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Abstract: Exosomes are membrane-bound nanovesicles that are secreted by most types of cells

and contain a range of biologically important molecules, including lipids, proteins, ribonucleic
acids, etc. Emerging evidences show that exosomes can affect cells’ physiological status by
transmitting molecular messages among cells. As such, exosomes are involved in various patho-
logical processes. Studying exosomes is of great importance for understanding their biological
functions and relevance to disease diagnosis. However, it is difficult to separate and analyze
exosomes due to their small size, and because their density is similar to that of bodily fluids.
Traditional methods, including ultracentrifugation and ultrafiltration are time-consuming and
require expensive equipment. Other methods for exosome separation, including immunoaffinity-
based methods, are expensive and rely heavily on specific antibodies. Precipitation-based meth-
ods do not yield acceptable purity for downstream analysis, due to polymer contamination.
Thus, urgent demand exists for a portable, simple, affordable method for exosome separation.
Microfluidic chip technology offers a potential platform for separation and detection of
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exosomes, with several remarkable characteristics, including low sample consumption, high
throughput, and easy integration. This paper provides an overview of current microfluidic strat-
egies for separation and analysis of circulating exosomes. In our introduction to exosome sepa-
ration, we divide existing separation methods into two categories. Category one is based on
exosome physical properties, and includes membrane filtration, nano-column array sorting,
and physical isolation. The other is immune capture, which is based on biochemical character-
istics of exosomes, and includes fixed base immune capture and unfixed base immune capture.
In our introduction to exosome analyses, some commonly used methods, including western
blotting, scanning electron microscopy, and flow cytometry are briefly described. Some new
systems, which combine microfluidic technology with fluorescence, electrochemical sensing,
surface plasmon resonance, or other multimodal analysis methods for integrated detection of
exosomes are then described in detail. Finally, the challenges faced by microfluidic technology
in improving exosome purity and making systems more portable are analyzed. Prospects for
application of microfluidic chips in this area are also discussed. With the rapid development of
micro/nano-manufacturing, new materials, and information technology, microfluidic exosome
separation and analysis systems will become smaller, more integrated, and more automated.
Microfluidic chip technology will play important roles in exosome separation, biochemical
detection, and mechanism analysis.
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Table 1 Comparison of different separation methods of exosomes

Separation method

Principles

Sample volume

Sample

Advantages

Disadvantages

Ultra-centrifugation

Ultrafilter

Immunocapture

Precipitation

Microfluidic chip

size, density

size

antigen-antibody
reaction
protein-polymer
reaction
according to dif-
ferent design

large

relatively large

relatively small

large

small

cell culture medi-

um, urine, et al.

cell culture medi-

um, urine, et al.

urine, blood, et al.

cell culture medi-

um, urine, et al.

blood, urine, pre-

cise samples

without additional re-
agents
without additional re-
agents

high specificity

cheap, easy to oper-
ate

fixable, integrable

time consuming, instrument
dependent, high shear stress
impurities with similar size,
high shear stress

expensive, rely heavily on
specific antibodies

polymer contamination,

low recovery rate
small separation volume,
complex fabrication
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Fig. 2 Exosome separation microfluidic chips based on nano-filters and nano-arrays

a. isolation and detection of EVs from urine using an integrated double-filtration microfluidic device!®; b. exodisc for rapid, size-se-

lective, and efficient isolation and analysis of nanoscale extracellular vesicles from biological samples! ! .
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Table 2 Exosome separation methods based on microfluidic chip

Microfluidic technologies Sample Sample Recovery/ Tirr.le/ I.solated Ref.
volume/ pL % min size/nm
Based on physical characteristics of exosomes
Membrane filtration
Exodisc: double membranes urine 1000 >95 30 20-600 [30]
ExoTIC: multi-membranes culture media, plasma, urine 5000 >90 60 ~30-100 [31]
Nano-column arrays
Nano-DLD sorting urine, serum 900 ~50 60 ~30-200 [32]
Ciliated micropillar array liposomes 100 ~60 10 ~30-200 [33]
Physical field
Acoustofluidic collection human whole blood 500 99 50 ~100 [34]
Electric field mouse whole blood 1000 65 50 ~10-400 [35]
Viscoelastic flow fetal bovine serum 100 93.6 10 <200 [36]
Based on biochemical characteristics of exosomes
Immune capture on fixed base
SPRi antibody microarray cell culture media 300 N/A 1 ~70 [38]
Nano-IMEX plasma 20 ~80 40 <150 [39]
-COCEVHB-chip plasma 1000 94 60 ~100 [41]
ZnO chip cell culture media, blood 100 >70 10 30-150 [43]
Immune capture on unfixed base
ExoSearch chip: magnetic beads plasma 1000 ~79.7 10 <150 [46]
Polystyrene beads cell culture media 700 N/A 10 60-90 [47]
ExoTENPO chip: magnetic nanoparticles plasma 10000 N/A 60 ~138-161  [48]

N/A: not applicable.
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Table 3 Comparison of different analysis methods of exosomes

Analysis method Principles

Analysis objects Ref.

Microscopy
probes

Light scattering change of light scattering intensity

TRPS change of conductivity

Antibody detection

Nano-FCM

antigen-antibody reaction

the reaction between samples and electrons or detection

the scattering light and fluorescent light of detected cells

size, morphology [50-52,55-57]

size distribution [54,58,62,63,65]
size, concentration, zeta potential [ 67,68 ]

proteins [69,71,72]

size, biochemical characterization [73,74]
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Fig. 6 Detection of exosomes by microfluidic chip combined with fluorescence detection

a. hydrodynamic fluorescence analysis of exosomes based on microfluidic control!®® ; b. dynamic fluorescence detection of exosomes

in the process of elution on microfluidic chip!®’.
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Fig. 7 Exosomes detection by electrochemical sensor

Magnetic-based microfluidic device for on-chip isolation and detection of tumor-derived exosomes'®*/.
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