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Abstract: Exosomes are cell-secreted nanoscale vesicles 30—150 nm in size and encompass a

diverse array of biomolecules, including lipids, proteins, and nucleic acids. Exosomes play piv-
otal roles during the intercellular exchange of materials and information, and are closely associ-
ated with the onset and progression of a variety of diseases. Therefore, comprehensively inves-
tigating exosomes is very important in terms of disease diagnosis and treatment. However, exo-
somes are genetically heterogeneous and are composed of different materials. Additionally, ex-
osome-size and packing-specific-biomarker heterogeneities result in biofunction diversity. More-
over, isolating and analyzing exosomes is highly challenging owing to their small sizes and het-
erogeneities. Accordingly, effective separation methods and analytical techniques for highly spe-
cifically and efficiently identifying exosomes are urgently needed in order to better understand
their functionalities.

While separation and analysis is required to reveal exosome heterogeneity, the former is
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confronted by three primary challenges. Firstly, exosome heterogeneity (including heterogene-
ous marker expressions and size heterogeneity that results in heterogeneous functions) results
in systems that are very difficult to separate. Secondly, the coexistence of non-vesicular con-
taminants ( lipoprotein nanoparticles, soluble proteins, nucleic acids, etc.) and the complex
matrix effects of body fluids also contribute to separation difficulties. Thirdly, enrichment is a
highly challenging task owing to low exosome concentrations. Traditional methods, such as ul-
tracentrifugation and size-exclusion chromatography, fall short in terms of their abilities to pre-
cisely separate and analyze exosomes. On the other hand, microfluidics has emerged as a ro-
bust tool for the efficient analysis of complex biological samples and is characterized by minia-
turization, precise control, high throughput, automation, and integration. Firstly, the operabili-
ty, integrability, and modifiability of a microfluidics system facilitate exosome separation and
purification based on surface properties, size, charge, and polarity. Secondly, the use of a mi-
crofluidics approach, with its high throughput, low reagent consumption, and multichannel ma-
nipulability, greatly facilitates preparing exosomes and enhancing their concentrations. Thirdly,
microfluidics ensures that diverse separation methods are compatible with downstream analysis
techniques.

Exosomes are highly heterogeneous; hence, they are classified by type and subpopulation
(according to origin, size, molecular markers, functions, etc.). This paper first discusses mi-
crofluidics techniques for separating exosomes and examines various separation strategies
grounded in the physicochemical properties of exosomes. We then analyze exosome detection
methodologies that use microfluidics platforms and encompass traditional group-exosome analy-
sis techniques and novel single-exosome analysis approaches. Finally, we discuss future clinical
applications of microfluidics technology in exosome research, particularly its potential for diag-
nosing and treating diseases, thereby underscoring the applications value of microfluidics tech-
nology in the realm of personalized and precision medicine. Furthermore, cutting-edge mi-
crofluidics platforms offer novel perspectives for purifying and preparing EVs owing to precise
fluid control, integration, miniaturization, and high-throughput characterization. EV popula-
tions, subpopulations, and single vesicles can be purified based on their physicochemical prop-
erties and microfluidics features. Comprehensive lab-on-a-chip methods are promising in terms
of separating EVs based on traits, such as size, surface markers, and charge, and for obtaining
highly pure EVs. Recycled EV samples can be prepared by controlling the high-throughput and
multichannel capabilities of microfluidics approaches. The transition from bulk EV analysis to
single-vesicle analysis provides opportunities to explore the heterogeneous nature of EVs,
thereby augmenting their potential for disease diagnosis.

Key words: microfluidics; exosomes; separation analysis; disease diagnosis and treatment
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Fig. 1 Intracellular pathways of exosome biosynthesis and secretion (By Figdraw)
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Fig. 2 Membrane separation techniques based on exosome size

a. isolation of exosomes by tangential flow filtration ' ; b. schematic diagram of a microfluidic device based on double tangential flow

filtration for exosome separation®’ ; ¢. schematic illustration of size-based extracellular vesicle (EV) isolation using the exosome total

isolation chip (ExoTIC) device!*; d. schematic diagram of exosome separation by exosome detection via the ultrafast-isolation system

(EXODUS) device; e. schematic diagram of EVs isolated from plasma by porous membrane electrophoresis! .

NP negative pressure; AP air pressure.
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Fig. 3 Other microfluidic separation techniques based on the size of exosomes

a. schematic representation of deterministic lateral displacement ( DLD) pillar array; b. schematic diagram of EVs separation by a vis-
coelastic microfluidic device!*! ;

c. schematic representation of dean-flow-coupled elasto-inertial microfluidic chip ( DEIC)-based for
exosome purification'*! ; d. mechanism and schematic diagram of acoustic fluid device % ; e. operating mechanism of the acoustofluid-

ic centrifuge platform!*’) ; f. principle and result diagram of exosome separation based on coffee ring effect'**) ; g. schematic illustration
of the asymmetric flow field-flow fractionation ( AF4) working principle.

PEO: poly( oxyethylene) ; IDTs: interdigitated transducers; PDMS. polydimethyl-siloxane; SAW . surface acoustic waves.
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Fig. 4 Separation techniques for exosomes based on surface charge
a. EV separation by using agarose gel electrophoresis!**! ; b. picture and mechanism of EV/lipoprotein separation device based on
sound flow'3!; c. free flow electrophoresis ( FFE) chip separation diagram'%!; d. apparatus and mechanism of exosome isolation

based on dielectrophoresis!** .

VLDL: very low density lipoprotein; LDL: low density lipoprotein; HDL: high density lipoprotein; BGE: background electrolyte; MV .

microvesicles.
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Fig. 5 Isolation technique based on immunoaffinity capture of exosomes
a. schematic diagram of rotating magnet assembly system (rMAS) system of microfluidic chip and schematic diagram of fluorescence
switching mechanism on the surface of carbon nanomaterials during detection of exosome CD63 by magnetic nanosphere fluorescence
method'®® ; b. schematic diagram of the preparation procedure of the novel immobilized metal affinity chromatography (IMAC) material
and its apphcatlon in exosomal proteomics analysis'® ; c. the interaction mechanism of AMB with the phospholipid layer of exosomes

and array analysis %'/ .
R: a circular reservoir; FAM: 6-carboxy fluorescein; TET . tetrahedra.
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Table 1 Exosome isolation techniques based on microfluidics
Microfluidic Sample Isolated Time/ Recovery/
Advantages Limitations Samples P . . v Ref.
technology volume size/nm  min %
Exosome separation based on size
TFF high throughput, con- complex operation, cell culture super- 6 mL 0-350 200 77.80 [39]
tinuous preparation lengthy duration natant, plasma
ExoTIC high recovery rate, easy low processing volume  cell culture super- 10 mL  30-100 125 90 [40]
to operate, short time natant, urine,
consuming plasma
EXODUS high recovery rate, easy low processing volume, cell culture super- 10 mL 30-200 10 100 [41]
to operate, short time complex equipment natant, urine,
consuming tears, plasma
Electrophoresis- easy to operate, short  low processing volume  plasma I mL  10-400 30 65 [42]
driven filtration  time consuming
Nano-DLD pillar minimal damage low processing volume, urine 10 pL 20-110 50000 NA [43]
arrays complex operation,
lengthy duration
Viscoelastic fluid high recovery complex operation, cell culture 1 mL  30-500 50 86 [44]
separation lengthy duration supernatant
Inertial microflu- minimal damage low processing volume, cell culture 1 mL 0-400 100 70.60 [45]
idics complex operation, supernatant
lengthy duration
Acoustofluidic minimal damage complex operation saliva NA 30-150 20 75 [46]
technology
Acoustofluidic high recovery rate, low processing volume, plasma 80 nL  30-150 <1 >80 [47]
centrifuge short time consuming complex operation,
lengthy duration
Coffee ring minimal damage cannot be collected cell culture NA 100-200 NA NA [48]
effect supernatant
AF4 minimal damage complex operation, cell culture NA 35-150 50 NA [49]
lengthy duration supernatant
Exosome separation based on surface charge
Plate gel electro- high recovery rate, difficulty in recycling, urine 20 pL.  10-250 120 100 [53]
phoresis minimal damage, low processing volume,
easy to operate lengthy duration
Capillary electro- minimal damage low processing volume, plasma 10 pL.  100-200 26 75 [54]
phoresis complex operation,
lengthy duration
Free field electro- high recovery rate, low processing volume, pure exosome I mL 35-150 100 84.2 [55]
phoresis minimal damage complex operation, solution
lengthy duration
Dielectrophoresis short time consuming low processing volume, plasma, saliva 200 pL  80-200 20 NA [36]
complex operation
Exosome separation based on immunoaffinity
Integrated lab-on- high recovery rate, complex operation, cell culture 10 mL  0-150 2000 90 [58]
a-chip platform  high specificity lengthy duration supernatant
Wedge high mag- high recovery rate, complex operation, long cell culture 50 L. 0-400 10 NA [59]
netic field gradi- high specificity time consuming, low supernatant
ent mediates chip processing volume
IMAC nanosized high recovery rate, low processing volume  cell culture super- 1 mL  50-500 5 90 [60]
magnetic high specificity natant, plasma
Supramolecular  high recovery rate, low processing volume  saliva, urine, 10 pL 30-140 40 71 [61]

exosome array

high specificity

plasma

TFF. tangential flow filtration; NA.

not available.
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Table 2 Microfluidics for exosome analysis

Microfluidics Principles Advantages Limitations Analysis objects Ref.
Electrochemical detection
MOF-functionalized a MOF-based sensing interface for high selectivity easy to be surface marker, [74]
sensing exosome capture and an enzyme- disturbed nucleic acid
based logical gate for signal trans- molecule
duction and data processing
Nanopipette-assisted the amperometric device measures high sensitivity complex metabolites [75]
method the electrochemical redox peaks operation
generated during the release of
DA from a single exosome
Magnetic deflection detection
Magnetically driven magnetic fields deflect magnetic high sensitivity, complex surface marker [76]
nanomechanical sensors materials that bind exosomes high selectivity operation
Colorimetric detection
Colorimetric aptasensor exosomes interact with colorimetric high sensitivity, easy to be surface marker, [77]
reagents, resulting in color changes high selectivity disturbed nucleic acid mole-
in the solution cule, metabolites
DNAzyme-RCA-based exosomes interact with colorimetric high selectivity, complex surface marker, [78]
colorimetric and lateral reagents, resulting in color changes portable operation nucleic acid mole-

flow dipstick assays in the solution
Optical detection
Exosome isolation and
detection system
Microfluidic surface-
enhanced Raman
scattering sensor

fluorescent probe to label exosomes

rolling circle amplification and
tyramine signal amplification
Nanoplasmonic pillars local surface plasmon resonance
is realized by a gold nanosensor
matched to the size of a single
exosome

Frequency-locked
microtoroid optical
resonators

changes in the resonant frequency
of the microtoroid

cule, metabolites

immune capture single object surface marker [79]

high sensitivity complex nucleic acid [80]
operation molecule

individually imaged easy to be surface marker [81]

in real time, high disturbed,

sensitivity complex
operation

high sensitivity high requirements size, mass, [82]
on samples polarizability

MOF'; metal-organic framework; DA . dopamine; RCA rolling circle amplification.
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Fig. 6 Microfluidics for exosome analysis

a. schematic of the preparation of ZIF-8 modified gold electrode (ZIF-8/AuE) and the capture and analysis of exosomes! ™! ; b. sche-

matic of magnetic force detection for exosomes! " ; c. schematic diagram for DNAzyme-RCA-based colorimetric and lateral flow dip-

stick assays for the point-of-care testing of exosomal m5C-miRNA-21'7); d. diagram of surface enhanced Raman spectroscopy for exo-

some analysis'*’.

DNA SAM. DNA self-assembled monolayer; AND . Logic AND gate; TSA. tyramine signal amplification; SERS. surface-enhanced Ra-

man scatting.
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Fig. 7 Disease diagnosis and clinical application of exosomes

a. schematic for detection of urinary exosomal miRNA using hierarchical 3D SERS structure!®’)

; b. schematics of detection of PDAC

exosomes using GFETs with portable electronics and real-time detection results'*®’ ; c. iTEARS for disease detection based on a tear-

drop!®’.

PC. prostate cancer; TCPP. tetrakis ( 4-carboxyphenyl ) porphyrin; GPC-1. glypican-1; PDAC: pancreatic ductal adenocarcinoma;
GFETs: graphene field effect transistors; sEVs: small extracellular vesicles; NPO: negative-pressure-oscillation.
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