small Extracellular 
Vesicles from Human and Murine Lymphoid Tissues, Int. J. Mol. Sci 21 (2020) 

5586, doi: 10.3390/ijms21155586 . 
[60] G.W. Burns, K.E. Brooks, E.V. O’Neil, D.E. Hagen, S.K. Behura, T.E. Spencer, Pro- 

gesterone effects on extracellular vesicles in the sheep uterus, Biol. Reprod 98 

(2018) 612–622, doi: 10.1093/biolre/ioy011 . 
[61] M. Zhang, L. Vojtech, Z. Ye, F. Hladik, E. Nance, Quantum Dot Labeling and 

Visualization of Extracellular Vesicles, ACS Appl. Nano Mater 3 (2020) 7211–
7222, doi: 10.1021/acsanm.0c01553 . 

[62] D.A . Hicks, A .C. Jones, N.J. Corbett, K. Fisher, • Stuart, M. Pickering-Brown, •
Mark, P. Ashe, N.M. Hooper, Extracellular Vesicles Isolated from Human In- 

duced Pluripotent Stem Cell-Derived Neurons Contain a Transcriptional Net- 

work, 45 (2020) 1711–1728. 10.1007/s11064-020-03019-w. 
[63] E. Priglinger, K. Strohmeier, M. Weigl, C. Lindner, D. Auer, M. Gimona, 

M. Barsch, J. Jacak, H. Redl, J. Grillari, M. Sandhofer, M. Hackl, S. Wolbank, 
SVF-derived extracellular vesicles carry characteristic miRNAs in lipedema, 

Sci. Rep 10 (2020) 1–12, doi: 10.1038/s41598- 020- 64215- w . 
[64] L. Terlecki-Zaniewicz, V. Pils, M.R. Bobbili, I. Lämmermann, I. Perrotta, T. Gril- 

lenberger, J. Schwestka, K. Weiß, D. Pum, E. Arcalis, S. Schwingenschuh, 

T. Birngruber, M. Brandstetter, T. Heuser, M. Schosserer, F. Morizot, M. Mild- 
ner, E. Stöger, E. Tschachler, R. Weinmüllner, F. Gruber, J. Grillari, Extracel- 

lular Vesicles in Human Skin: Cross-Talk from Senescent Fibroblasts to Ker- 
atinocytes by miRNAs, J. Invest. Dermatol. 139 (2019) 2425–2436 e5, doi: 10. 

1016/j.jid.2019.05.015 . 

https://doi.org/10.7150/thno.31502
https://doi.org/10.1038/s41598-019-45676-0
https://doi.org/10.1038/s41467-019-10979-3
https://doi.org/10.1007/978-1-61779-068-3_15
https://doi.org/10.1016/j.nbt.2015.09.003
https://doi.org/10.1186/s12953-014-0050-5
https://doi.org/10.3402/jev.v4.27369
https://doi.org/10.1016/0021-9673(96)00130-6
https://doi.org/10.1371/journal.pone.0145686
https://doi.org/10.1002/pmic.201800156
https://doi.org/10.1371/journal.pone.0236508
https://doi.org/10.3402/jev.v3.23262
https://doi.org/10.1186/s12967-017-1374-6
https://doi.org/10.1016/j.nano.2017.03.011
https://doi.org/10.1080/20013078.2019.1692401
https://doi.org/10.3402/jev.v3.penalty -@M 23430
https://doi.org/10.3389/fphys.2012.00162
https://doi.org/10.1038/srep33641
https://doi.org/10.1002/adbi.201900310
https://doi.org/10.1021/acs.jproteome.8b00479
https://doi.org/10.1186/s12575-020-00125-5
https://doi.org/10.1016/j.procbio.2019.09.017
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1038/s41598-020-57497-7
https://doi.org/10.1016/j.yexcr.2019.03.014
https://doi.org/10.1021/acsnano.6b06131
https://doi.org/10.1038/penalty -@M srep46224
https://doi.org/10.1021/acs.analchem.0c01986
https://doi.org/10.1038/nnano.2016.134
https://doi.org/10.1021/acsami.9b20990
https://doi.org/10.1016/j.ekir.2017.11.019
https://doi.org/10.1186/s13075-017-1228-x
https://doi.org/10.1016/j.repbio.2017.09.007
https://doi.org/10.3390/ijms21155586
https://doi.org/10.1093/biolre/ioy011
https://doi.org/10.1021/acsanm.0c01553
https://doi.org/10.1038/s41598-020-64215-w
https://doi.org/10.1016/j.jid.2019.05.015


T. Liangsupree, E. Multia and M.-L. Riekkola Journal of Chromatography A 1636 (2021) 461773 

 

 

 

 

 

 

[65] M. Mehanny, M. Koch, C.M. Lehr, G. Fuhrmann, Streptococcal Extracellu- 
lar Membrane Vesicles Are Rapidly Internalized by Immune Cells and Al- 

ter Their Cytokine Release, Front. Immunol 11 (2020) 80, doi: 10.3389/fimmu. 
2020.0 0 080 . 

[66] E. Ax, E. Ax, Z. Jevnikar, A. Cvjetkovic, C. Malmhäll, H. Olsson, M. Rådinger,
C. Lässer, T2 and T17 cytokines alter the cargo and function of airway 

epithelium-derived extracellular vesicles, Respir. Res 21 (2020) 155, doi: 10. 
1186/s12931- 020- 01402- 3 . 

[67] Pujol Montaner-Tarbes, Hawes Jabbar, Portillo Chapman, Sánchez- 

Cordón Fraile, Montoya Dixon, Serum-Derived Extracellular Vesicles from 

African Swine Fever Virus-Infected Pigs Selectively Recruit Viral and Porcine 

Proteins, Viruses 11 (2019) 882, doi: 10.3390/v11100882 . 
[68] J. Karttunen, M. Heiskanen, V. Navarro-Ferrandis, S. Das Gupta, A. Lipponen, 

N. Puhakka, K. Rilla, A . Koistinen, A . Pitkänen, Precipitation-based extracellu- 
lar vesicle isolation from rat plasma co-precipitate vesicle-free microRNAs, J. 

Extracell. Vesicles. 8 (2019) 1555410, doi: 10.1080/20013078.2018.1555410 . 

[69] A.H. Gheinani, M. Vögeli, U. Baumgartner, E. Vassella, A. Draeger, 
F.C. Burkhard, K. Monastyrskaya, Improved isolation strategies to increase the 

yield and purity of human urinary exosomes for biomarker discovery, Sci. Rep 
8 (2018) 3945, doi: 10.1038/s41598- 018- 22142- x . 

[70] S.I. Lozano-Ramos, I. Bancu, L. Carreras-Planella, M. Monguió-Tortajada, 
L. Cañas, J. Juega, J. Bonet, M.P. Armengol, R. Lauzurica, F.E. Borràs, Molecular 

profile of urine extracellular vesicles from normo-functional kidneys reveal 

minimal differences between living and deceased donors, BMC Nephrol 19 
(2018) 1–11, doi: 10.1186/s12882-018-0985-3 . 

[71] M. Monguió-Tortajada, M. Morón-Font, A. Gámez-Valero, L. Carreras-Planella, 
F.E. Borràs, M. Franquesa, Extracellular-Vesicle Isolation from Different Bio- 

logical Fluids by Size-Exclusion Chromatography, Curr. Protoc. Stem Cell Biol 
49 (2019) e82, doi: 10.1002/cpsc.82 . 

[72] L. Carreras-Planella, J. Soler-Majoral, C. Rubio-Esteve, S.I. Lozano-Ramos, 

M. Franquesa, J. Bonet, M.I. Troya-Saborido, F.E. Borràs, Characterization and 
proteomic profile of extracellular vesicles from peritoneal dialysis efflux, PLoS 

One 12 (2017) e0176987, doi: 10.1371/journal.pone.0176987 . 
[73] Y. Yu, E. Gool, R.J. Berckmans, F.A.W. Coumans, A.D. Barendrecht, C. Maas, 

N.N. van der Wel, P. Altevogt, A. Sturk, R. Nieuwland, Extracellular vesi- 
cles from human saliva promote hemostasis by delivering coagulant tis- 

sue factor to activated platelets, J. Thromb. Haemost. 16 (2018) 1153–1163, 

doi: 10.1111/jth.14023 . 
[74] J. Tulkens, O. De Wever, A. Hendrix, Analyzing bacterial extracellular 

vesicles in human body fluids by orthogonal biophysical separation and 
biochemical characterization, Nat. Protoc 15 (2020) 40–67, doi: 10.1038/ 

s41596- 019- 0236- 5 . 
[75] V.O. Silva, M.M. Maia, A.C. Torrecilhas, N.N. Taniwaki, G.M. Namiyama, 

K.C. Oliveira, K.S. Ribeiro, M. dos S. Toledo, P. Xander, V.L. Pereira-Chioccola, 

Extracellular vesicles isolated from Toxoplasma gondii induce host immune 
response, Parasite Immunol 40 (2018) e12571, doi: 10.1111/pim.12571 . 

[76] N.F. Ilahibaks, Z. Lei, E.A . Mol, A .K. Deshantri, L. Jiang, R.M. Schiffelers,
P. Vader, J.P.G. Sluijter, Biofabrication of Cell-Derived Nanovesicles: A Potential 

Alternative to Extracellular Vesicles for Regenerative Medicine, Cells 8 (2019) 
1509, doi: 10.3390/cells8121509 . 

[77] T.C.L. Bracco Gartner, J.C. Deddens, E.A. Mol, M. Magin Ferrer, L.W. van Laake, 
C.V.C. Bouten, A. Khademhosseini, P.A. Doevendans, W.J.L. Suyker, J.P.G. Slui- 

jter, J. Hjortnaes, Anti-fibrotic Effects of Cardiac Progenitor Cells in a 3D- 

Model of Human Cardiac Fibrosis, Front. Cardiovasc. Med 6 (2019) 52, doi: 10. 
3389/fcvm.2019.0 0 052 . 

[78] T. Kahraman, G. Gucluler, I. Simsek, F.C. Yagci, M. Yildirim, C. Ozen, A. Dinc, 
M. Gursel, L. Ikromzoda, T. Sutlu, S. Gay, I. Gursel, Circulating LL37 targets 

plasma extracellular vesicles to immune cells and intensifies Behçet’s disease 
severity, J. Extracell. Vesicles 6 (2017) 1284 4 49, doi: 10.1080/20013078.2017. 

1284 4 49 . 

[79] K. Blans, M.S. Hansen, L.V. Sørensen, M.L. Hvam, K.A. Howard, A. Möller, 
L. Wiking, L.B. Larsen, J.T. Rasmussen, Pellet-free isolation of human and 

bovine milk extracellular vesicles by size-exclusion chromatography, J. Extra- 
cell. Vesicles (2017) 6, doi: 10.1080/20013078.2017.1294340 . 

[80] J.F. Brouwers, M. Aalberts, J.W.A. Jansen, G. van Niel, M.H. Wauben, 
T.A.E. Stout, J.B. Helms, W. Stoorvogel, Distinct lipid compositions of two 

types of human prostasomes, Proteomics 13 (2013) 1660–1666, doi: 10.1002/ 

pmic.201200348 . 
[81] D.C. Watson, B.C. Yung, C. Bergamaschi, B. Chowdhury, J. Bear, D. Stellas, 

A. Morales-Kastresana, J.C. Jones, B.K. Felber, X. Chen, G.N. Pavlakis, Scalable, 
cGMP-compatible purification of extracellular vesicles carrying bioactive hu- 

man heterodimeric IL-15/lactadherin complexes, J. Extracell. Vesicles (2018) 
7, doi: 10.1080/20013078.2018.1442088 . 

[82] A. Olaya-Abril, R. Prados-Rosales, M.J. McConnell, R. Martín-Peña, 

J.A. González-Reyes, I. Jiménez-Munguía, L. Gómez-Gascón, J. Fernán- 
dez, J.L. Luque-García, C. García-Lidón, H. Estévez, J. Pachón, I. Obando, 

A. Casadevall, L. anne Pirofski, M.J. Rodríguez-Ortega, Characterization of 
protective extracellular membrane-derived vesicles produced by Streptococ- 

cus pneumoniae, J. Proteomics 106 (2014) 46–60, doi: 10.1016/j.jprot.2014. 
04.023 . 

[83] D. Wu, J. Yan, X. Shen, Y. Sun, M. Thulin, Y. Cai, L. Wik, Q. Shen,

J. Oelrich, X. Qian, K.L. Dubois, K.G. Ronquist, M. Nilsson, U. Landegren, 
M. Kamali-Moghaddam, Profiling surface proteins on individual exosomes us- 

ing a proximity barcoding assay, Nat. Commun 10 (2019) 1–10, doi: 10.1038/ 
s41467- 019- 11486- 1 . 
14 
[84] T. Wang, I.V. Turko, Proteomic Toolbox to Standardize the Separation of Ex- 
tracellular Vesicles and Lipoprotein Particles, J. Proteome Res 17 (2018) 3104–

3113, doi: 10.1021/acs.jproteome.8b00225 . 
[85] M.L. Merchant, D.W. Powell, D.W. Wilkey, T.D. Cummins, J.K. Deegens, 

I.M. Rood, K.J. McAfee, C. Fleischer, E. Klein, J.B. Klein, Microfiltration iso- 
lation of human urinary exosomes for characterization by MS, Proteomics - 

Clin. Appl 4 (2010) 84–96, doi: 10.10 02/prca.20 080 0 093 . 
[86] I.M. Rood, J.K.J. Deegens, M.L. Merchant, W.P.M. Tamboer, D.W. Wilkey, 

J.F.M. Wetzels, J.B. Klein, Comparison of three methods for isolation of uri- 

nary microvesicles to identify biomarkers of nephrotic syndrome, Kidney Int 
78 (2010) 810–816, doi: 10.1038/ki.2010.262 . 

[87] R.P. McNamara, C.P. Caro-Vegas, L.M. Costantini, J.T. Landis, J.D. Griffith, 
B.A. Damania, D.P. Dittmer, Large-scale, cross-flow based isolation of highly 

pure and endocytosis-competent extracellular vesicles, J. Extracell. Vesicles. 7 
(2018) 1541396, doi: 10.1080/20013078.2018.1541396 . 

[88] S. Busatto, G. Vilanilam, T. Ticer, W.-L. Lin, D. Dickson, S. Shapiro, P. Bergese, 

J. Wolfram, Tangential Flow Filtration for Highly Efficient Concentration of Ex- 
tracellular Vesicles from Large Volumes of Fluid, Cells (2018), doi: 10.3390/ 

cells7120273 . 
[89] L. Musante, D. Tataruch, D. Gu, A. Benito-Martin, G. Calzaferri, S. Aherne, 

H. Holthofer, A simplified method to recover urinary vesicles for clinical ap- 
plications, and sample banking, Sci. Rep (2014) 4, doi: 10.1038/srep07532 . 

[90] F. Liu, O. Vermesh, V. Mani, T.J. Ge, S.J. Madsen, A. Sabour, E.C. Hsu, G. Gowr-

ishankar, M. Kanada, J.V. Jokerst, R.G. Sierra, E. Chang, K. Lau, K. Sridhar, 
A. Bermudez, S.J. Pitteri, T. Stoyanova, R. Sinclair, V.S. Nair, S.S. Gambhir, 

U. Demirci, The Exosome Total Isolation Chip, ACS Nano 11 (2017) 10712–
10723, doi: 10.1021/acsnano.7b04878 . 

[91] R. Xu, R.J. Simpson, D.W. Greening, A protocol for isolation and proteomic 
characterization of distinct extracellular vesicle subtypes by sequential cen- 

trifugal ultrafiltration, in: Methods Mol, Biol., Humana Press Inc (2017) 91–

116, doi: 10.1007/978- 1- 4939- 6728- 5 _ 7 . 
[92] E.M. Guerreiro, B. Vestad, L.A. Steffensen, H.C.D. Aass, M. Saeed, R. Øvstebø, 

D.E. Costea, H.K. Galtung, T.M. Søland, Efficient extracellular vesicle isola- 
tion by combining cell media modifications, ultrafiltration, and size-exclusion 

chromatography, PLoS One (2018) 13, doi: 10.1371/journal.pone.0204276 . 
[93] T. Parimon, N.E. Garrett, P. Chen, T.J. Antes, Isolation of extracellular vesicles 

from murine bronchoalveolar lavage fluid using an ultrafiltration centrifuga- 

tion technique, J. Vis. Exp. (2018) (2018) e58310, doi: 10.3791/58310 . 
[94] D. Tataruch-Weinert, L. Musante, O. Kretz, H. Holthofer, Urinary extracellular 

vesicles for RNA extraction: optimization of a protocol devoid of prokaryote 
contamination, J. Extracell. Vesicles. 5 (2016) 30281, doi: 10.3402/jev.v5.30281 . 

[95] Y.B. Kim, J.S. Yang, G. Bin Lee, M.H. Moon, Evaluation of exosome separa- 
tion from human serum by frit-inlet asymmetrical flow field-flow fraction- 

ation and multiangle light scattering, Anal. Chim. Acta 1124 (2020) 137–145, 

doi: 10.1016/j.aca.2020.05.031 . 
[96] E. Oeyen, K. Van Mol, G. Baggerman, H. Willems, K. Boonen, C. Rolfo, 

P. Pauwels, A. Jacobs, K. Schildermans, W.C. Cho, I. Mertens, Ultrafiltration and 
size exclusion chromatography combined with asymmetrical-flow field-flow 

fractionation for the isolation and characterisation of extracellular vesicles 
from urine, J. Extracell. Vesicles (2018) 7, doi: 10.1080/20013078.2018.1490143 . 

[97] S. Park, K. Lee, I.B. Park, N.H. Kim, S. Cho, W.J. Rhee, Y. Oh, J. Choi, S. Nam,
D.H. Lee, The profiles of microRNAs from urinary extracellular vesicles (EVs) 

prepared by various isolation methods and their correlation with serum EV 

microRNAs, Diabetes Res. Clin. Pract 160 (2020) 108010, doi: 10.1016/j.diabres. 
2020.108010 . 

[98] F. Zadjali, P. Kumar, Y. Yao, D. Johnson, A. Astrinidis, P. Vogel, K.W. Gross, 
J.J. Bissler, Tuberous Sclerosis Complex Axis Controls Renal Extracellular Vesi- 

cle Production, Protein Content, Int. J. Mol. Sci 21 (2020) 1729, doi: 10.3390/ 
ijms21051729 . 

[99] R. Upadhya, L.N. Madhu, S. Attaluri, D.L.G. Gitaí, M.R. Pinson, M. Kodali, 

G. Shetty, G. Zanirati, S. Kumar, B. Shuai, S.T. Weintraub, A.K. Shetty, Extra- 
cellular vesicles from human iPSC-derived neural stem cells: miRNA and pro- 

tein signatures, and anti-inflammatory and neurogenic properties, J. Extracell. 
Vesicles. 9 (2020) 1809064, doi: 10.1080/20013078.2020.1809064 . 

[100] D. Matthies, N.Y.J. Lee, I. Gatera, H.A. Pasolli, X. Zhao, H. Liu, D. Walpita, 
Z. Liu, Z. Yu, M.S. Ioannou, Microdomains form on the luminal face of neu- 

ronal extracellular vesicle membranes, Sci. Rep 10 (2020) 11953, doi: 10.1038/ 

s41598- 020- 68436- x . 
[101] Y. Tian, M. Gong, Y. Hu, H. Liu, W. Zhang, M. Zhang, X. Hu, D. Aubert, S. Zhu,

L. Wu, X. Yan, Quality and efficiency assessment of six extracellular vesi- 
cle isolation methods by nano-flow cytometry, J. Extracell. Vesicles. 9 (2020) 

1697028, doi: 10.1080/20013078.2019.1697028 . 
[102] N. Hayashi, H. Doi, Y. Kurata, H. Kagawa, Y. Atobe, K. Funakoshi, M. Tada, 

A. Katsumoto, K. Tanaka, M. Kunii, H. Nakamura, K. Takahashi, H. Takeuchi, 

S. Koyano, Y. Kimura, H. Hirano, F. Tanaka, Proteomic analysis of exosome- 
enriched fractions derived from cerebrospinal fluid of amyotrophic lateral 

sclerosis patients, Neurosci. Res (2019), doi: 10.1016/j.neures.2019.10.010 . 
[103] L. Carreras-Planella, J. Soler-Majoral, C. Rubio-Esteve, M. Morón-Font, M. Fran- 

quesa, J. Bonal, M.I. Troya-Saborido, F.E. Borràs, Proteomic profiling of peri- 
toneal dialysis effluent-derived extracellular vesicles: a longitudinal study, J. 

Nephrol 32 (2019) 1021–1031, doi: 10.1007/s40620- 019- 00658- 3 . 

[104] C. Conzelmann, R. Groß, M. Zou, F. Krüger, A. Görgens, M.O. Gustafsson, S. El 
Andaloussi, J. Münch, J.A. Müller, Salivary extracellular vesicles inhibit Zika 

virus but not SARS-CoV-2 infection, J. Extracell. Vesicles 9 (2020) 1808281, 
doi: 10.1080/20013078.2020.1808281 . 

https://doi.org/10.3389/fimmu.2020.00080
https://doi.org/10.1186/s12931-020-01402-3
https://doi.org/10.3390/v11100882
https://doi.org/10.1080/20013078.2018.1555410
https://doi.org/10.1038/s41598-018-22142-x
https://doi.org/10.1186/s12882-018-0985-3
https://doi.org/10.1002/cpsc.82
https://doi.org/10.1371/journal.pone.0176987
https://doi.org/10.1111/jth.14023
https://doi.org/10.1038/s41596-019-0236-5
https://doi.org/10.1111/pim.12571
https://doi.org/10.3390/cells8121509
https://doi.org/10.3389/fcvm.2019.00052
https://doi.org/10.1080/20013078.2017.1284449
https://doi.org/10.1080/20013078.2017.1294340
https://doi.org/10.1002/pmic.201200348
https://doi.org/10.1080/20013078.2018.1442088
https://doi.org/10.1016/j.jprot.2014.penalty -@M 04.023
https://doi.org/10.1038/s41467-019-11486-1
https://doi.org/10.1021/acs.jproteome.8b00225
https://doi.org/10.1002/prca.200800093
https://doi.org/10.1038/ki.2010.262
https://doi.org/10.1080/20013078.2018.1541396
https://doi.org/10.3390/cells7120273
https://doi.org/10.1038/srep07532
https://doi.org/10.1021/acsnano.7b04878
https://doi.org/10.1007/978-1-4939-6728-5_7
https://doi.org/10.1371/journal.pone.0204276
https://doi.org/10.3791/58310
https://doi.org/10.3402/jev.v5.30281
https://doi.org/10.1016/j.aca.2020.05.031
https://doi.org/10.1080/20013078.2018.1490143
https://doi.org/10.1016/j.diabres.2020.108010
https://doi.org/10.3390/ijms21051729
https://doi.org/10.1080/20013078.2020.1809064
https://doi.org/10.1038/s41598-020-68436-x
https://doi.org/10.1080/20013078.2019.1697028
https://doi.org/10.1016/j.neures.2019.10.010
https://doi.org/10.1007/s40620-019-00658-3
https://doi.org/10.1080/20013078.2020.1808281


T. Liangsupree, E. Multia and M.-L. Riekkola Journal of Chromatography A 1636 (2021) 461773 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[105] S. Atay, C. Gercel-Taylor, M. Kesimer, D.D. Taylor, Morphologic and pro- 
teomic characterization of exosomes released by cultured extravillous tro- 

phoblast cells, Exp. Cell Res 317 (2011) 1192–1202, doi: 10.1016/j.yexcr.2011. 
01.014 . 

[106] A.M.L. Coenen-Stass, M.J. Pauwels, B. Hanson, C. Martin Perez, M. Conceição, 
M.J.A. Wood, I. Mäger, T.C. Roberts, Extracellular microRNAs exhibit sequence- 

dependent stability and cellular release kinetics, RNA Biol 16 (2019) 696–706, 
doi: 10.1080/15476286.2019.1582956 . 

[107] F. Arslan, R.C. Lai, M.B. Smeets, L. Akeroyd, A. Choo, E.N.E. Aguor, L. Tim-

mers, H.V. van Rijen, P.A. Doevendans, G. Pasterkamp, S.K. Lim, D.P. de Kleijn, 
Mesenchymal stem cell-derived exosomes increase ATP levels, decrease ox- 

idative stress and activate PI3K/Akt pathway to enhance myocardial viability 
and prevent adverse remodeling after myocardial ischemia/reperfusion injury, 

Stem Cell Res 10 (2013) 301–312, doi: 10.1016/j.scr.2013.01.002 . 
[108] S.W. Hong, M.R. Kim, E.Y. Lee, J.H. Kim, Y.S. Kim, S.G. Jeon, J.M. Yang, B.J. Lee,

B.Y. Pyun, Y.S. Gho, Y.K. Kim, Extracellular vesicles derived from Staphylococ- 

cus aureus induce atopic dermatitis-like skin inflammation, Allergy Eur, J. Al- 
lergy Clin. Immunol 66 (2011) 351–359, doi: 10.1111/j.1398-9995.2010.02483. 

x . 
[109] Y.J. Jung, H.K. Kim, Y. Cho, J.S. Choi, C.H. Woo, K.S. Lee, J.H. Sul, C.M. Lee,

J. Han, J.H. Park, D.-G. Jo, Y.W. Cho, Cell reprogramming using extracellular 
vesicles from differentiating stem cells into white/beige adipocytes, Sci. Adv 

6 (2020) eaay6721, doi: 10.1126/sciadv.aay6721 . 

[110] A. Longatti, C. Schindler, A. Collinson, L. Jenkinson, C. Matthews, L. Fitzpatrick, 
M. Blundy, R. Minter, T. Vaughan, M. Shaw, N. Tigue, High affinity single-chain 

variable fragments are specific and versatile targeting motifs for extracellular 
vesicles, Nanoscale 10 (2018) 14230–14244, doi: 10.1039/c8nr03970d . 

[111] J.S. Choi, W.L. Cho, Y.J. Choi, J.D. Kim, H.A. Park, S.Y. Kim, J.H. Park, D.G. Jo,
Y.W. Cho, Functional recovery in photo-damaged human dermal fibroblasts by 

human adipose-derived stem cell extracellular vesicles, J. Extracell. Vesicles. 

8 (2019) 1565885, doi: 10.1080/20013078.2019.1565885 . 
[112] X. Xu, K. Barreiro, L. Musante, O. Kretz, H. Lin, H. Zou, T.B. Huber, 

H. Holthofer, Management of Tamm–Horsfall Protein for Reliable Urinary An- 
alytics, Proteomics - Clin. Appl (2019) 13, doi: 10.10 02/prca.20190 0 018 . 

[113] M. Roman, A. Kami ́nska, A. Dro ̇zd ̇z, M. Platt, M. Ku ́zniewski, M.T. Małecki,
W.M. Kwiatek, C. Paluszkiewicz, E. St ̨epie ́n, Raman spectral signatures of uri- 

nary extracellular vesicles from diabetic patients and hyperglycemic endothe- 

lial cells as potential biomarkers in diabetes, Nanomedicine Nanotechnology, 
Biol. Med 17 (2019) 137–149, doi: 10.1016/j.nano.2019.01.011 . 

[114] S. Sitar, A. Kejžar, D. Pahovnik, K. Kogej, M. Tušek-Žnidari ̌c, M. Lenassi, E. Ža-
gar, Size Characterization and Quantification of Exosomes by Asymmetrical- 

Flow Field-Flow Fractionation, Anal. Chem 87 (2015) 9225–9233, doi: 10.1021/ 
acs.analchem.5b01636 . 

[115] M. Morani, T.D. Mai, Z. Krupova, P. Defrenaix, E. Multia, M.L. Riekkola, M. Tav- 

erna, Electrokinetic characterization of extracellular vesicles with capillary 
electrophoresis: A new tool for their identification and quantification, Anal. 

Chim. Acta 1128 (2020) 42–51, doi: 10.1016/j.aca.2020.06.073 . 
[116] E. Multia, C.J.Y. Tear, M. Palviainen, P. Siljander, M.L. Riekkola, Fast isolation 

of highly specific population of platelet-derived extracellular vesicles from 

blood plasma by affinity monolithic column, immobilized with anti-human 

CD61 antibody, Anal. Chim. Acta 1091 (2019) 160–168, doi: 10.1016/j.aca.2019. 
09.022 . 

[117] J.S. Yang, J.C. Lee, S.K. Byeon, K.H. Rha, M.H. Moon, Size Dependent Lipidomic 

Analysis of Urinary Exosomes from Patients with Prostate Cancer by Flow 

Field-Flow Fractionation and Nanoflow Liquid Chromatography-Tandem Mass 

Spectrometry, Anal. Chem 89 (2017) 2488–2496, doi: 10.1021/acs.analchem. 
6b04634 . 

[118] B. Wu, X. Chen, J. Wang, X. Qing, Z. Wang, X. Ding, Z. Xie, L. Niu, X. Guo,
T. Cai, X. Guo, F. Yang, Separation and characterization of extracellular vesi- 

cles from human plasma by asymmetrical flow field-flow fractionation, Anal. 

Chim. Acta 1127 (2020) 234–245, doi: 10.1016/j.aca.2020.06.071 . 
[119] H. Zhang, D. Lyden, Asymmetric-flow field-flow fractionation technology for 

exomere and small extracellular vesicle separation and characterization, Nat. 
Protoc 14 (2019) 1027–1053, doi: 10.1038/s41596- 019- 0126- x . 

[120] J. Frank, M. Richter, C. de Rossi, C.M. Lehr, K. Fuhrmann, G. Fuhrmann, Extra- 
cellular vesicles protect glucuronidase model enzymes during freeze-drying, 

Sci. Rep. 8 (2018) 12377, doi: 10.1038/s41598- 018- 30786- y . 

[121] P. Pužar Dominkuš, M. Stenovec, S. Sitar, E. Lasi ̌c, R. Zorec, A. Plemenitaš,
E. Žagar, M. Kreft, M. Lenassi, PKH26 labeling of extracellular vesicles: Char- 

acterization and cellular internalization of contaminating PKH26 nanoparti- 
cles, Biochim. Biophys. Acta - Biomembr (1860) 1350–1361 2018, doi: 10.1016/ 

j.bbamem.2018.03.013 . 
[122] J.T. Smith, B.H. Wunsch, N. Dogra, M.E. Ahsen, K. Lee, K.K. Yadav, R. Weil,

M.A. Pereira, J.V. Patel, E.A. Duch, J.M. Papalia, M.F. Lofaro, M. Gupta, 

A.K. Tewari, C. Cordon-Cardo, G. Stolovitzky, S.M. Gifford, Integrated 
nanoscale deterministic lateral displacement arrays for separation of extra- 

cellular vesicles from clinically-relevant volumes of biological samples, Lab 
Chip 18 (2018) 3913–3925, doi: 10.1039/c8lc01017j . 

[123] K.K. Zeming, T. Salafi, S. Shikha, Y. Zhang, Fluorescent label-free quantita- 
tive detection of nano-sized bioparticles using a pillar array, Nat. Commun 

9 (2018) 1–10, doi: 10.1038/s41467- 018- 03596- z . 

[124] Y. Hattori, T. Shimada, T. Yasui, N. Kaji, Y. Baba, Micro- and Nanopillar Chips 
for Continuous Separation of Extracellular Vesicles, Anal. Chem 91 (2019) 

6514–6521, doi: 10.1021/acs.analchem.8b05538 . 
15 
[125] C. Liu, J. Guo, F. Tian, N. Yang, F. Yan, Y. Ding, J. Wei, G. Hu, G. Nie, J. Sun,
Field-Free Isolation of Exosomes from Extracellular Vesicles by Microflu- 

idic Viscoelastic Flows, ACS Nano 11 (2017) 6968–6976, doi: 10.1021/acsnano. 
7b02277 . 

[126] M. Asghari, X. Cao, B. Mateescu, D. Van Leeuwen, M.K. Aslan, S. Stavrakis, 
A.J. Demello, Oscillatory Viscoelastic Microfluidics for Efficient Focusing and 

Separation of Nanoscale Species, ACS Nano 14 (2020) 422–433, doi: 10.1021/ 
acsnano.9b06123 . 

[127] C. Liu, J. Zhao, F. Tian, J. Chang, W. Zhang, J. Sun, λ-DNA-and 

Aptamer-Mediated Sorting and Analysis of Extracellular Vesicles, (2019). 
10.1021/jacs.9b0 0 0 07. 

[128] M.C. Deregibus, F. Figliolini, S. D’Antico, P.M. Manzini, C. Pasquino, M. De 
Lena, C. Tetta, M.F. Brizzi, G. Camussi, Charge-based precipitation of extracel- 

lular vesicles, Int. J. Mol. Med 38 (2016) 1359–1366, doi: 10.3892/ijmm.2016. 
2759 . 

[129] N. Heath, L. Grant, T.M. De Oliveira, R. Rowlinson, X. Osteikoetxea, N. Dekker, 

R. Overman, Rapid isolation and enrichment of extracellular vesicle prepara- 
tions using anion exchange chromatography, Sci. Rep 8 (2018) 1–12, doi: 10. 

1038/s41598- 018- 24163- y . 
[130] D.K. Kim, H. Nishida, S.Y. An, A.K. Shetty, T.J. Bartosh, D.J. Prockop, Chromato- 

graphically isolated CD63 + CD81 + extracellular vesicles from mesenchymal 
stromal cells rescue cognitive impairments after TBI, Proc. Natl. Acad. Sci. U. 

S. A 113 (2016) 170–175, doi: 10.1073/pnas.1522297113 . 

[131] T. Shigemoto-Kuroda, J.Y. Oh, D. ki Kim, H.J. Jeong, S.Y. Park, H.J. Lee, J.W. Park,
T.W. Kim, S.Y. An, D.J. Prockop, R.H. Lee, MSC-derived Extracellular Vesicles 

Attenuate Immune Responses in Two Autoimmune Murine Models: Type 1 
Diabetes and Uveoretinitis, Stem Cell Reports 8 (2017) 1214–1225, doi: 10. 

1016/j.stemcr.2017.04.008 . 
[132] M. Kosanovi ́c, B. Milutinovi ́c, S. Go ̌c, N. Miti ́c, M. Jankovi ́c, Ion-exchange chro-

matography purification of extracellular vesicles, Biotechniques 63 (2017) 65–

71, doi: 10.2144/0 0 0114575 . 
[133] J. Chen, Y. Xu, Y. Lu, W. Xing, Isolation and Visible Detection of Tumor-Derived 

Exosomes from Plasma, Anal. Chem 90 (2018) 14207–14215, doi: 10.1021/acs. 
analchem.8b03031 . 

[134] M. Notarangelo, C. Zucal, A. Modelska, I. Pesce, G. Scarduelli, C. Potrich, 
L. Lunelli, C. Pederzolli, P. Pavan, G. la Marca, L. Pasini, P. Ulivi, H. Bel-

tran, F. Demichelis, A. Provenzani, A. Quattrone, V.G. D’Agostino, Ultrasen- 

sitive detection of cancer biomarkers by nickel-based isolation of polydis- 
perse extracellular vesicles from blood, EBioMedicine 43 (2019) 114–126, 

doi: 10.1016/j.ebiom.2019.04.039 . 
[135] T.Y. Hu, Nickel affinity: A sensible approach for extracellular vesicles isola- 

tion? EBioMedicine 44 (2019) 14–15, doi: 10.1016/j.ebiom.2019.05.021 . 
[136] T. Akagi, K. Kato, M. Kobayashi, N. Kosaka, T. Ochiya, T. Ichiki, On-Chip Immu- 

noelectrophoresis of Extracellular Vesicles Released from Human Breast Can- 

cer Cells, PLoS One 10 (2015) e0123603, doi: 10.1371/journal.pone.0123603 . 
[137] J. Chen, Y. Xu, X. Wang, D. Liu, F. Yang, X. Zhu, Y. Lu, W. Xing, Rapid and

efficient isolation and detection of extracellular vesicles from plasma for lung 
cancer diagnosis, Lab Chip 19 (2019) 432–443, doi: 10.1039/c8lc01193a . 

[138] N. Pacienza, R.H. Lee, E.H. Bae, D. ki Kim, Q. Liu, D.J. Prockop, G. Yannarelli,
In Vitro Macrophage Assay Predicts the In Vivo Anti-inflammatory Potential 

of Exosomes from Human Mesenchymal Stromal Cells, Mol. Ther. - Methods 
Clin. Dev 13 (2019) 67–76, doi: 10.1016/j.omtm.2018.12.003 . 

[139] M. Ullah, D.D. Liu, S. Rai, M. Razavi, J. Choi, J. Wang, W. Concepcion, 

A.S. Thakor, A Novel Approach to Deliver Therapeutic Extracellular Vesicles 
Directly into the Mouse Kidney via Its Arterial Blood Supply, Cells 9 (2020) 

937, doi: 10.3390/cells9040937 . 
[140] S. Bin Fang, H.Y. Zhang, X.C. Meng, C. Wang, B.X. He, Y.Q. Peng, Z. Bin Xu,

X.L. Fan, Z.J. Wu, Z.C. Wu, S.G. Zheng, Q.L. Fu, Small extracellular vesicles 
derived from human MSCs prevent allergic airway inflammation via im- 

munomodulation on pulmonary macrophages, Cell Death Dis 11 (2020) 1–15, 

doi: 10.1038/s41419- 020- 2606- x . 
[141] H.J. You, S. Bin Fang, T.T. Wu, H. Zhang, Y.K. Feng, X.J. Li, H.H. Yang, G. Li,

X.H. Li, C. Wu, Q.L. Fu, Z. Pei, Mesenchymal stem cell-derived exosomes im- 
prove motor function and attenuate neuropathology in a mouse model of 

Machado-Joseph disease, Stem Cell Res. Ther 11 (2020) 222, doi: 10.1186/ 
s13287- 020- 01727- 2 . 

[142] M. Popovic, E. Mazzega, B. Toffoletto, A. de Marco, Isolation of anti- 

extra-cellular vesicle single-domain antibodies by direct panning on 
vesicle-enriched fractions, Microb. Cell Fact 17 (2018) 6, doi: 10.1186/ 

s12934- 017- 0856- 9 . 
[143] P.R.C. Gascoyne, J. Vykoukal, Particle separation by dielectrophoresis, 

Electrophoresis 23 (2002) 1973–1983, doi: 10.1002/1522-2683(200207)23: 
13 〈 1973::AID-ELPS1973 〉 3.0.CO;2-1 . 

[144] K. Kato, M. Kobayashi, N. Hanamura, T. Akagi, N. Kosaka, T. Ochiya, T. Ichiki, 

Electrokinetic evaluation of individual exosomes by on-chip microcapillary 
electrophoresis with laser dark-field microscopy, in: Jpn, J. Appl. Phys., IOP 

Publishing (2013) 06GK10, doi: 10.7567/JJAP.52.06GK10 . 
[145] T. Akagi, K. Kato, N. Hanamura, M. Kobayashi, T. Ichiki, Evaluation of desia- 

lylation effect on zeta potential of extracellular vesicles secreted from hu- 
man prostate cancer cells by on-chip microcapillary electrophoresis, in: Jpn, 

J. Appl. Phys., Japan Society of Applied Physics (2014) 06JL01, doi: 10.7567/ 

JJAP.53.06JL01 . 
[146] M. Yang, X. Liu, Q. Luo, L. Xu, F. Chen, An efficient method to isolate lemon

derived extracellular vesicles for gastric cancer therapy, J. Nanobiotechnology 
18 (2020) 100, doi: 10.1186/s12951- 020- 00656- 9 . 

https://doi.org/10.1016/j.yexcr.2011.penalty -@M 01.014
https://doi.org/10.1080/15476286.2019.1582956
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1111/j.1398-9995.2010.02483.x
https://doi.org/10.1126/sciadv.aay6721
https://doi.org/10.1039/c8nr03970d
https://doi.org/10.1080/20013078.2019.1565885
https://doi.org/10.1002/prca.201900018
https://doi.org/10.1016/j.nano.2019.01.011
https://doi.org/10.1021/acs.analchem.5b01636
https://doi.org/10.1016/j.aca.2020.06.073
https://doi.org/10.1016/j.aca.2019.09.022
https://doi.org/10.1021/acs.analchem.6b04634
https://doi.org/10.1016/j.aca.2020.06.071
https://doi.org/10.1038/s41596-019-0126-x
https://doi.org/10.1038/s41598-018-30786-y
https://doi.org/10.1016/j.bbamem.2018.03.013
https://doi.org/10.1039/c8lc01017j
https://doi.org/10.1038/s41467-018-03596-z
https://doi.org/10.1021/acs.analchem.8b05538
https://doi.org/10.1021/acsnano.7b02277
https://doi.org/10.1021/acsnano.9b06123
https://doi.org/10.3892/ijmm.2016.2759
https://doi.org/10.1038/s41598-018-24163-y
https://doi.org/10.1073/pnas.1522297113
https://doi.org/10.1016/j.stemcr.2017.04.008
https://doi.org/10.2144/000114575
https://doi.org/10.1021/acs.analchem.8b03031
https://doi.org/10.1016/j.ebiom.2019.04.039
https://doi.org/10.1016/j.ebiom.2019.05.021
https://doi.org/10.1371/journal.pone.0123603
https://doi.org/10.1039/c8lc01193a
https://doi.org/10.1016/j.omtm.2018.12.003
https://doi.org/10.3390/cells9040937
https://doi.org/10.1038/s41419-020-2606-x
https://doi.org/10.1186/s13287-020-01727-2
https://doi.org/10.1186/s12934-017-0856-9
https://doi.org/10.1002/1522-2683(200207)23:13$<$1973::AID-ELPS1973>3.0.CO;2-1
https://doi.org/10.7567/JJAP.52.06GK10
https://doi.org/10.7567/JJAP.53.06JL01
https://doi.org/10.1186/s12951-020-00656-9


T. Liangsupree, E. Multia and M.-L. Riekkola Journal of Chromatography A 1636 (2021) 461773 

 

 

 

 

 

 

 

 

 

 

 

 

 

[147] M. Piotrowska, K. Ciura, M. Zalewska, M. Dawid, B. Correia, P. Sawicka, 
B. Lewczuk, J. Kasprzyk, L. Sola, W. Piekoszewski, B. Wielgomas, K. Waleron, 

S. Dziomba, Capillary zone electrophoresis of bacterial extracellular vesicles: 
A proof of concept, J. Chromatogr. A. (2020) (1621) 461047, doi: 10.1016/j. 

chroma.2020.461047 . 
[148] Y. Zhang, Y. Zhang, Y. Zhang, Z. Deng, Z. Deng, D. Lou, Y. Wang, R. Wang,

R. Hu, X. Zhang, Q. Zhu, Y. Chen, Y. Chen, Y. Chen, F. Liu, F. Liu, High-
Efficiency Separation of Extracellular Vesicles from Lipoproteins in Plasma by 

Agarose Gel Electrophoresis, Anal. Chem 92 (2020) 7493–7499, doi: 10.1021/ 

acs.analchem.9b05675 . 
[149] S.D. Ibsen, J. Wright, J.M. Lewis, S. Kim, S.Y. Ko, J. Ong, S. Manouchehri, 

A. Vyas, J. Akers, C.C. Chen, B.S. Carter, S.C. Esener, M.J. Heller, Rapid Isola-
tion and Detection of Exosomes and Associated Biomarkers from Plasma, ACS 

Nano 11 (2017) 6641–6651, doi: 10.1021/acsnano.7b00549 . 
[150] J.M. Lewis, A.D. Vyas, Y. Qiu, K.S. Messer, R. White, M.J. Heller, Integrated 

Analysis of Exosomal Protein Biomarkers on Alternating Current Electroki- 

netic Chips Enables Rapid Detection of Pancreatic Cancer in Patient Blood, 
ACS Nano 12 (2018) 3311–3320, doi: 10.1021/acsnano.7b08199 . 

[151] J. Lewis, A .A . Alattar, J. Akers, B.S. Carter, M. Heller, C.C. Chen, A Pi-
lot Proof-Of-Principle Analysis Demonstrating Dielectrophoresis (DEP) as 

a Glioblastoma Biomarker Platform, Sci. Rep 9 (2019) 1–10, doi: 10.1038/ 
s41598- 019- 46311- 8 . 

[152] J.M. Lewis, S. Dhawan, A.C. Obirieze, B. Sarno, J. Akers, M.J. Heller, C.C. Chen, 

Plasma Biomarker for Post-concussive Syndrome: A Pilot Study Using an 
Alternating Current Electro-Kinetic Platform, Front. Neurol 11 (2020) 685, 

doi: 10.3389/fneur.2020.00685 . 
[153] S. Ayala-Mar, V.H. Perez-Gonzalez, M.A. Mata-Gómez, R.C. Gallo-Villanueva, 

J. González-Valdez, Electrokinetically Driven Exosome Separation and Con- 
centration Using Dielectrophoretic-Enhanced PDMS-Based Microfluidics, Anal. 

Chem 91 (2019) 14975–14982, doi: 10.1021/acs.analchem.9b03448 . 

[154] L. Shi, D. Kuhnell, V.J. Borra, S.M. Langevin, T. Nakamura, L. Esfandiari, Rapid 
and label-free isolation of small extracellular vesicles from biofluids utilizing 

a novel insulator based dielectrophoretic device, Lab Chip 19 (2019) 3726–
3734, doi: 10.1039/c9lc00902g . 

[155] J.H. Moore, W.B. Varhue, Y.-H. Su, S.S. Linton, V. Farmehini, T.E. Fox, G.L. Mat- 
ters, M. Kester, N.S. Swami, Conductance-Based Biophysical Distinction and 

Microfluidic Enrichment of Nanovesicles Derived from Pancreatic Tumor Cells 

of Varying Invasiveness, 12 (2020) 9. 10.1021/acs.analchem.8b05745. 
[156] S. Cho, W. Jo, Y. Heo, J.Y. Kang, R. Kwak, J. Park, Isolation of extracellular vesi-

cle from blood plasma using electrophoretic migration through porous mem- 
brane, Sensors Actuators, B Chem 233 (2016) 289–297, doi: 10.1016/j.snb.2016. 

04.091 . 
[157] S. Marczak, K. Richards, Z. Ramshani, E. Smith, S. Senapati, R. Hill, D.B. Go,

H.-C. Chang, Simultaneous isolation and preconcentration of exosomes by 

ion concentration polarization, Electrophoresis 39 (2018) 2029–2038, doi: 10. 
10 02/elps.20170 0491 . 

[158] K.E. Petersen, F. Shiri, T. White, G.T. Bardi, H. Sant, B.K. Gale, J.L. Hood,
Exosome Isolation: Cyclical Electrical Field Flow Fractionation in Low- 

Ionic-Strength Fluids, Anal. Chem 90 (2018) 12783–12790, doi: 10.1021/acs. 
analchem.8b03146 . 

[159] F. Shiri, B.K. Gale, H. Sant, G.T. Bardi, J.L. Hood, K.E. Petersen, Characterization 
of Human Glioblastoma versus Normal Plasma-Derived Extracellular Vesicles 

Preisolated by Differential Centrifugation Using Cyclical Electrical Field-Flow 

Fractionation, Anal. Chem 92 (2020) 9866–9876, doi: 10.1021/acs.analchem. 
0c01373 . 

[160] C. Théry, L. Zitvogel, S. Amigorena, Exosomes: Composition, biogenesis and 
function, Nat. Rev. Immunol 2 (2002) 569–579, doi: 10.1038/nri855 . 

[161] Z. Andreu, M. Yáñez-Mó, Tetraspanins in extracellular vesicle formation and 
function, Front. Immunol (2014) 5, doi: 10.3389/fimmu.2014.00442 . 

[162] R. Königsberg, E. Obermayr, G. Bises, G. Pfeiler, M. Gneist, F. Wrba, M. de San-

tis, R. Zeillinger, M. Hudec, C. Dittrich, Detection of EpCAM positive and neg- 
ative circulating tumor cells in metastatic breast cancer patients, Acta Oncol 

50 (2011) 700–710 Madr, doi: 10.3109/0284186X.2010.549151 . 
[163] P. Went, M. Vasei, L. Bubendorf, L. Terracciano, L. Tornillo, U. Riede, 

J. Kononen, R. Simon, G. Sauter, P.A. Baeuerle, Frequent high-level expres- 
sion of the immunotherapeutic target Ep-CAM in colon, stomach, prostate 

and lung cancers, Br. J. Cancer 94 (2006) 128–135, doi: 10.1038/sj.bjc.6602924 . 

[164] G. Spizzo, P. Went, S. Dirnhofer, P. Obrist, H. Moch, P.A. Baeuerle, E. Mueller- 
Holzner, C. Marth, G. Gastl, A.G. Zeimet, Overexpression of epithelial cell ad- 

hesion molecule (Ep-CAM) is an independent prognostic marker for reduced 
survival of patients with epithelial ovarian cancer, Gynecol. Oncol 103 (2006) 

4 83–4 88, doi: 10.1016/j.ygyno.2006.03.035 . 
[165] P.A. Baeuerle, O. Gires, EpCAM (CD326) finding its role in cancer, in: Br, J. 

Cancer, Nature Publishing Group (2007) 417–423, doi: 10.1038/sj.bjc.6603494 . 

[166] B.J. Tauro, D.W. Greening, R.A. Mathias, S. Mathivanan, H. Ji, R.J. Simpson, Two 
distinct populations of exosomes are released from LIM1863 colon carcinoma 

cell-derived organoids, Mol. Cell. Proteomics 12 (2013) 587–598, doi: 10.1074/ 
mcp.M112.021303 . 

[167] P. Sharma, S. Ludwig, L. Muller, C.S. Hong, J.M. Kirkwood, S. Ferrone, 
T.L. Whiteside, Immunoaffinity-based isolation of melanoma cell-derived exo- 

somes from plasma of patients with melanoma, J. Extracell. Vesicles. 7 (2018) 

1435138, doi: 10.1080/20013078.2018.1435138 . 
[168] S.I. Brett, F. Lucien, C. Guo, K.C. Williams, Y. Kim, P.N. Durfee, C.J. Brinker, 

J.I. Chin, J. Yang, H.S. Leong, Immunoaffinity based methods are superior to 
kits for purification of prostate derived extracellular vesicles from plasma 

samples, Prostate 77 (2017) 1335–1343, doi: 10.1002/pros.23393 . 
16 
[169] J. Wang, R. Guo, Y. Yang, B. Jacobs, S. Chen, I. Iwuchukwu, K.J. Gaines, Y. Chen,
R. Simman, G. Lv, K. Wu, J.C. Bihl, The Novel Methods for Analysis of Exo-

somes Released from Endothelial Cells and Endothelial Progenitor Cells, Stem 

Cells Int (2016) (2016), doi: 10.1155/2016/2639728 . 

[170] M. Katsu, Y. Hama, J. Utsumi, K. Takashina, H. Yasumatsu, F. Mori, K. Wak- 
abayashi, M. Shoji, H. Sasaki, MicroRNA expression profiles of neuron-derived 

extracellular vesicles in plasma from patients with amyotrophic lateral scle- 
rosis, Neurosci. Lett 708 (2019) 134176, doi: 10.1016/j.neulet.2019.03.048 . 

[171] Z. Zhao, Y. Yang, Y. Zeng, M. He, A microfluidic ExoSearch chip 

for multiplexed exosome detection towards blood-based ovar- 
ian cancer diagnosis, Lab Chip 16 (2016) 4 89–4 96, doi: 10.1039/ 

c5lc01117e . 
[172] T.W. Lo, Z. Zhu, E. Purcell, D. Watza, J. Wang, Y.T. Kang, S. Jolly, D. Nagrath,

S. Nagrath, Microfluidic device for high-throughput affinity-based isolation of 
extracellular vesicles, Lab Chip 20 (2020) 1762–1770, doi: 10.1039/c9lc01190k . 

[173] U. Rescher, V. Gerke, Annexins - Unique membrane binding proteins 

with diverse functions, J. Cell Sci 117 (2004) 2631–2639, doi: 10.1242/jcs. 
01245 . 

[174] D.K. Jeppesen, A.M. Fenix, J.L. Franklin, J.N. Higginbotham, Q. Zhang, L.J. Zim- 
merman, D.C. Liebler, J. Ping, Q. Liu, R. Evans, W.H. Fissell, J.G. Patton, 

L.H. Rome, D.T. Burnette, R.J. Coffey, Reassessment of Exosome Composition, 
Cell 177 (2019) 428–445 e18, doi: 10.1016/j.cell.2019.02.029 . 

[175] T. Liangsupree, E. Multia, J. Metso, M. Jauhiainen, P. Forssén, T. Fornstedt, 

K. Öörni, A. Podgornik, M.-L. Riekkola, Rapid affinity chromatographic isola- 
tion method for LDL in human plasma by immobilized chondroitin-6-sulfate 

and anti-apoB-100 antibody monolithic disks in tandem, Sci. Rep (2019) 9, 
doi: 10.1038/s41598- 019- 47750- z . 

[176] K. Ueda, N. Ishikawa, A. Tatsuguchi, N. Saichi, R. Fujii, H. Nakagawa, Antibody- 
coupled monolithic silica microtips for highthroughput molecular profiling of 

circulating exosomes, Sci. Rep 4 (2014) 1–9, doi: 10.1038/srep06232 . 

[177] E.L. Pfaunmiller, M.L. Paulemond, C.M. Dupper, D.S. Hage, Affinity mono- 
lith chromatography: A review of principles and recent analytical applica- 

tions, Anal. Bioanal. Chem 405 (2013) 2133–2145, doi: 10.10 07/s0 0216-012- 
6568-4 . 

[178] B.W. Woonton, G.W. Smithers, Novel adsorbents and approaches for nu- 
traceutical separation, in: Sep. Extr. Conc. Process. Food, Beverage Nutraceu- 

tical Ind, Elsevier Ltd (2010) 148–179, doi: 10.1533/9780857090751.1.148 . 

[179] J. Lim, M. Choi, H. Lee, Y.H. Kim, J.Y. Han, E.S. Lee, Y. Cho, Direct isola-
tion and characterization of circulating exosomes from biological samples 

using magnetic nanowires, J. Nanobiotechnology 17 (2019) 1, doi: 10.1186/ 
s12951- 018- 0433- 3 . 

[180] C. Chen, B.R. Lin, M.Y. Hsu, C.M. Cheng, Paper-based devices for isolation 
and characterization of extracellular vesicles, J. Vis. Exp. (2015) (2015) 52722, 

doi: 10.3791/52722 . 

[181] P. Ziaei, J.J. Geruntho, O.G. Marin-Flores, C.E. Berkman, M. Grant Norton, Sil- 
ica nanostructured platform for affinity capture of tumor-derived exosomes, 

J. Mater. Sci. 52 (2017) 6907–6916, doi: 10.1007/s10853- 017- 0905- 0 . 
[182] H. Sun, W. Tan, Y. Zu, Aptamers: Versatile molecular recognition probes for 

cancer detection, Analyst 141 (2016) 403–415, doi: 10.1039/c5an01995h . 
[183] K. Zhang, Y. Yue, S. Wu, W. Liu, J. Shi, Z. Zhang, Rapid Capture and

Nondestructive Release of Extracellular Vesicles Using Aptamer-Based Mag- 
netic Isolation, ACS Sensors 4 (2019) 1245–1251, doi: 10.1021/acssensors. 

9b0 0 060 . 

[184] L. Balaj, N.A. Atai, W. Chen, D. Mu, B.A. Tannous, X.O. Breakefield, J. Skog, 
C.A. Maguire, Heparin affinity purification of extracellular vesicles, Sci. Rep 

(2015) 5, doi: 10.1038/srep10266 . 
[185] A. Ghosh, M. Davey, I.C. Chute, S.G. Griffiths, S. Lewis, S. Chacko, D. Bar- 

nett, N. Crapoulet, S. Fournier, A. Joy, M.C. Caissie, A.D. Ferguson, M. Daigle, 
M.V. Meli, S.M. Lewis, R.J. Ouellette, Rapid Isolation of Extracellular Vesicles 

from Cell Culture and Biological Fluids Using a Synthetic Peptide with Spe- 

cific Affinity for Heat Shock Proteins, PLoS One 9 (2014) e110443, doi: 10.1371/ 
journal.pone.0110443 . 

[186] I.V. Bijnsdorp, O. Maxouri, A. Kardar, T. Schelfhorst, S.R. Piersma, T.V. Pham, 
A. Vis, R.J. Van Moorselaar, C.R. Jimenez, Feasibility of urinary extracellular 

vesicle proteome profiling using a robust and simple, clinically applicable iso- 
lation method, J. Extracell. Vesicles. 6 (2017) 1313091, doi: 10.1080/20013078. 

2017.1313091 . 

[187] J.C. Knol, I. de Reus, T. Schelfhorst, R. Beekhof, M. de Wit, S.R. Piersma, 
T.V. Pham, E.F. Smit, H.M.W. Verheul, C.R. Jiménez, Peptide-mediated 

“miniprep” isolation of extracellular vesicles is suitable for high-throughput 
proteomics, EuPA Open Proteomics 11 (2016) 11–15, doi: 10.1016/j.euprot.2016. 

02.001 . 
[188] M. Miyanishi, K. Tada, M. Koike, Y. Uchiyama, T. Kitamura, S. Nagata, Identifi- 

cation of Tim4 as a phosphatidylserine receptor, Nature 450 (2007) 435–439, 

doi: 10.1038/nature06307 . 
[189] C. Théry, M. Ostrowski, E. Segura, Membrane vesicles as conveyors of immune 

responses, Nat. Rev. Immunol 9 (2009) 581–593, doi: 10.1038/nri2567 . 
[190] W. Nakai, T. Yoshida, D. Diez, Y. Miyatake, T. Nishibu, N. Imawaka, K. Naruse, 

Y. Sadamura, R. Hanayama, A novel affinity-based method for the isolation 
of highly purified extracellular vesicles, Sci. Rep 6 (2016) 1–11, doi: 10.1038/ 

srep33935 . 

[191] M. Yamamoto, Y. Harada, T. Suzuki, T. Fukushige, M. Yamakuchi, T. Kanekura, 
N. Dohmae, K. Hori, I. Maruyama, Application of high-mannose-type glycan- 

specific lectin from Oscillatoria Agardhii for affinity isolation of tumor- 
derived extracellular vesicles, Anal. Biochem 580 (2019) 21–29, doi: 10.1016/j. 

ab.2019.06.001 . 

https://doi.org/10.1016/j.chroma.2020.461047
https://doi.org/10.1021/acs.analchem.9b05675
https://doi.org/10.1021/acsnano.7b00549
https://doi.org/10.1021/acsnano.7b08199
https://doi.org/10.1038/s41598-019-46311-8
https://doi.org/10.3389/fneur.2020.00685
https://doi.org/10.1021/acs.analchem.9b03448
https://doi.org/10.1039/c9lc00902g
https://doi.org/10.1016/j.snb.2016.04.091
https://doi.org/10.1002/elps.201700491
https://doi.org/10.1021/acs.analchem.8b03146
https://doi.org/10.1021/acs.analchem.0c01373
https://doi.org/10.1038/nri855
https://doi.org/10.3389/fimmu.2014.00442
https://doi.org/10.3109/0284186X.2010.549151
https://doi.org/10.1038/sj.bjc.6602924
https://doi.org/10.1016/j.ygyno.2006.03.035
https://doi.org/10.1038/sj.bjc.6603494
https://doi.org/10.1074/mcp.M112.021303
https://doi.org/10.1080/20013078.2018.1435138
https://doi.org/10.1002/pros.23393
https://doi.org/10.1155/2016/2639728
https://doi.org/10.1016/j.neulet.2019.03.048
https://doi.org/10.1039/penalty -@M c5lc01117e
https://doi.org/10.1039/c9lc01190k
https://doi.org/10.1242/jcs.penalty -@M 01245
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1038/s41598-019-47750-z
https://doi.org/10.1038/srep06232
https://doi.org/10.1007/s00216-012-penalty -@M 6568-4
https://doi.org/10.1533/9780857090751.1.148
https://doi.org/10.1186/s12951-018-0433-3
https://doi.org/10.3791/52722
https://doi.org/10.1007/s10853-017-0905-0
https://doi.org/10.1039/c5an01995h
https://doi.org/10.1021/acssensors.penalty -@M 9b00060
https://doi.org/10.1038/srep10266
https://doi.org/10.1371/journal.pone.0110443
https://doi.org/10.1080/20013078.2017.1313091
https://doi.org/10.1016/j.euprot.2016.02.001
https://doi.org/10.1038/nature06307
https://doi.org/10.1038/nri2567
https://doi.org/10.1038/srep33935
https://doi.org/10.1016/j.ab.2019.06.001


T. Liangsupree, E. Multia and M.-L. Riekkola Journal of Chromatography A 1636 (2021) 461773 

 

[  

 

[

[

[

[

[  

[

[  

[

 

 

[192] F. Royo, P. Zuñiga-Garcia, P. Sanchez-Mosquera, A. Egia, A. Perez, A. Loizaga, 
R. Arceo, I. Lacasa, A. Rabade, E. Arrieta, R. Bilbao, M. Unda, A. Carracedo, 

J.M. Falcon-Perez, Different EV enrichment methods suitable for clinical set- 
tings yield different subpopulations of urinary extracellular vesicles from hu- 

man samples, J. Extracell. Vesicles. 5 (2016) 29497, doi: 10.3402/jev.v5.29497 . 
[193] T. Jankovi ́c, S. Go ̌c, N. Miti ́c, J. Danilovi ́c Lukovi ́c, M. Jankovi ́c, Membrane-

associated gamma-glutamyl transferase and alkaline phosphatase in the con- 
text of concanavalin A- and wheat germ agglutinin-reactive glycans mark 

seminal prostasome populations from normozoospermic and oligozoospermic 

men, Ups. J. Med. Sci 125 (2020) 10–18, doi: 10.1080/03009734.2019.1690603 . 
[194] A. Shimoda, S. ichi Sawada, Y. Sasaki, K. Akiyoshi, Exosome surface glycans 

reflect osteogenic differentiation of mesenchymal stem cells: Profiling by an 
evanescent field fluorescence-assisted lectin array system, Sci. Rep (2019) 9, 

doi: 10.1038/s41598- 019- 47760-x . 
[195] M.K. Islam, P. Syed, L. Lehtinen, J. Leivo, K. Gidwani, S. Wittfooth, K. Petters- 

son, U. Lamminmäki, A Nanoparticle-Based Approach for the Detection of Ex- 

tracellular Vesicles, Sci. Rep 9 (2019) 1–9, doi: 10.1038/s41598- 019- 46395- 2 . 
[196] J. Echevarria, F. Royo, R. Pazos, L. Salazar, J.M. Falcon-Perez, N.-C. Reichardt, 

Microarray-Based Identification of Lectins for the Purification of Human Uri- 
nary Extracellular Vesicles Directly from Urine Samples, ChemBioChem 15 

(2014) 1621–1626, doi: 10.1002/cbic.201402058 . 
[197] M. Kosanovi ́c, M. Jankovi ́c, Isolation of urinary extracellular vesicles from 

Tamm- Horsfall protein–depleted urine and their application in the devel- 

opment of a lectin-exosome-binding assay, Biotechniques 57 (2014) 143–149, 
doi: 10.2144/0 0 0114208 . 

[198] N.A. Atai, L. Balaj, H. Van Veen, X.O. Breakefield, P.A. Jarzyna, C.J.F. Van No- 
orden, J. Skog, C.A. Maguire, Heparin blocks transfer of extracellular vesi- 

cles between donor and recipient cells, J. Neurooncol 115 (2013) 343–351, 
doi: 10.1007/s11060- 013- 1235- y . 

[199] L.K. Hansen, J.J. O’Leary, A.P.N. Skubitz, L.T. Furcht, J.B. McCarthy, Identification 

of a homologous heparin binding peptide sequence present in fibronectin 
and the 70 kDa family of heat-shock proteins, Biochim. Biophys. Acta 

(BBA)/Protein Struct. Mol 1252 (1995) 135–145, doi: 10.1016/0167-4838(95) 
00113-9 . 

200] W. Mao, Y. Wen, H. Lei, R. Lu, S. Wang, Y. Wang, R. Chen, Y. Gu, L. Zhu,
K.K. Abhange, Z.J. Quinn, Y. Chen, F. Xue, M. Zheng, Y. Wan, Isolation and 

Retrieval of Extracellular Vesicles for Liquid Biopsy of Malignant Ground- 

Glass Opacity, Anal. Chem 91 (2019) 13729–13736, doi: 10.1021/acs.analchem. 
9b03064 . 

[201] M. Gigli, A. Consonni, G. Ghiselli, V. Rizzo, A. Naggi, G. Torri, F.C. Erba RáD,
E. Group, I. Scientifico, F.C. Erba R, Heparin Binding to Human Plasma Low- 

Density Lipoproteins: Dependence on Heparin Sulfation Degree and Chain 
Length, 1992. https://pubs.acs.org/sharingguidelines (accessed July 31, 2020). 

202] B. Hosseinkhani, N.M.S. van den Akker, D.G.M. Molin, L. Michiels, 

Sub)populations of extracellular vesicles released by TNF- α –triggered human 
endothelial cells promote vascular inflammation and monocyte migration, J. 

Extracell. Vesicles. 9 (2020) 1801153, doi: 10.1080/20013078.2020.1801153 . 
203] S. Sharma, M. LeClaire, J. Wohlschlegel, J. Gimzewski, Impact of isolation 

methods on the biophysical heterogeneity of single extracellular vesicles, Sci. 
Rep 10 (2020) 1–11, doi: 10.1038/s41598- 020- 70245- 1 . 

204] C.S. Hong, L. Muller, M. Boyiadzis, T.L. Whiteside, Isolation and characteriza- 
tion of CD34 + blast-derived exosomes in acute myeloid leukemia, PLoS One 

(2014) 9, doi: 10.1371/journal.pone.0103310 . 
17 
205] P. Sharma, B. Diergaarde, S. Ferrone, J.M. Kirkwood, T.L. Whiteside, Melanoma 
cell-derived exosomes in plasma of melanoma patients suppress func- 

tions of immune effector cells, Sci. Rep 10 (2020) 1–11, doi: 10.1038/ 
s41598- 019- 56542- 4 . 

206] A. Elsherbini, H. Qin, Z. Zhu, P. Tripathi, G. Wang, S.M. Crivelli, S.D. Spassieva,
E. Bieberich, in: Extracellular Vesicles Containing Ceramide-Rich Platforms: 

“Mobile Raft” Isolation and Analysis, in: Humana, New York, NY, 2021, 
pp. 87–98, doi: 10.1007/978- 1- 0716- 0814- 2 _ 5 . 

207] H. Shao, J. Chung, K. Lee, L. Balaj, C. Min, B.S. Carter, F.H. Hochberg, 

X.O. Breakefield, H. Lee, R. Weissleder, Chip-based analysis of exosomal 
mRNA mediating drug resistance in glioblastoma, Nat. Commun 6 (2015) 1–9, 

doi: 10.1038/ncomms7999 . 
208] L. Kong, K. Li, L. Gao, A. Yin, L. Zhou, G. Teng, P. Huang, Mediating effects of

platelet-derived extracellular vesicles on PM2.5-induced vascular endothelial 
injury, Ecotoxicol, Environ. Saf. 198 (2020) 110652, doi: 10.1016/j.ecoenv.2020. 

110652 . 

209] L. Wang, T.F. Bruce, S. Huang, R.K. Marcus, Isolation and quantitation of exo- 
somes isolated from human plasma via hydrophobic interaction chromatog- 

raphy using a polyester, capillary-channeled polymer fiber phase, Anal. Chim. 
Acta 1082 (2019) 186–193, doi: 10.1016/j.aca.2019.07.035 . 

[210] S. Huang, L. Wang, T.F. Bruce, R.K. Marcus, Isolation and quantification of 
human urinary exosomes by hydrophobic interaction chromatography on a 

polyester capillary-channeled polymer fiber stationary phase, Anal. Bioanal. 

Chem 411 (2019) 6591–6601, doi: 10.10 07/s0 0216- 019- 02022- 7 . 
[211] T.F. Bruce, T.J. Slonecki, L. Wang, S. Huang, R.R. Powell, R.K. Marcus, Exo- 

some isolation and purification via hydrophobic interaction chromatography 
using a polyester, capillary-channeled polymer fiber phase, Electrophoresis 40 

(2018) elps.201800417, doi: 10.1002/elps.201800417 . 
[212] A. Ku, N. Ravi, M. Yang, M. Evander, T. Laurell, H. Lilja, Y. Ceder, A urinary ex-

tracellular vesicle microRNA biomarker discovery pipeline; from automated 

extracellular vesicle enrichment by acoustic trapping to microRNA sequenc- 
ing, PLoS One 14 (2019) e0217507, doi: 10.1371/journal.pone.0217507 . 

[213] M. Rezeli, O. Gidlöf, M. Evander, P. Bryl-Górecka, R. Sathanoori, P. Gilje, 
K. Pawłowski, P. Horvatovich, D. Erlinge, G. Marko-Varga, T. Laurell, Com- 

parative Proteomic Analysis of Extracellular Vesicles Isolated by Acoustic 
Trapping or Differential Centrifugation, Anal. Chem 88 (2016) 8577–8586, 

doi: 10.1021/acs.analchem.6b01694 . 

[214] A. Ku, H.C. Lim, M. Evander, H. Lilja, T. Laurell, S. Scheding, Y. Ceder, Acoustic
Enrichment of Extracellular Vesicles from Biological Fluids, Anal. Chem 90 

(2018) 8011–8019, doi: 10.1021/acs.analchem.8b00914 . 
[215] P. Bryl-Górecka, R. Sathanoori, M. Al-Mashat, B. Olde, J. Jögi, M. Evander, 

T. Laurell, D. Erlinge, Effect of exercise on the plasma vesicular proteome: 
A methodological study comparing acoustic trapping and centrifugation, Lab 

Chip 18 (2018) 3101–3111, doi: 10.1039/c8lc00686e . 

[216] Z. Nemati, M.R. Zamani Kouhpanji, F. Zhou, R. Das, K. Makielski, J. Um, M.- 
H. Phan, A. Muela, M.L. Fdez-Gubieda, R.R. Franklin, B.J.H. Stadler, J.F. Modi- 

ano, J. Alonso, Isolation of Cancer-Derived Exosomes Using a Variety of Mag- 
netic Nanostructures: From Fe3O4 Nanoparticles to Ni Nanowires, Nanomate- 

rials 10 (2020) 1662, doi: 10.3390/nano10091662 . 
[217] Z. Nemati, J. Um, M.R. Zamani Kouhpanji, F. Zhou, T. Gage, D. Shore, 

K. Makielski, A. Donnelly, J. Alonso, Magnetic Isolation of Cancer-Derived Ex- 
osomes Using Fe/Au Magnetic Nanowires, ACS Appl. Nano Mater 3 (2020) 

2058–2069, doi: 10.1021/acsanm.0c00263 . 

https://doi.org/10.3402/jev.v5.29497
https://doi.org/10.1080/03009734.2019.1690603
https://doi.org/10.1038/s41598-019-47760-x
https://doi.org/10.1038/s41598-019-46395-2
https://doi.org/10.1002/cbic.201402058
https://doi.org/10.2144/000114208
https://doi.org/10.1007/s11060-013-1235-y
https://doi.org/10.1016/0167-4838(95)00113-9
https://doi.org/10.1021/acs.analchem.9b03064
https://pubs.acs.org/sharingguidelines
https://doi.org/10.1080/20013078.2020.1801153
https://doi.org/10.1038/s41598-020-70245-1
https://doi.org/10.1371/journal.pone.0103310
https://doi.org/10.1038/s41598-019-56542-4
https://doi.org/10.1007/978-1-0716-0814-2_5
https://doi.org/10.1038/ncomms7999
https://doi.org/10.1016/j.ecoenv.2020.110652
https://doi.org/10.1016/j.aca.2019.07.035
https://doi.org/10.1007/s00216-019-02022-7
https://doi.org/10.1002/elps.201800417
https://doi.org/10.1371/journal.pone.0217507
https://doi.org/10.1021/acs.analchem.6b01694
https://doi.org/10.1021/acs.analchem.8b00914
https://doi.org/10.1039/c8lc00686e
https://doi.org/10.3390/nano10091662
https://doi.org/10.1021/acsanm.0c00263

