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Abstract

Exosomes are a class of cell-secreted, nano-sized extracellular vesicles with a bilayer membrane 

structure of 30–150 nm in diameter. Their discovery and application have brought breakthroughs 

in numerous areas, such as liquid biopsies, cancer biology, drug delivery, immunotherapy, tissue 

repair, and cardiovascular diseases. Isolation of exosomes is the first step in exosome-related 

research and its applications. Standard benchtop exosome separation and sensing techniques are 

tedious and challenging, as they require large sample volumes, multi-step operations that are 

complex and time-consuming, requiring cumbersome and expensive instruments. In contrast, 

microfluidic platforms have the potential to overcome some of these limitations, owing to their 

high-precision processing, ability to handle liquids at a microscale, and integrability with various 
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functional units, such as mixers, actuators, reactors, separators, and sensors. These platforms can 

optimize the detection process on a single device, representing a robust and versatile technique for 

exosome separation and sensing to attain high purity and high recovery rates with a short 

processing time. Herein, we overview microfluidic strategies for exosome isolation based on their 

hydrodynamic properties, size filtration, acoustic fields, immunoaffinity, and dielectrophoretic 

properties. We focus especially on advances in label-free isolation of exosomes with active 

biological properties and intact morphological structures. Further, we introduce microfluidic 

techniques for the detection of exosomal proteins and RNAs with high sensitivity, high specificity, 

and low detection limits. We summarize the biomedical applications of exosome-mediated 

therapeutic delivery targeting cancer cells. To highlight the advantages of microfluidic platforms, 

conventional techniques are included for comparison. Future challenges and prospects of 

microfluidics towards exosome isolation applications are also discussed. Although the use of 

exosomes in clinical applications still faces biological, technical, regulatory, and market 

challenges, in the foreseeable future, recent developments in microfluidic technologies are 

expected to pave the way for tailoring exosome-related applications in precision medicine.

Graphical abstract
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1. Introduction

Exosomes are endogenous, nano-sized extracellular vesicles (EVs) composed of proteins, 

cholesterol, and phospholipids. Significant interest in exosomes stems from their unique 
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biological functions as intercellular messengers and their clinical potential in disease 

diagnostics, while their potential as natural drug delivery carriers for cancer treatment is 

gaining increasing recognition [1–3]. Exosomes are the most investigated and characterized 

subtype of EVs, which have three main subpopulations based on differences in biogenesis 

mechanisms and size: exosomes, apoptotic bodies and microvesicles (MVs) [4]. Apoptotic 

bodies are vesicles with diameters ranging from 1 μm to 5 μm, formed by cells to expel toxic 

components from apoptotic cells during apoptosis or mechanical stress [5]. MVs are 

membranous vesicles (0.1–1 μm in diameter), which are released from the cytoplasmic 

membrane. Exosomes were reported in the early 1980s, and their diameters range from 30 

nm to 150 nm [6]. Initially, they were only considered to be merely the waste disposed of by 

cells. Many studies have now shown that exosomes have essential biological functions and 

significance. They contain a variety of cargo, including nucleic acids [24, 63] and functional 

and structural proteins [7, 8], of which tetraspanins are currently the largest family of 

proteins, including CD9 and CD63 [9]. Exosomes are generated by the efflux of the 

multivesicular body (MVB) in the process of endocytosis (Figure 1A) [10, 11]. They exist 

widely in a variety of bodily fluids, including blood, saliva, cerebrospinal fluid, semen, 

breast milk, and urine (Figure 1B) [12, 13].

Exosomes are released by most types of living cells in both normal and pathological 

conditions and carry their secreted active biomolecules, including nucleic acids and proteins. 

They can reflect the physiological states of the parental cells and their local 

microenvironment and regulate intercellular communication in multicellular biological 

systems [14, 15]. Exosomes can also transfer their cargo, such as messenger RNAs, 

microRNAs, long noncoding RNAs (lncRNAs), and proteins, to recipient cells directly as 

functional biomolecules to alter the function and phenotype of the recipient cells [16–19]. 

Importantly, exosomes have been explored as novel biomarkers for early disease diagnosis 

(Figure 1C) [20, 21]. They also play functional roles in an extensive range of applications, 

including regulating disease processes, such as in cancer [22], liver diseases [21], 

neurodegeneration [23], and cardiopulmonary disorders [24, 25]. More recently, by virtue of 

their non-immunogenic characteristics due to their composition being similar to cells in the 

body and their stable lipid bilayer membrane structure, they can also be utilized as natural 

drug delivery carriers [20, 26–28]. Exosomes can stably maintain the encapsulated drug, 

especially nucleic acid or protein drugs, and improve the solubility of hydrophobic drugs 

(Figure 1D).

2. Challenges Associated with Exosomes

The structures and functions of exosomes are complex and variable, and the biogenesis and 

functional characteristics of exosomes are influenced by many factors, such as cell type, 

confluency or density of cells, cell culture conditions, and stimulation of cells with 

exogenous compounds [29]. Different cell types may give different exosome yields, and 

immature dendritic cells, for instance, can only secrete a limited number of exosomes, while 

mesenchymal stem cells may secrete much larger quantities of exosomes [151].

As exosomes are lipid vesicles released by various cell types, they vary in size and 

composition [30]. Different sizes and components enable exosomes to serve diverse 
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biological functions. However, cell debris and the complex composition of biological fluids 

can affect the analysis of exosomal functions. The presence of impurities and other EV 

subtypes can also interfere with the molecular profiling of exosomes, including the quality 

of protein and nucleic acid yields, as well as downstream proteomic and transcriptomic 

analyses.

For EV diagnostic analysis and drug delivery applications, isolation and detection 

techniques should give a high yield of exosomes of high purity and specificity. These 

techniques should ensure that the composition, biological activity, and structure of exosomes 

are preserved intact, as their biological cargo can offer prognostic information for various 

diseases. Additionally, the integrity and stability of the exosomal membrane are of utmost 

importance for drug delivery. Intact exosomes can be loaded with drugs and can facilitate 

uptake by recipient cells. The integrity of the membrane structure can also help ensure 

exosome preservation from degradation or clearance by the immune system and avoid their 

uptake by the mononuclear phagocytic system.

Current conventional exosome isolation techniques, such as differential ultracentrifugation 

(the most commonly used method for the purification of exosomes), are time-consuming and 

require large volumes of sample, rigorous isolation steps, and expensive instruments, but 

they result in relatively low exosome recovery and purity. Techniques based on microfluidics 

have advantages of precise processing of fluids, tracing of valuable samples at the 

microscale level, and greater speed of detection of analytes in a sample by accelerated 

reactions via the large surface-to-volume ratio in microchannels. Optimized and integrated 

microfluidic platforms are expected to further improve exosome separation and detection 

performance. In the following section, we present an overview and comparison of existing 

and emerging microfluidic approaches for exosome detection and isolation.

3. Conventional Separation Techniques for Exosomes

There are several approaches for isolating exosomes from cell culture media and complex 

bodily fluids and mainly consist of differential centrifugation and bead-based, filtration-

based, and precipitation-based isolation technologies. A comparison of these various 

conventional exosome separation methods is presented in Table 1.

3.1. Differential Ultracentrifugation-Based Exosome Isolation

Differential ultracentrifugation (UC) is commonly used to isolate exosomes [31, 32]. After 

removing cells and their debris by low-speed centrifugation (300×g, 2000×g, and 10,000×g), 

vesicles such as exosomes are precipitated and purified from the soluble molecules, such as 

free proteins and protein complexes, by another centrifugation (100,000×g) for at least 70 

mins or longer [33]. Exosomes are subsequently washed at least once with PBS or serum-

free growth medium to remove free residual proteins. Ultracentrifugation is also typically 

used in combination with a sucrose density gradient (a continuous distribution of density 

from low to high) or a sucrose cushion (typically 30% sucrose cushion) to purify exosomes 

in the sucrose density range of 1.13–19.19 g/mL [34]. Also, all centrifugation steps must be 

performed at 4 °C to keep proteases, DNases, and RNases in an inactive state during the 

long centrifugation. This method is widely used for isolating EVs from various biological 
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samples. However, the process of ultracentrifugation is time-consuming, with multiple 

manual, labor-intensive steps and requires expensive equipment. The isolation efficiency 

varies from sample to sample and operator to operator and also depends on rotor type, 

acceleration, and sample viscosity. Moreover, the repeated centrifugation steps can damage 

exosome structure and reduce their quality. Further, soluble proteins in the sample can also 

aggregate and clump together with exosomes, causing contamination and adversely affecting 

purity. As an additional challenge that comes with the centrifugal forces during UC, this 

method cannot distinguish among exosome subpopulations or other particles with similar 

density and size, such as protein aggregates, lipids, and miscellaneous nucleic acid 

complexes, resulting in an impure product.

3.2. Size-Based Exosome Isolation

Exosomes can be separated by their size [35], and there are various size-based exosome 

isolation methods, including ultrafiltration [36], sequential filtration [37], size-exclusion 

chromatography [38], fractionation [39], hydrostatic filtration dialysis [40], and 

commercially available isolation products such as the ExoMir kit (Bioo Scientific; Austin, 

TX, USA). Ultrafiltration is the selective separation of samples through using ultrafiltration 

membranes, which have various molecular weight cut-offs (MWCO). The smaller insolvent 

components, based on molecular size, can transit through the membrane [41]. However, 

components of larger molecular size are retained because they are bigger than the size of 

nanopores in the membrane. Therefore, this is a simple and efficient method of separating 

exosomes without affecting their biological functions or cargo. This has also been reported 

as one of the best methods for studying exosomal RNA as it produces a higher RNA yield 

than other conventional methods. On the other hand, it can isolate other nanovesicles of a 

similar size to exosomes, such as viruses, and cause erroneous detection results. Size-

exclusion chromatography is another robust approach that can perform exosome separation, 

which relies on the size of exclusion pores of a resin-packed column [42]. Molecules smaller 

than the pores diffuse into the column pores, while larger molecules are blocked out of the 

pores and then eluted from the column. While size-exclusion chromatography can achieve 

isolation of exosomes with high yield and purity, it is not suitable for processing large 

volumes of samples.

3.3. Bead-Based Exosome Isolation

Many receptors and proteins are found on the exosomal membrane. This characteristic is 

beneficial for the development of targeted techniques for exosome isolation by leveraging 

the immunoaffinity interactions between exosome surface proteins and their cognate 

antibodies. Among them, tetraspanin CD63 is a common exosome surface marker that is 

used to functionalize beads to specifically isolate exosomes [43]. The bead-based approach 

is easy to apply and compatible with a variety of downstream applications, including 

electron microscopy, flow cytometry, immunoblotting, and qRT-PCR. However, bead-based 

methods require multiple steps of centrifugation, which can be time-consuming. Moreover, 

the heterogeneity of expression of exosomal surface markers limits the reliability and purity 

of isolated exosomes [44]. Although the use of nano-sized magnetic beads [45] can help to 

isolate specific subpopulations of exosomes by targeting their surface markers, it is not 

optimal for separating exosomes from large volumes of samples.
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3.4. Polymer-Based Exosome Isolation

Waterproof polymers such as PEG (polyethylene glycol) can facilitate hydrophobic protein 

and lipid molecule precipitation. They can reduce exosomal solubility to achieve exosome 

separation through combing their use with low-speed centrifugation or filtration. 

Precipitation using these polymers has multiple advantages, including ease of use and under 

neutral pH conditions without potentially affecting biological activity [35, 46].

ExoQuickTM (System Biosciences, Mountain View, CA, USA) is among the commercially 

available, polymer-based exosome isolation kits [47] and results in a high yield of exosomes 

when combined with ultracentrifugation. However, contamination by materials that are not 

exosomal (including polymeric materials, proteins, and protein aggregates) remains an issue 

in polymer-based exosome separation methods. Also, the presence of polymeric materials 

can interfere with downstream analysis. For example, several contaminants such as 

immunoglobulin, albumin, and residue polymer molecules have been detected after 

analyzing the polymer precipitation using mass spectrometry [48].

4. Advancement of Microfluidic-Based Exosome Isolation

Exosome isolation is a fundamental first step for their application in various biomedical 

disciplines. In microfluidics, micro- and nano-fabricated channels and structures are used for 

manipulating small volumes of fluids, and this method offers unique advantages of minimal 

consumption of reagents and biological samples and efficient isolation of high purity 

exosomes with accelerated separation and detection speed. Currently, microfluidic-based 

separation techniques can be placed in two categories: (i) immunoaffinity-based isolation 

utilizing specific biological markers such as antibodies, (ii) combining microfluidics with 

acoustic waves and dielectric electrophoresis, to achieve label-free separation of exosomes 

on the basis of their electrical and physical properties (Table 2).

4.1. Microfluidic-Based Separation of Exosomes by Immunoaffinity

Exosome isolation using immobilized antibodies on microfluidic surfaces is a strategy to 

pre-enrich exosomes from cell cultures or blood samples [49–53]. Kanwar et al. designed a 

device called ExoChip to specifically isolate CD63-specific exosomes from serum in an hour 

[54]. This platform is composed of narrow channels interconnected with circular capture 

chambers to increase the retention time of exosomes in the channels to increase surface 

interaction time of exosomes. The surface of the chip is functionalized with antibodies 

against CD63, a representative exosomal marker protein as discussed above. This method 

facilitates simultaneous separation, quantification, and characterization of exosomes directly 

from blood serum. However, isolation throughput is only 4 μL/min. Further improvements in 

surface topography and chemistry of the microfluidic channels can enhance the separation 

sensitivity by increasing the surface area on which the interaction between microfluidic 

channels and exosomes occurs.

For example, a nano-IMEX device composed of Y-shaped micropillar arrays has been 

demonstrated to isolate exosomes. Micropillars were functionalized using graphene oxide 

and by further coating polydopamine on these micropillar surface interfaces to enlarge the 
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capture surface and to improve mixing of the sample in the device (Figure 2A) [50]. This 

platform can separate exosomes from 2 μL plasma with a sensitivity of 50 μL−1 (80 aM). To 

further increase the separation efficiency and shorten the time of isolation, a three-

dimensional microfluidic chip that is composed of multi-walled carbon nanotubes 

(MWCNTs) and functionalized arrays of polydimethylsiloxane (PDMS) pillars has been 

reported (Figure 2B) [52]. Through the use of anti-CD63 antibodies on MWCNTs surfaces 

to immobilize exosomes and optimizing the geometry of the chip for isolating exosomes, 

effective separation of exosomes can be achieved from a small quantity (400 μL) of cell 

culture medium at a flow rate of one milliliter per hour.

Dudani et al. demonstrated a microfluidic chip for exosome analysis where the exosomes 

were immunocaptured by beads (Figure 2C) [55]. Polystyrene beads were functionalized 

with anti-CD63 antibodies to isolate exosomes, and the exosome-bead complex was injected 

into the optimized microfluidic device that can achieve rapid exosome purification through 

inertial force-induced solution exchange. Although the bead-based method does not have a 

limit on sample volume, achieving the efficient release of captured exosomes from the 

antibody-functionalized beads requires dissociation of the strong interaction between the 

antibody and the antigen. This is generally accomplished by trypsinization to break the 

cross-links between proteins, which compromises the structure of the exosome by damaging 

its surface membrane proteins. Cleavable link-based antibody immobilization approaches, 

such as chemical modification of dithiobis (sulfosuccinimidylpropionate) between the 

antibody and the capture area, allow exosome release for downstream studies and functional 

applications [56].

In addition to modifying the chip surfaces or beads with CD63 to capture specific exosomes, 

alternative methods to target specific exosomal lipids were also investigated recently. Kang 

et al. presented an annexin V immobilized microfluidic device integrated with alternating 3D 

ripple-like structures to enhance the contraction of the surface between exosomes and 

phosphatidylserine-targeting molecules (Figure 2D) [57]. The device achieved high (90%) 

separation efficiency for cancer cell-derived exosomes isolated in spiked experiments, 

compared to 38% separation efficiency for normal cell-derived exosomes. Further, the 

immune-captured exosomes were quickly released by chelation of Ca2+ at a flow rate of 

1mL/h for downstream analysis. Although immunoaffinity-based microfluidic platforms 

allow specific isolation of exosomes at high purity, only those exosomes that contain specific 

protein markers or targeted phosphatidylserine expression on their surfaces can be separated 

by this method. The process to separate exosomes by flow from surfaces further dilutes the 

exosome concentration. Moreover, the hydrophobic surface of the PDMS surface can also 

cause the non-specific adsorption of proteins and exosomes, which might reduce isolation 

performance. The rapid depletion of reagents owing to the high surface-to-volume ratio of 

microfluidic platforms should also be taken into account for microchannel surface chemistry.

To overcome the limitations of affinity-based isolation methods, increasing research effort is 

now focused on label-free separation approaches on microfluidic devices without the use of 

an antibody or biological markers. These methods are based on physical and mechanical 

properties, size, electrical characteristics, and deformability of exosomes. Label-free 

microfluidic strategies for exosome separation show promise for isolating exosomes without 
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compromising the morphological structure and biological composition or activity of the 

exosomes. In the following sections, we highlight several exciting and representative label-

free microfluidic devices for exosome separation and their promising biomedical and 

clinical applications.

4.2. Microfluidic Devices for Label-free Separation of Exosomes

4.2.1. Microfluidic-Based Separation of Exosomes by Filtration—Similar to the 

traditional ultrafiltration approach, the filtration method of exosome separation based on 

microfluidics also involves the use of nanomembranes or nanowires [58–61]. The 

nanoporous membrane or nanowires permits particles that are smaller than the nanopores or 

the spacing in nanowires to be filtered while keeping other particles out [62]. Wang et al. 
applied a novel structure of porous silicon nanowires to isolate exosomes (Figure 3A) [63]. 

The fabricated microfluidic equipment captured exosomes between 40 and 100 nm in 

diameter while filtering out other extracellular vesicles, proteins, and cell debris. With a 

sample volume of 30 μL, the retention rate of 83 nm lipid vesicles was sixty percent, while 

that of larger vesicles of 500 nm diameter was only ten percent. The captured exosomes 

could be recovered after the porous silicon nanowires were dissolved in PBS buffer. 

However, when samples of larger volumes were used, the recovery rate declined due to the 

saturation effect on the surfaces. Using a similar strategy, a three-dimensional PDMS 

anchored with ZnO nanowires was designed to achieve exosome capture in the device 

(Figure 3B) [64]. It could collect exosomes with a diameter of ~ 30–200 nm from 1mL 

urine, providing a robust tool to improve the early diagnosis of urine-related diseases.

For label-free separation of exosomes, Liu et al. proposed an Exosome Total Isolation Chip 

(abbreviated as ExoTIC) to isolate exosomes on the basis of their size differences [60]. This 

chip is simple, modularized, and can easily handle various types of samples, including cell 

culture media, saliva, serum, urine, and plasma. The platform is macrofluidic in scale and 

sealed with plastic gaskets and metal screws to ensure leak-free connections and permit high 

throughput processing of the sample at 5 mL/h. This device can isolate exosomes from 

finger prick volumes of blood (10–100 μL) with yields that are around 4- to1000-fold higher 

than that of ultracentrifugation, making the ExoTIC ideal for point-of-care exosome-based 

clinical testing (Figure 3C) [65]. Another double-filtration microfluidic system for isolating 

exosomes of a certain size from urine samples was developed by Liang et al. [62]. They used 

a 200 nm nanopore membrane for preserving larger impurities and vesicles and removing 

soluble proteins utilizing another membrane with 30 nm pores (Figure 3D).

Physically capturing exosomes using nanowires and nanopores appears to be a prospective 

label-free method, especially owing to its relatively higher isolation efficiency and faster 

processing than ultracentrifugation and the ability to retain the native state of exosomes. 

However, further off-chip downstream analysis is necessary because exosomes can easily be 

separated together with microvesicles having similar membrane surface and size features. 

Moreover, exosome aggregates may block the nanopores of the filter, affecting membrane 

life and reducing the efficiency of exosome separation. Increasing the active filtering area 

will address some of these challenges to optimize the device operation with various samples 

and exosome concentrations.
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4.2.2. Microfluidic-Based Separation of Exosomes by Hydrodynamic 
Properties—Continuous-flow sorting depends on the physical constraints of a microfluidic 

platform to enable exosomes to follow the streamline to flow continuously through the 

channels. The hydrodynamic constraints can be produced by arrays of nano-pillars or 

mechanical characteristics in the device [66]. Centrifugal effects result from dean flow in 

curved microchannels and will influence the position of suspended particles with 

surroundingforces [67, 68]. Currently, there are mainly two major microfluidic techniques 

that utilize hydrodynamic properties to separate exosomes: viscoelastic-flow sorting and 

deterministic lateral displacement (DLD) [69].

Deterministic lateral displacement is a technology that utilizes the specific arrays of 

nanopillars within a microfluidic channel to generate an asymmetric laminar fluid 

bifurcation. Particle flows through the DLD array are affected by both the laminar flow 

forces and the effect of nanopillar obstacles. When the particle is positioned at the gap of 

nanopillars, particles with a radius smaller than the first width of the streamline will follow a 

zigzag path with laminar flow, while particles that are larger than the first width of the 

streamline will be displaced laterally across the array of nanopillars. Therefore, the first 

streamline width is a critical diameter (Dc), and the Dc can be geometrically determined by 

placing an array of nanopillars in microchannels by photolithography. The DLD technique 

can precisely and continuously control trajectory and separate particles larger than the 

critical diameter (Dc) from particles smaller than Dc with high resolution [70].

Utilizing the DLD technique, Wunsch et al. designed an exosome separation method based 

on lateral displacement to isolate exosomes from urine, as shown in Figure 4A [70]. By 

optimizing the parameters of the array of nano-pillars, exosomes (diameter <100 nm) can be 

separated with a resolution as low as 10 nm. This label-free exosome separation approach is 

non-destructive and provides an ideal and novel way to separate and quantitatively analyze 

exosomes in trace samples (0.72 μL) [71, 72]. However, the flow rate of this device with a 

single array is very low (0.1–0.2 nL/min) owing to its high hydrodynamic resistance [73]. To 

increase the flowrate, Smith et al. reported an integrated platform with over 1000 nano-DLD 

parallel arrays and achieved higher throughputs (15 μL/min), applying technology more 

appropriate to the targeted exosome separation capacity (Figure 4B) [74]. It can isolate 

exosomes with a diameter of ~ 30–120 nm from urine and serum samples, and the recovery 

yield is ~ 50%. This strategy exploits the possibility for high-resolution analysis of 

exosomes within a selected size range. However, the versatility of the device in use with 

various bodily fluids needs further evaluation because its fabrication involves a complex 

photolithographic process.

For viscoelastic flow sorting, separation of different sizes of particles is achieved by utilizing 

different actions of elastic lift flow forces [75]. This technique has been used for label-free, 

non-sophisticated manipulation and separation of micro/nanoparticles such as microspheres 

[76–78], tumor cells [79–81], droplets [82], bacteria [83, 84], and blood cells [79]. Although 

the viscoelastic-based microfluidic separation method has many advantages, it cannot 

generate a sufficiently strong viscoelastic power on the nanoparticles.
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To overcome this limitation, Liu et al. proposed to use the polymer polyoxyethylene (PEO) 

as an additive to the medium to change the viscoelasticity of the fluid (Figure 4C) [85]. PEO 

can increase the microfluidic viscoelasticity and thereby increase the viscoelastic force 

acting on exosomes. EVs of larger size are guided to the channel center by a more 

significant viscoelastic force. In contrast, exosomes are moved to the sides of the 

microchannel by controlling the sheath flow rate of the inlet during the separation process. 

The smaller exosomes are subject to limited viscoelastic effects, and their displacement is 

small so that exosomes and larger EVs can move to different outlets. This device attained 

high purity of exosomes up to 90% and high recovery efficiency up to 80% when used with 

fetal bovine serum or cell culture media. Sun et al. reported a microfluidic co-flow platform 

with Newtonian sheath fluid and viscoelastic sample fluid to isolate exosomes based on size 

within 30 min. They analyzed the surface protein profiles (HER2 and EpCAM) of their 

isolated exosome subtypes [86]. This system provides a robust tool to determine the 

heterogeneity of exosomes at the single exosome level. The exosome separation efficiency 

of this device can reach 96%, and the recovery efficiency can reach 91%. For their high-

throughput and simplicity, viscoelastic microfluidics may offer a promising avenue for 

different types of exosome-related biomedical and clinical applications, where further 

verification with clinical samples are required. Moreover, the current viscoelastic 

microfluidic separation techniques require the use of a cleanroom and complicated 

fabrication processes. For example, high-resolution photolithography is needed to fabricate 

nanopillar arrays for DLD-based microfluidic platforms.

4.2.3. Microfluidic-Based Separation of Exosomes by Acoustic Fields—
Acoustic waves possess a high level of biocompatibility and can be controlled with precision 

[87]. Therefore, acoustic waves are a well-recognized means for size-based separation of 

particles [88]. Standing acoustic waves are generated using an interdigitated microelectrode 

that converts electrical signals into propagating mechanical stress that travels along the 

surface of the piezoelectric substrate material. The standing acoustic waves inside the 

microfluidic channel can generate a series of pressure nodes. The principle for acoustic-

based separation is that particles flowing through the channel will be encountering the 

pressure node. The force will guide the particles slightly off the center of the channel. The 

distance of the particle displacement depends on its properties, including compressibility 

differences and particle size. Therefore, particles of different sizes can be moved to different 

outlets to achieve particle separation [89–91]. Wu et al. presented a separation platform that 

integrated surface acoustic waves (SAW) with microfluidic elements to separate exosomes 

(~ 100 nm) from 500 μL whole blood samples without any contact and label (Figure 5A) 

[92]. It is composed of a module for cell-removal and a module for exosome-separation. In 

the first separation module, cell-sized particles are removed to enrich EVs. After this, EVs 

are flowed into the second acoustic isolation module and are further purified by removing 

the other nano-sized vesicles, including apoptotic bodies and microvesicles (MVs). This 

device that combines acoustics and microfluidics can, to a great extent, simplify the pre-

processing of a complex blood sample and achieve high efficiency (99%) with an isolation 

throughput of 10 μL/min in exosome separation in a biocompatible manner, as the sound 

waves used in the process are mild. Exosomes only need to be subjected to the sound waves 

for separation for several seconds. Since this method uses size and the characteristics of the 
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acoustic impedance of the objects for their separation, the other components in the plasma of 

size and acoustic impedance characteristics similar to those of the exosomes would 

inevitably interfere with the separation. Moreover, concentrating the exosomes in a small 

sample volume is difficult. The authors then used this platform to isolate exosomes (~ 22–

200 nm) from 100 μL of saliva with 11 μL/min isolation throughput (Figure 5B) [93].

Lee et al. presented a microfluidic platform using ultrasonic transducers as well as 

electronics to isolate and analyze exosome size, specifically in a contact-free and continuous 

manner (Figure 5C) [94]. Interdigital transducer (IDT) electrodes were uniformly patterned 

on the platform and used to produce surface acoustic waves across the direction of the flow. 

To acquire binary isolation for specific exosomes, a theoretical analysis model to adjust the 

cutoff size is further established. A higher force of radiation was exerted on particles larger 

than the size threshold, and these were redirected at the acoustic pressure modules, while the 

remaining smaller particles were enriched at the outlet. The exosome (diameter <200 nm) 

separation efficiency of this system is up to ∼90%, and the isolation throughput is around 

1.68 μL/min. It is expected that the system would be integrated with other techniques for the 

separation of a particular subpopulation of exosomes, as well as the design of various SAW-

fluid interaction geometries. However, complex fabrication processes are one of the 

limitations of this method, and the isolation throughput, especially for SAW-based 

microfluidic techniques, would need to be improved.

4.2.4. Microfluidic-Based Separation of Exosomes by Electrical Properties—
The application of AC voltage to the microelectrode placed in the solution can produce 

electro-hydraulic dynamic phenomena such as electroosmotic flow, dielectrophoresis, and 

electrothermal flow on the electrode’s surface [95–97]. This electro-hydraulic phenomenon 

on the electrode surface is widely used in microfluidic mixing [98–101], micro- and nano-

particle manipulation [102–104], and other applications [105–109], because the 

phenomenon can be flexibly controlled by altering the amplitude and the frequency of the 

AC voltage. AC electroosmosis is suitable for working with low-conductivity solutions 

because the electric double layer formed on the surface of the electrode has a small density 

if the solution has a relatively high conductivity. This weakens the effect of AC 

electroosmosis, and exosome isolation from cell culture and serum becomes difficult [110–

112]. Dielectric particles can be polarized in the non-uniform electric field and interact with 

this field to produce dielectrophoretic (DEP) force that causes the directional movement of 

polarized particles [113]. Since the DEP force is correlated with the dielectric properties and 

the size of the manipulated particles, a specific electrode structure needs to be designed to 

apply dielectrophoresis for the separation and purification of exosomes from blood. Heineck 

et al. observed that the planar electrode array model was not affected by electric heating flow 

under high conductance conditions. This suggested a direction for isolating exosomes from 

highly conductive biological fluids such as blood [114].

Ibsen et al. designed an AC motorized microarray chip (Figure 6A) [115] based on 

dielectrophoresis technology. It can separate and recover glioblastoma exosomes quickly 

from an undiluted blood sample. Exosome separation is achieved because the exosomes and 

other components in plasma have different dielectric properties so that they are subject to 

varying dielectrophoretic forces. Exosomes are attracted to the area around the edges of a 
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microelectrode where the electrophoretic field is robust, whereas cells and macromolecular 

proteins are pushed into the areas of weak dielectrophoretic field between the electrodes. 

The dielectrophoretic force separation gives a high yield of exosomes (50–150 nm) from 

undiluted human plasma samples (30–50 μL) with ~ 2–3.3 μL/min isolation throughput in a 

short time (within 15 min). However, a potential disadvantage of this method is that the 

structure of exosomes and the exosomal content may be affected because exosomes come in 

direct contact with the electrodes. One possible solution to this problem is to build a porous 

hydrogel layer on the electrode array so that the exosomes do not come in direct contact with 

the electrode.

Another example of an electrical property-based exosome isolation technique is by 

leveraging electro-kinetic filtration to allow electrophoretic sorting based on charge-mass 

ratios and different sizes of exosomes. This eliminates the need for any external pumps to 

move the fluid. Davies et al. reported a microfluidic nano-porous membrane filtration 

system driven by electrophoresis that can separate exosomes [58]. Negatively charged 

exosomes in this device can be driven through the membrane by electrophoretic force under 

the application of bias voltage across the membrane. It can prevent the clogging of the pores 

in the membrane because the continuous crossflow parallel to the filter membrane can wash 

away larger particles and improve the purity of the isolate. On the other hand, the 

electrophoretic force can push the positively charged proteins in the opposite direction. 

Unlike in conventional filtration methods, this device controls the size of nanopores in the 

membrane by altering the concentration of pore-forming solvent to prepolymer solution so 

that exosomes of the required size are separated and extracted. To further improve isolated 

exosome purity, DC electrophoresis was utilized to push particles through the membrane and 

achieve increasing separation efficiency of the vesicles from the free-floating proteins in 

solution. It can eliminate the interference of some soluble proteins and improve purity by 

using electrophoresis-driven filtration. Cho et al. integrated microfluidics with nanoporous 

membranes to isolate larger exosomes by electrophoretically migrating proteins of 

molecules sizes smaller than the exosomes through the membrane (Figure 6B) [59]. 

Compared to conventional ultracentrifugation, the recovery rate of this platform achieved 

65% on the basis of the quantities of RNA obtained (around 8X better than that achieved 

with ultracentrifugation), and the separation efficiency was up to 83.6% based on the 

quantities of protein removal. However, the major limitation of this approach is the 

formation of gas bubbles on the electrodes when the voltage of the electrical field is greater 

than 7 V per centimeter (the layer of bubbles narrows the distance between the electrodes, 

hindering the flow of the solution through the channel in this platform). Moreover, heavy 

benchtop instrumentation is required for the generation of electric fields, and possible 

heating of the solution is also a limitation of this electrical property-based exosome 

separation technology.

5. Integrated Microfluidic Platforms for Exosome Detection and Analysis

Liquid biopsy analysis of tumors provides an ideal diagnostic and prognostic tool for 

molecular cancer diagnosis and for choosing treatment options. This promises a shift in 

medical paradigms towards personalized medicine. For use in liquid biopsies of tumors, 

exosome detection shows promise of revolutionizing prediction and treatment applications. 
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It is a promising technique for diagnosing various other illnesses, including 

neurodegenerative diseases, cancer, infections, and autoimmune diseases [16–18]. Several 

recently reported technologies can be applied successfully to quantify the concentration as 

well as size distributions of exosomes, such as ELISA (Enzyme-linked immunosorbent 

assay), nanoparticle tracking analysis (NTA), and flow cytometry technologies [116–119]. 

However, when detecting highly heterogeneous exosomes in complex body fluids, it is hard 

to avoid “biological noise” (i.e., non-specific adsorption of biomolecules). Moreover, slow 

throughput, extensive and complex sample preparation, high cost of equipment, and 

operating cost are the disadvantages of these conventional approaches.

The growing field of microfluidics is transforming current conventional, quantitative 

methods of detecting exosomes and their molecular characterization into portable, integrated 

platforms because of their unique advantages of high throughput and sensitivity, use of small 

quantities of reagents and sample volumes, and low cost (Table 3) [35, 51, 120, 121].

5.1. Colorimetric-Based Exosome Detection

Microfluidic methods that simplify the equipment with the use of direct colorimetric 

detection of exosomes have been developed in recent years [50, 61, 62, 122–124]. ELISA-

on-chip can process immunological assays at high-throughput without the need for extensive 

training, electrical power, regular maintenance, and costly assays required for conventional 

ELISA diagnostic platforms, which makes them suitable for resource-limited or point-of-

care settings. Integrated ELISA with microfluidics for exosome detection from a bladder 

cancer sample is shown in Figure 7A [60]. After the separation with filter, a lab on chip 

(LOC) ELISA was performed, and the OD values of samples at 450 nm were tested. The 

LOC offered an effective device to automate the modification, sequential capture, and 

detection operations. It can detect exosomes from urine samples with 16.7 μL/min 

throughput.

Jiang et al. demonstrated a multiplexed sensor platform, which was generated through 

assembling gold nanoparticles with a panel of aptamers to target exosome surface proteins 

that are either putative or ubiquitous (Figure 7B) [125]. The complexation of aptamers can 

protect AuNPs so that they do not aggregate in the high salt solution. However, the presense 

of exosomes can break the weaker, non-specific binding balance between AuNPs and the 

aptamers, resulting in AuNPs aggregation and changing the solution color from red to blue. 

This process can be monitored through absorption spectroscopy. By combining this process 

with a microfluidic chip composed of gold pattern arrays, different proteins on various kinds 

of cancer cell-derived exosomes (6.4 μg/mL) can be visually and quantitatively detected 

[121, 126].

Ko et al. fabricated a portable optofluidic platform and combined it with a smartphone to 

detect and profile exosomes secreted from the brain. The quantitative data can be read with 

the camera of a smartphone within an hour, which is nearly 10 times faster than conventional 

exosome detection methods (Figure 7C) [127]. The limit of detection of this device is about 

107 exosomes/mL with a sensitivity of 73% and specificity of 71% for the detection of 

exosomes from mouse blood. Smartphone-based exosome biomarker readout optical 
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platforms enable exosome detection from serum samples without using expensive 

equipment, which is suitable for remote settings.

5.2. Magnetic Bead-Based Exosome Detection

Exosomes can be trapped and labeled with beads and analyzed on a microfluidic sensor at 

high sensitivity [4, 51, 117, 128, 129]. Zhao et al. presented a microfluidic platform via 

continuous-flow, i.e., ExoSearch chip [53]. ExoSearch chip provides enrichment of plasma 

exosomes for an in situ analysis of exosomes through immune-magnetic beads (Figure 8A). 

They used three tumor markers (CD 24, CA-125, and EpCAM) combined with an 

ExoSearch chip to diagnose ovarian cancer in a non-invasive manner. Its accuracy and 

diagnostic ability tested with the standard Bradford assay proved to be very high (p = 0.001, 

a.u.c. = 1.0). However, to elute exosomes from bound antibodies in a mild elution condition 

is extremely difficult on account of strong antibody-antigen interactions. Phosphatidylserine 

(PS) on exosomal membranes can be identified easily through the PS-binding receptor Tim 

4, which is seemingly necessary for exosomal germination from late endosomes. The 

capture of exosomes with Tim 4 immobilized magnetic beads is Ca2+-dependent, so 

exosomes can remain intact without their structure being easily destroyed by the use of a 

chelator for elution. Inspired by the newly found affinity method and considering the need 

for portability and sensitivity, Xu et al. proposed an ExoPCD chip. ExoPCD chip integrates 

the separation of exosomes in blood samples and their in situ electrochemical analysis [130]. 

The microchip consists of a series of Y-shaped micropillars and cascaded indium tin oxide 

(ITO) electrodes. PDMS micropillar arrays were designed in a repeating cross-mixed 

channel to achieve a better chance of entrapping the Tim 4 modified magnetic beads on the 

exosome membrane. It could detect exosomes from serum with a throughput of ~ 0.14 μL/

min, and the limit of detection can reach up to 4.39 × 106 exosomes/μL. Exosomes can be 

detected and captured sensitively by the novel strategy of enriching magnetic particles on the 

top layer of the ITO electrode for the transduction of signals. Xu et al. demonstrated an 

electrochemical biosensor without the need for immobilization. The platform consists of 

mimicking the DNAzyme sequence with a hairpin structure and CD63 aptamer (named as 

LGCD transform). The hairpin of DNA opens and forms a G-quadruplex with hemin when 

the target CD63-positive exosomes are present. This G-quadruplex / hemin can be utilized 

with the HRP-mimicking DNAzyme and NADH oxidase at the same time. NADH oxidation 

generates H2O2, which can be continuously catalyzed to produce significant signal 

enhancement. (Figure 8B) [130]. This differs from the reported approaches of using protein-

modified electrodes for detecting exosomes; these newly developed exosomal probes can be 

used in a microfluidic chip without the need for high-cost nucleic acid modifications, which 

also involve complex processes of immobilization and signal amplification. The current 

research shows that the ExoPCD chip effectively captures tumor-derived exosomes from a 

small 30 microliter sample. Liu et al. proposed an immunomagnetic droplet method to detect 

a single exosome to quantify the number of exosomes (Figure 8C) [22]. Exosomes were 

anchored to the magnetic micro-beads through a sandwich ELISA with a specific kind of 

enzymatic reporter with the capability of producing fluorescent signals. Next, the beads were 

separated and encapsulated with droplets. The volume of fluid formed into a droplet is just 

sufficient to encapsulate a single bead. Such a droplet-based digital ELISA method gives 

results of unprecedented accuracy in absolute measurement of cancer-specific exosomes. 
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The apparatus can detect ten enzyme-tagged complexes of exosomes in every microliter 

(∼10–17 M).

Microfluidics also can be leveraged for non-invasive diagnostics. Recently, a microfluidic 

platform called iMER for immuno-magnetic in situ exosome RNA analysis has been 

reported. Following the separation of exosomes using magnetic beads, a lysis buffer was 

injected to release exosomal RNA. The magnetic beads transported the lysed RNA into 

another chamber for reverse transcription and finished the analysis of the target mRNAs by 

using RT-qPCR after adding the reverse transcribed DNA. This platform is not only 

comprehensive but also sensitive since it can detect mRNA amounts of glioblastoma 

multiforme markers in tumor exosomes isolated from blood using the magnetic beads. The 

limit of detection is reported as ~ 1011 exosomes/μL, and the throughput is ~ 0.83 μL/min. 

The analysis result of iMER is consistent with the conventional system test result (R2 = 

0.986) (Figure 8D) [131]. This system combines into one microfluidic chip format the 

enrichment of exosomes by magnetic beads, lysis, the collection of RNA, and real-time 

PCR.

5.3. Surface Plasmon Resonance (SPR)-Based Exosome Detection

Surface Plasmon Resonance (SPR) is an optical-physical phenomenon. If polarized light 

enters the interface of two media with different refractive indices (such as silver and gold 

plating on a glass surface) at a critical angle, it can cause resonance of free electrons in the 

metal film, which dramatically reduces the reflected light at a specific angle [132–136]. The 

reflected light can completely disappear at a certain angle, and this angle is called the SPR 

angle. By monitoring the dynamic changes in the SPR angle during the biological response, 

specific signals for binding and interaction between biological molecules can be obtained 

(Figure 9A) [137].

In recent years, biomolecules (target molecules) have been coupled to a microfluidic surface, 

which is then injected with a solution containing another biomolecule (analyte) to flow over 

a functionalized surface [138–142]. By detecting the SPR angle change, the information 

about the analyte concentration, affinity of exosomes and functionalized surface, kinetic 

constant, and specificity can be obtained in real-time [143]. The combination of SPR and 

microfluidics has the advantages of high specificity, stability, reliability, and label-free 

detection.

Zhu et al. reported a microfluidic platform composed of exosome-specific antibody 

functionalized microarrays to capture exosomes from biological fluids. They utilized SPR 

imaging for label-free quantitative detection of exosomes and real-time monitoring of the 

exosome secretion (Figure 9B) [144]. The limit of detection can achieve up to ∼4.87 × 107 

exosomes/cm2 with a throughput of 300 μL/min. Im et al. proposed a nanoplasmonic 

microfluidic platform, which contains nanopores functionalized with specific antibodies to 

capture exosomes (Figure 9C) [145] and can simultaneously profile various exosomal 

proteins based on the transmitted SPR changes on periodic nanohole arrays. This SPR-based 

microfluidic device provides a solution to the problem of identifying exosomes from 

different samples at the same time. The limit of detection can achieve ∼ 3000 exosomes with 

a throughput of 10 μL/min. SPR technology has laid the foundation for developing a simple, 
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quick, highly sensitive, inexpensive, and highly specific tool to detect exosomes and profile 

them at a molecular level [146–151].

5.4. Electrochemical Property-Based Exosome Detection

Electrochemical assays have shown great promise for detecting trace amounts of 

biomolecules with high sensitivity and specificity in complex biological matrices by 

measuring changes in electrical signals of substances [152–157].

Recently, Jeong et al. designed a compact portable sensor that can identify exosomes in 

plasma within an hour and only needs a 10 μL sample (Figure 10A) [158]. It integrates a 

large magnet integrated with electrochemical analysis. A sensor captures exosomes from 

patient blood samples by an immunomagnetic bead-based sorting. Then, exosomes are 

detected through signal amplification with redox-active reporters and quantified by 

measuring the electrical currents at high-throughput. The limit of detection can achieve up to 

<105 exosomes with a throughput of ~ 0.16 μL/min.

Zhou et al. designed an electrochemical biosensor that is aptamer-based to detect exosomes 

quantitatively (Figure 10B) [159]. Aptamers, as short ssDNA or RNA molecules, can bind to 

specific targets [160–163]. Exosomal transmembrane protein-specific nucleic acid aptamers 

and antibodies are often used as detection probes for exosomes, but for clinical practice, 

exosomes are still quite challenging to detect. The majority of detection probes that 

researchers use at present are CD63-specific aptamers or anti-CD63 antibodies [164–168]. 

Through immobilizing CD63-specific aptamers on gold electrode surfaces and integrating 

the functionalized electrodes with a microfluidic device, exosomes can be detected from cell 

culture media. The limit of detection can achieve ~ 1012 exosomes/μL with a throughput of 

~ 10–400 μL/min.

Electrochemical assays have a wide range of advantages in the exosome detection field 

because of their small sample volume needed, low cost, and simplicity of these sensors. 

Electrochemical sensing can be combined with aptamers to detect exosomes using various 

signal generation and amplification strategies, such as DNA nano-tetrahedrons, metal 

nanoparticles, and nucleic acid-based amplification analysis. In some cases, the 

amplification analysis of nucleic acid needs higher temperatures and the heat can influence 

the activity of the exosomal content. Huang et al. reported a label-free electrochemical 

aptamer sensor that combines the hemin/G-quadruplex system with rolling circle 

amplification (RCA) to analyze exosomes of gastric cancer selectively and sensitively 

(Figure 10C) [169]. Researchers designed gastric cancer exosome-specific aptamers, and 

chemically functionalized them on the gold electrodes. Captured exosomes from gastric 

cancer samples produce a large number of G-quadruplexes through RCA. This product of 

the RCA reaction is then incubated with hemin to generate a hemin/G-quadruplex structure 

and eventually catalyzes H2O2 to create an electrochemical signal. Such an aptamer sensor is 

highly sensitive and selective for exosomes in gastric cancer. It can detect as few as 9.54 × 

102 exosomes per milliliter, with a linear response range of 4.8 × 103 − 4.8 × 106 exosomes 

per milliliter, showing great potential to be leveraged as an effective device to diagnose 

gastric cancer at an early stage.
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Dong et al. used a similar strategy to detect tumor-specific exosomes (Figure 10D) [170]. 

This strategy is on the basis of the release of multi-DNA and cyclic enzymatic amplification 

induced by aptamer recognition. First, nucleic acid aptamer magnetic bead biomolecules 

were utilized to capture exosomes, which resulted in messenger DNA release. The released 

messenger DNAs were hybridized with the probe DNAs after magnetic separation. The 

electroactive ruthenium(iii) hexamine (Ru(NH3)6 3+) was utilized as a signal reporter for its 

ability to attract DNA electrostatically. The concentration of Ru(NH3)6
3+ can modify the 

electrochemical signal relative to the level of messenger DNAs. The level of the released 

messenger DNAs is correlated with exosome concentration. Therefore, exosomes of the 

tumor are detected through the analysis of variations in the Ru(NH3)6
3+ peak current. The 

limit of detection can achieve down to 70 exosomes per milliliter.

5.5. Thermophoretic-based Exosome Detection

Thermophoresis is a phenomenon about the drift of suspended particles along an applied 

thermal gradient [171]. It occurs because the momentum transferred to the particles is 

different between gas molecules with high thermal velocity and gas molecules with low 

thermal velocity. The thermophoresis of particles is sensitive to the size of particles and the 

surface interactions with the surrounding medium [172]. Recent studies have demonstrated 

that thermophoretic effects can be utilized to manipulate and analyze particles, vesicles, and 

molecules in aqueous solutions [173]. Sun et al. presented a thermophoretic sensor 

combined with gold nanoflares to achieve exosome enrichment to amplify the fluorescence 

signal and realize in situ detection of exosomal miRNA [174]. It allows for direct 

quantification of exosomal miRNAs without additional RNA extraction, and the detection 

limit of exosomal miRNAs was 0.36 fM in 0.5 μL serum samples. Exosomal miRNA-375 

was chosen as a well-recognized breast cancer biomarker, as their detection target. The 

result showed this approach could detect early stages of breast cancer (stage I and stage II) 

with 83% specificity and 88% sensitivity. The thermophoresis can also be leveraged to 

profile exosome surface proteins from 0.1 μL volume of clinical serum sample [175]. 

Aptamer-conjugated exosomes were rapidly accumulated (1400-fold) under thermophoretic 

force within 10 min. The enrichment of exosomes can also further lead to fluorescence 

signal amplification. The concentration of the target surface protein of exosomes can be 

detected via measuring the intensity of the fluorescent signal without any pre-isolation 

exosome steps. The overall detection can be finished within 3 hours, and the cost is reported 

as less than a dollar, offering promising potential for point of care testing.

6. Exosome-based Therapeutic Delivery for Cancer Therapy

Exosome-based therapies include immunotherapy and tissue regeneration, but drug delivery 

is one of the most promising and investigated exosome-based applications [176]. With the 

development of modern medicine, more and more nanomaterials are being developed for use 

as drug delivery carriers to improve the stability of the encapsulated chemical or molecular 

drug, targeting ability, and therapeutic efficacy [177–179]. Exosomes, as natural 

nanocarriers released by cells, have favorable stability because of their phospholipid bilayer 

structure and satisfactory biocompatibility [180]. By their homing characteristics, exosomes 

can traverse long distance to deliver the encapsulated cargo to specific targets. Moreover, 
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their enormous value derives from their other advantages that are difficult to create in 

synthetic nanomaterials, including their extensive distribution [181, 182], easy availability 

[183, 184], ability to participate in cellular communication [29, 185], cross-barrier 

transportability (plasma membrane and the blood/brain barrier) [186–189], and the inability 

of the reticuloendothelial system to clear them out (Figure 11) [190, 191].

Next, we will outline application of exosomes as drug delivery carriers for tumor treatment. 

So far, the drugs that are loaded into exosomes mainly include genes (mRNA, siRNA, 

miRNA) [189, 192–194], chemotherapy agents (e.g., doxorubicin, paclitaxel) [180, 184, 

190, 195, 196], anti-inflammatory medications, antigens, proteins that can enhance 

immunity, and other types of drugs [197–200]. The current techniques for loading drugs into 

exosomes mainly include electroporation, sonication, chemical transfection, and cellular 

engineering (Table 4) [201].

6.1. Techniques for Loading Drugs into Exosomes

6.1.1. Electroporation—Cells/exosomes can be processed with high-voltage and short 

pulses to produce temporary openings on the cell/exosome membranes to accelerate drug 

uptake efficiency. The electroporation method is easy to control because its parameters 

(electric voltage) are adjustable, and the challenges with the chemical transfection method 

that we describe below are avoided because this method doesn’t require any carriers [202–

204]. The types of cells and exosomes and properties of other exogenous materials have a 

minimal effect on the drug loading efficiency. After setting the parameters for the equipment 

and electroporation conditions, a large number of cells/exosomes can be loaded with drugs 

quickly and steadily in a reproducible manner.

Wang et al. used electroporation to load siRNA/microRNA into the nucleic acid aptamer 

AS1411 (AS1411 can recognize the nucleolin that is highly expressed on breast cancer cells) 

modified vesicles, and, then carry out targeted delivery of siRNA/microRNA cargo to breast 

cancer tissue via exosomes [205]. They presented that this engineered exosome could be 

delivered precisely to human breast cancer cells as well as greatly inhibit tumor growth 

without any significant non-specific side effects or immune response.

Hadla et al. loaded doxorubicin into exosomes by electroporation and obtained better anti-

tumor effects than free drug [206]. Although doxorubicin, as an established 

chemotherapeutic drug, is widely used for the treatment of tumors, it still has unavoidable 

toxic side effects (e.g., cardiotoxicity). Compared with pure exosomes and free doxorubicin, 

exosomes loaded with doxorubicin partially limit the passage of doxorubicin through 

cardiovascular endothelial cells and reduce the accumulation of doxorubicin in the heart. 

Thus, this technique reduces cardiac toxicity. However, some studies have shown that 

electroporation can cause the aggregation of exosomes [207]. Hod et al. found that using 

trehalose pulsed medium in the electroporation process can effectively address this 

aggregation problem [208].

6.1.2. Sonication—Sonication is a recently developed, effective method for loading 

drugs into exosomes [209]. Hydrophilic or lipophilic drugs can enter into the exosome 

phospholipid bilayer by this method [191, 210–212]. Lamichhane et al. demonstrated that 
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small RNA could be packed into exosomes efficiently by sonication [213]. However, the 

drug may only simply be adsorbed on the exosomal extraluminal layer, which would hamper 

its subsequent release. Microfluidic sonication could also be used to assemble exosome 

membrane onto polymeric nanoparticles for homotypic targeting with better 

biocompatibility, prolonged blood circulation, and enhanced immune evasion capability 

[209]. The microfluidic sonication platform composed of an ultrasonic bath and a 

microfluidic chip enables producing strong micro-vortices. The high flow velocity within the 

microchannel can enhance the hydrodynamic mixing of exosomes and nanoparticles and 

facilitate uniform coating of the exosome membrane onto the nanoparticles. The vigorous 

pressure produced by the microfluidic sonication platform enabled simultaneous assembly 

and coating of different kinds of membranes onto the nanoparticles with high efficiency (up 

to 93%).

6.1.3. Chemical Transfection—This technique involves chemical transfection of donor 

cells or incubation of drugs with donor cells so that medications can be packed in exosomes 

that the donor cells secrete. The chemical transfection of the donor cells is usually done with 

a commercial transfection agent to modify the donor cells to facilitate the expression of a 

specific gene in the donor cells, and the secreted exosomes would also contain the particular 

gene [27, 193, 214, 215].

Morishita et al. proposed an active exosome-based system with the ability of co-delivering 

the tumor antigen-adjuvant [216]. By transfection of murine melanocytes with the plasmid 

vector that encodes the protein that fuses streptavidin, and with the exosome promoting 

protein, tumor donor cells can produce genetically engineered exosomes that contain these 

two molecules to ensure their effective delivery to murine dendritic cells to effectively 

activate the receptor cells to enhance their ability to present tumor antigen, and thus realize 

the immunotherapy of cancer. However, due to the limitation of safe and effective gene 

carriers, the transfection efficiency and gene expression effect of this method should be 

improved by developing efficient gene delivery vectors to overcome these systemic barriers 

[207]. Moreover, it is difficult to separate exosomes from transfection agentsin this method, 

so that it is hard to tell whether exosomes or transfection reagent is working as the treatment 

of the tumor. Also, this method cannot guarantee that all the gene drugs will enter the 

exosomes and not attach to their surface.

6.2. Exosome Functionalization Strategy for Tumor-Targeting Drug Delivery

6.2.1. Membrane Transfection—Through the transfection of donor cells, secreted 

exosomes can carry particular proteins, which endows the secreted exosomes with targeted 

therapeutic abilities. Alvarez-Erviti et al. presented the delivery of siRNA by using a vector 

that transfers RNA between human cells (Figure 12A) [189]. Individually, by expressing 

neuron-targeting proteins on the surface of exosomes and injecting these engineered 

exosomes into the bloodstream of mice after loading siRNA, they achieved specific gene 

knockdowns in the brain.

Based on this work, Tian et al. used mouse immature dendritic cells as exosomal donor cells 

and allowed the dendritic cells and their secreted exosomes to express Lamp 2b protein by 
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transfection. Lamp 2b protein and RGD peptide can show outstanding tumor-targeting 

ability. They proved that the drug-loaded exosomes combined with RGD peptide could 

target the delivery of chemotherapy drugs to the site of the tumor, which demonstrated the 

great potential for the use of this technique in clinical applications [190]. However, the 

transfection procedure is demanding, requires skilled technicians to operate, and the 

efficiency of transfection is also easily affected by the environment.

6.2.2. Membrane Chemical Modification—Exosomal phospholipid bilayer structure 

and its fluid properties allow its phospholipids to easily self-assemble with phospholipid-

polymer conjugates. Wang et al. self-assembled the functionalized DSPE-PEG (1,2-

Distearoyl-sn-glycero-3-phospho-ethanol-amine-poly (ethylene glycol)) to endow exosomes 

with tumor-targeting ability [52]. They also applied this membrane chemical modification 

strategy to allow exosomes with blood vessel targeting capabilities to provide highly 

selective angiogenesis treatment [217]. Exosomal tumor release strategies were proposed by 

modifying donor cell phospholipids. They cultured donor cells in a medium containing 

DSPE-PEG-SH and DSPE-PEG-RGD to permit the modification of the membranes of the 

secreted exosomes with sulfhydryl groups and RGD (Figure 12B) [218]. Gold rods were 

stably adsorbed on the surface of the modified exosomes by the Au-S bonds. To further 

enable the exosomes to target tumors more efficiently, they functionalized another tumor-

targeting ligand (folate) on the gold rod by forming a covalent bond with the gold rod. They 

proved that due to the synergistic effect of the dual ligands, exosomes could be concentrated 

at the tumor site. Since the gold rods, when exposed to near-infrared rays, could locally 

generate heat and destabilize the exosome membrane, the instability of the exosome 

membrane further resulted in the rapid release of the encapsulated drug. They realized 

tumor-targeted chemical-photothermal combination therapy with reduced toxic side effects.

6.2.3. Membrane Engineered with Magnetic Materials—Magnetic materials can 

combine with nanocarriers through chemical modification and help exosomes to be rapidly 

isolated from blood samples under a magnetic field, as well as re-dispersed well after the 

magnetic field is turned off in vitro. After being injected into an animal, drug delivery 

carriers functionalized with magnetic materialscan target the tumor site under the magnetic 

field and release the encapsulated drugs at the tumor site [219–223].

Qi et al. designed functional exosomes combined with magnetic nanoparticle clusters as 

drug delivery vehicles for targeted tumor treatment (Figure 12C) [224]. Exosomes were first 

isolated from the blood by using transferrin-modified magnetic beads, and then doxorubicin 

was loaded into the membrane of exosomes using electroporation. This cluster of exosomes 

loaded with superparamagnetic nanoparticle exhibits a more robust superparamagnetic 

behavior than a superparamagnetic nanoparticle alone. The researchers also presented that 

exosomes with magnetic beads attached to their membranes could effectively target tumor 

sites under the influence of external magnetic fields to deliver the drug to inhibit tumor 

growth. However, the magnetic targeting strategy is difficult to use in deep tissues 

accurately. The efficiency of magnetic bead-based targeting is affected not only by the 

magnetic bead itself but also by the blood flow velocity in the body.
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To further improve the targeting efficiency of the exosomes, Zhang et al. not only 

functionalized exosomes with magnetic beads but also modified the surface of exosomes 

with chemical ligands (folate) (Figure 12D) [225]. This passive and active targeting 

combinatorial strategy dramatically improved the enrichment efficiency of exosomes at the 

tumor site.

7. Outlook

The versatility of microfluidics has demonstrated extraordinary capabilities in advanced 

exosome-related research for clinically precise applications in medicine. An optimized 

microfluidic platform can facilitate highly efficient exosome separation from complex and 

heterogeneous biological fluids and their analysis. It is of primary significance in various 

exosome-related biomedical applications, including diagnostics and treatment. Nevertheless, 

there are still many biological, technical, regulatory, financial, and market challenges to be 

addressed before exosomes can be widely used in clinical medicine.

7.1.1. Biological Challenges

Exosomes are comprised of a complex repertoire of biomolecular cargo that is still being 

elucidated. Cutting-edge genomic technologies are being deployed to comprehensively 

characterize the nucleic acid contents of exosomes, which will help realize their potential for 

cancer diagnostics. The Extracellular RNA Communication Consortium [226], funded by 

the National Institutes of Health, has extensively characterized small extracellular RNAs 

from human biofluids, including plasma, saliva, and urine. However, other classes of 

extracellular RNA are present in exosomes and will require additional in-depth genomic 

studies to fully profile these potentially important biomarker RNAs. Recent work by 

Reggiardo et al. using RNA sequencing demonstrated that exosomes are enriched with 

lncRNAs in human airway epithelial cells that are transformed by mutant KRAS [25]. 

Moreover, these exosomes also contain significant amounts of repetitive noncoding RNAs 

derived from transposable elements, which are specifically upregulated by oncogenic RAS 

signaling. Additional studies will be needed to provide biological insights into how specific 

mutations alter exosomal RNA profiles in the context of various cancer types, which would 

enable the development of more precise liquid biopsy approaches for cancer diagnostics, 

monitoring and early detection approaches.

7.1.2. Technical and Regulatory Challenges

To transform the use of exosomes from scientific research into clinical applications, the 

potential of microfluidics for exosome separation and analysis should be fully exploited. 

More bio-friendly chemical or gene functionalization strategies can potentially be developed 

to further improve the therapeutic performance of exosomes.

For exosome isolation and detection, future research will benefit from focusing on the 

following areas: (i) The current microfluidic platforms still produce a low number of 

exosomes than appropriate for clinical studies; thus, increasing separation yields, especially 

in drug delivery applications is important. Scaling up devices with a multi-channel format to 

process multiple samples simultaneously, so as to increase the throughput, is one of the 
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potential means for surmounting this challenge. (ii) Numerous existing microfluidic-based 

exosome isolation techniques rely on immunoaffinity, which involves the binding and 

dissociation between antibody and antigen on the exosome surface using non-physiological 

elution and non-neutral pH buffers. These techniques may affect the biological functions of 

exosomes. Therefore, more label-free microfluidic technologies to separate exosomes 

without affecting their native structure and biological activity are urgently needed. (iii) 

Exosomes are fingerprints of their originating cells. One of the challenges for exosome 

detection is distinguishing exosome origin and accurately selecting exosome surface targets. 

The heterogeneity of antigen expression, especially for cancer cells, may produce false-

negative results [42, 227, 228]. Moreover, other proteins or biomolecules are likely to non-

specifically bind on the surface of exosomes and cause interference with the analysis of 

exosome composition. Therefore, more effort is needed for identifying reliable and specific 

exosomal markers for a given cell type and combining them with microfluidic technologies 

to provide more reliable and accurate information for non-invasive disease diagnosis. (iv) 

Different subtypes of exosomes possess various bio-functions. Considering the inherent 

heterogeneity of exosomes, it is an exceptionally difficult technical challenge to isolate the 

desired subtype, and then differentiate it from other subtypes in complex bodily fluids. (v) 

Also, in order to develop diagnostics that are minimally invasive, biofluids such as saliva and 

sweat should be taken into account, as they are easily accessible sources for isolation and 

analysis of exosomes. Sweat analysis, for example, can be performed non-invasively 

compared with blood, but the concentration of exosomes in sweat is lower than in blood. 

Additionally, sweat exosome proteomic profiling has physiological significance in immune 

homeostasis [229], but it is highly challenging to isolate/detect exosomes from sweat 

samples, and the use of microfluidics to isolate/detect exosomes from sweat samples needs 

further studies. The development of techniques for microfluidic-based exosome isolation/

detection from other body fluids is thus an important direction worth pursuing. (vi) Another 

impediment for translating exosome research into clinical applications is the lack of 

rigorous, reproducible, and standardized approaches for the separation of a pure vesicular 

population. Microfluidic platforms for exosome isolation and detection developed possess 

different operating parameters and performance (e.g., purity, yield, efficiency, assay time, 

productivity, limit of detection). The amount and cargo of exosomes are affected by many 

factors, such as collection approaches, storage conditions and duration, and patient-related 

biological factors. Developing standard, reproducible operation protocols for separation and 

detection of exosomes can improve the reproducibility and optimize the technology through 

unbiased cross-platform comparison. It is also an important parameter to optimize the kits 

used downstream for exosome cargo extraction for the reproducibility and rigor of the 

results.

Although there has been significant progress in fundamental research of exosome-based 

drug delivery, there are still many challenges that need to be overcome to replicate these 

successes in the clinic: (i) Safety is the first and foremost consideration for translation of the 

scientific research into the clinic. Here the choice of optimal cell source is of utmost 

importance. For example, mesenchymal stem cell- and macrophage/dendritic cell-derived 

exosomes have proven to be safe for use in clinical settings because they have preferable 

immunomodulatory properties [230]. Other cell sources could be suitable for clinical 
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applications, and they need to be thoroughly characterized and tested. Moreover, therapeutic 

exosomes should be further assessed for their long-term safety and therapeutic effect 

(pharmacokinetic and pharmacodynamic profiles) in relevant preclinical models to support 

predictions of clinical dose. (ii) Although the electroporation method is commonly used for 

loading therapeutics into exosomes, it may affect the integrity and stability of exosomes 

[231]. Microfluidic technology has potential to overcome this limitation owing to its unique 

characteristics of continuous flow mode, miniaturization, and precise controllability. The 

continuous flow working mode of microfluidics can be precisely controlled with electric 

pulses and electric fields, spatially and temporally, to permit electroporation with high-

efficacy and minimal side effects at the microscale, such as pH variation, bubble formation, 

and Joule heating that are often observed in conventional static cuvettes [232]. Although 

microfluidic platforms have exhibited excellent performance over the past two decades using 

electroporation for loading exogenous molecules into cells [233], there is no report of the 

use of microfluidics for exosome electroporation, which is a critical area of exploration. (iv) 

Although exosomes combined with synthetic nanomaterials have shown promising 

advantages in cancer treatment (e.g., by providing exosomes with a more robust targeting 

efficiency) [234], the potential disadvantages, including unwanted immune responses, 

should be thoroughly investigated in future studies.

7.1.3. Market Challenges

Exosomes show great potential for clinical applications, including liquid biopsy, diagnostics 

and therapeutics [61, 235, 236]. Therefore, they represent tremendous commercial 

opportunities and have attracted considerable attention. During the past few years, numerous 

biotechnology companies are working on applications of exosomes in clinical trials. Some 

of these companies have collaborated with universities and research hospitals to conduct 

small-scale, first-in-class clinical trials on humans. For example, some of these companies 

have been committed to converting technology patents into new highly-sensitive diagnostic 

products in various pathologies, including prostate, bladder, kidney, breast cancers, and 

glioblastoma [237]. For instance, a urine-based product, ExoDx® Prostate (IntelliScore) 

(EPI), aims to track exosomes and genomic markers released from prostate cancer cells to 

help clinicians determine whether patients with unclear test results of PSA (prostate-specific 

antigen) need to undergo prostate biopsy [238].

Although microfluidic platforms, as promising laboratory tools, have the potential for 

effective isolation and detection of exosome samples at reduced cost and increased 

efficiency as compared to conventional benchtop equipment-based methods, their market 

penetration is so far limited. To improve the end-user experience and market acceptance, 

efforts are needed in the following areas: (i) Microfluidic devices with less complexity that 

can be mass-produced to isolate exosomes in batches need to be designed. This is a critical 

step in subsequent industry-scale development, especially for use in point-of-care settings. 

(ii) The commercial applications and acceptance in the market should be considered in the 

early design stages. For example, currently, most microfluidic devices for exosome isolation 

and detection require external pumps and experienced operators to manipulate these devices 

and analyze their results. Further, microfluidic platforms for exosome isolation and detection 

require off-chip sample pre-treatment, for example, centrifuging the sample at low speeds to 
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remove the cells and staining the exosomes with a fluorescent dye and washing them 

repeatedly. Microfluidic devices with pretreatment of samples, purification of exosomes, and 

in-situ detection integrated into a single chip need to be developed. (iii) The display of 

results can be designed in a simple-readout manner to minimize the need for readout 

instruments and minimize subjective user interpretation. For example, distance-based visual 

readouts, quantitative detection methods, which are often used in microfluidics, could be 

integrated into the microfluidic platform for exosome detection [239]. End-users would only 

need to interact with a user-friendly system and could read visible signal bars to get the 

detection results directly for simplicity depending on the application. (iv) Microfluidic 

devices can be combined with robotics and deep learning to fully realize the automation of 

exosome detection capabilities. A robotic operation can eliminate “human errors” caused by 

the tediousness of manual procedures, and improve the experience of users who lack prior 

microfluidic expertise [240]. Deep learning models such as convolutional neural networks 

can minimize the reliance on highly trained clinicians to analyze results, which would be of 

great clinical market value, both with potential impact in developed countries as well as in 

resource-limited settings. (v) Academic efforts could synchronize and collaborate with the 

rapid developments in industry. Researchers from diverse disciplines (engineering, medicine, 

business) could work together to investigate and validate the need for exosomes to address 

urgent needs in the pre-clinical and clinical markets. For example, industrial partners with 

marketing, sales management capabilities, and established sales channels can participate in 

determining the product potential for success in the market and provide marketing strategies 

early on for successful translation of emerging technologies. Clinicians and healthcare 

experts can give valuable input on user needs and expectations in terms of integrating these 

new assays and tools into the clinical workflow and disease management strategies. Further, 

analysis on socioeconomic benefit will inform reimbursement strategies for emerging assays 

and treatments. Therefore, these multiple needs and strategies need to be integrated to design 

exclusiveand innovative products that are likely to attain success on the translational 

pipeline.

8. Conclusion

Microfluidic platforms have shown unique capabilites as versatile tools for exosome 

isolation and detection. Microfluidic technologies offer customizable opportunities for 

developing label-free separation techniques that can keep exosomal biological contents 

active and intact. These extraordinary features of microfluidics will continue to contribute to 

the advancement of exosome-based drug delivery applications. While the utilization of 

microfluidic technologies for exosome separation and analysis is still in its infancy, many 

advanced designs discussed above would potentially address existing challenges, and hence, 

bring breakthroughs in broader fields of clinical science, including liquid biopsies and 

therapeutic nanomedicine. Microfluidic technologies are poised to facilitiate the rapid 

development of exosome-based theranostic nanoplatforms for clinical use with broad 

applications that are likely to emerge with commercialization of these tools enabling new 

beneficial capabilities, high-impact applications and assays in the clinic and the marketplace.
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Highlights

1. Exosomes have been identified to hold exceptional value in clinical 

diagnostics and tumor therapy.

2. A short overview of conventional methods of exosome isolation is 

summarized.

3. The recent advancements of microfluidic strategy for exosomes isolation and 

detection are overviewed.

4. A brief overview of exosome-based drug delivery for tumor therapy is 

provided.

5. The current challenges and outlook of these fields are assessed.
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Figure 1. 
(A) Illustration of the exosome biogenesis mechanism. Reprinted with permission from Ref. 

[11]. Copyright 2019, Multidisciplinary Digital Publishing Institute. (B) Schematic of a 

typical exosomal composition. Reprinted with permission from Ref. [13]. Copyright 2017, 

Nature Publishing Group. Exosomes exist in various biological fluids such as saliva and 

urine. (C) Diagnostic and (D) therapeutic applications of exosomes.
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Figure 2. 
Microfluidic exosome isolation based on immunoaffinity. (A) Capturing of exosomes on a 

GO/PDA nanoroughness interface in the nano-IMEX platform. Reprinted with permission 

from Ref. [50]. Copyright 2016, Royal Society of Chemistry. (B) Schematic illustration of 

the process of chemical modification with anti-CD63 antibody on 3D MWCNTs 

functionalized PDMS micropillars for immunocapturing of exosomes. Reprinted with 

permission from Ref. [52]. Copyright 2017, American Chemical Society. (C) Exosomes 

captured using magnetic beads and combining the complex with inertial lift forces in a 

microfluidic channel to further purify the isolated exosomes from other cellular 

contaminants. Reprinted with permission from Ref. [55]. Copyright 2015, American 

Institute of Physics. (D) 3D ripple-like structure chip for the immunocapture and release of 

exosomes based on the interaction between annexin V and phosphatidylserine. Reprinted 

with permission from Ref. [57]. Copyright 2019,Wiley.
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Figure 3. 
Microfluidic exosome isolation based on filtering mechanisms. (A) Exosome separation by 

microfluidic device composed of ciliated micropillars. Reprinted with permission from Ref. 

[63]. Copyright 2013, Royal Society of Chemistry. (B) Schematic illustrations for the 

exosome isolation from urine using a microfluidic device anchored with ZnO/Al2O3 core-

shell nanowire. Exosomes can be captured using these nanowires through electrostatic 

interactions. Reprinted with permission from Ref. [64]. Copyright 2017, American 

Association for the Advancement of Science. (C) Schematic description of the ExoTIC 

platform for exosomes isolation. Reprinted with permission from Ref. [65]. Copyright 2017, 

American Chemical Society. (D) Schematic of exosome isolation using microfluidic device 

combined with double-filtration. Reprinted with permission from Ref. [62]. Copyright 2017, 

Nature Publishing Group.
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Figure 4. 
Microfluidic exosome isolation based on hydrodynamic properties. (A) Exosome isolation 

by microchip is composed of arrays of the DLD pillar. Reprinted with permission from Ref. 

[70]. Copyright 2016, Nature Publishing Group. (B) Separation of exosomes using 

microfluidic platforms combined with nanoscale DLD arrays. Reprinted with permission 

from Ref. [74]. Copyright 2018, Royal Society of Chemistry. (C) Exosome separation based 

on viscoelasticity on a chip. Poly(oxyethylene) as a sheath fluid is introduced from inlet II, 

while the sample is introduced from inlet I. Exosomes are collected at the side outlet, while 

larger vesicles are flowed to the middle outlet. Reprinted with permission from Ref. [85]. 

Copyright 2017, American Chemical Society.
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Figure 5. 
Microfluidic exosome isolation based on the acoustic field. (A) Schematic of the 

microfluidic device integrated with acoustic mode for label-free isolation of exosomes. 

Poly(oxyethylene) as a sheath fluid is introduced from inlet II, while the sample is 

introduced from inlet I. Exosomes are collected at the side outlet, while larger vesicles are 

flowing to the middle outlet. Reprinted with permission from Ref. [92]. Copyright 2017, 

National Academy of Sciences. (B) Schematic and optical image of the acoustic fluidic 

device for salivary exosome separation. Poly(oxyethylene) as a sheath fluid is introduced 

from inlet II, while the sample is introduced from inlet I. Exosomes are collected at the side 

outlet, while larger vesicles are flowing to the middle outlet. Reprinted with permission from 

Ref. [93]. Copyright 2020, Elsevier. (C) Illustration of the microfluidic device combined 

with acoustic nano-filter to label-free and size-specifically isolate exosomes. The standing 

acoustic waves are generated by the interdigitated transducer electrodes. Larger 

microvesicles are collected at the two side outlets, while smaller exosomes are collected at 
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the middle outlets. Reprinted with permission from Ref. [94]. Copyright 2015, American 

Chemical Society.
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Figure 6. 
Microfluidic exosome isolation based on dielectrophoretic. (A) Dielectrophoresis-driven 

exosomes isolation by the microfluidic device composed of the microarray of ACE. 

Reprinted with permission from Ref. [115]. Copyright 2017, American Chemical Society. 

(B) Schematic of microfluidics combined with a filtration system to isolate exosomes by 

electrophoretic force. Proteins smaller than the membrane pore size can be propelled 

through the membrane while EVs larger than the membrane pore size cannot diffuse into the 

membrane and are captured on the nanoporous membrane. Reprinted with permission from 

Ref. [59]. Copyright 2016, Elsevier.
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Figure 7. 
Microfluidic exosome detection based on colorimetric mechanisms. (A) The microfluidic 

device combined with filter for exosome isolation and detection using ELISA. Reprinted 

with permission from Ref. [60]. Copyright 2017, American Chemical Society. (B)Biosensor 

for colorimetric profiling of exosomal proteins. The binding of exosomes with aptamer/gold 

nanoparticles complex in the high salt solution can induce the aggregation of gold 

nanoparticles and cause the absorbance displacement. Reprinted with permission from Ref. 

[125]. Copyright 2017, Wiley. (C) Schematic illustration of microfluidic-based mobile 

exosome detector (μMED). The quantitative data can be read with the camera of the 

smartphone. Reprinted with permission from Ref. [127]. Copyright 2016, Nature Publishing 

Group.
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Figure 8. 
Microfluidic exosome detection based on magnetic beads. (A) A microfluidic platform for 

exosome detection combining exosome capture and fluorescent analysis. Reprinted with 

permission from Ref. [53]. Copyright 2016, Royal Society of Chemistry. (B) A microfluidic 

chip that features Y-shaped microcolumns for enhancing exosome labeling to detect 

exosomes. Reprinted with permission from Ref. [130]. Copyright 2018, American Chemical 

Society. (C) A droplet-based single-exosome-counting enzyme-linked immunoassay. 

Reprinted with permission from Ref. [22]. Copyright 2018, American Chemical Society. (D) 

A microfluidic platform that contains exosome RNA analysis and exosome enrichment 

units. Reprinted with permission from Ref. [131]. Copyright 2015, Nature Publishing 

Group.
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Figure 9. 
Surface plasmon resonance (SPR) based microfluidic exosome detection. (A) A typical SPR 

biosensor set-up. Reprinted with permission from Ref. [137]. Copyright 2019, Frontiers 

Media. (B) Schematic diagram of the detection of cancerous exosomes using SPR imaging 

with the combining use of antibody arrays. Reprinted with permission from Ref. [144]. 

Copyright 2014, American Chemical Society. (C) A nano-plasmonic sensor for detection 

and profiling of exosomes. Reprinted with permission from Ref. [145]. Copyright 2014, 

Nature Publishing Group.
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Figure 10. 
Microfluidic exosome detection based on electrochemical. (A) Schematic representation of 

the integrated iMEX platform. Reprinted with permission from Ref. [158]. Copyright 2016, 

American Chemical Society. (B) Schematic diagram of exosome detection by aptamer-based 

microfluidic. Reprinted with permission from Ref. [159]. Copyright 2016, Elsevier. (C) 

Schematic diagram of a sensitive aptasensor to detect cancerous exosomes. Reprinted with 

permission from Ref. [169]. Copyright 2019, Wiley. (D) Schematic illustration of an aptamer 

amplification strategy to detect exosomes. Reprinted with permission from Ref. [170]. 

Copyright 2018, American Chemical Society.
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Figure 11. 
Advantages of exosome as a natural nano-carrier for therapeutic delivery.
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Figure 12. 
Engineered exosomes for targeted drug delivery. (A) Schematic diagram of production, 

acquisition, and re-administration of targeted self-exosomes for the delivery of genes. 

Reprinted with permission from Ref. [189]. Copyright 2011, Nature Publishing Group. (B) 

Schematic diagram of how the engineered exosomes are delivered and the process of chemo-

photothermal synergistic tumor therapy. Reprinted with permission from Ref. [218]. 

Copyright 2018, Wiley. (C) Schematic diagram of construction and delivery of drug-loaded 

superparamagnetic nanoparticles-labeled exosomes. Reprinted with permission from Ref. 

[224]. Copyright 2016, American Chemical Society. (D) Schematic illustration of the design 

of functionalized exosomes for drug targeted delivery. Reprinted with permission from Ref. 

[225]. Copyright 2017, American Chemical Society.
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Table 1

Current conventional exosome isolation methods.

Isolation technique Principle Time Advantages Disadvantages

Differential ultracentrifugation Particles with various size 
and density demonstrate 
various sediment speed 
under centrifugation

5–18 
hours

✓ Suitable for large 
volume preparation

➣Require expensive equipment
➣Potential damage because of the 
high-speed centrifugation
➣Time-consuming

Size Separate with specific 
molecular size exclusion

2–4 hours ✓ Isolate native 
exosomes

➣ Exosomes and proteins clogging 
on nanopores
➣ Potential isolate other 
nanovesicles in similar size with 
exosomes

Bead On the basis of interaction 
between antibodies/ligan ds 
and exosome markers

2–6 hours ✓ High-purity
✓ Useful for isolating 
specific exosomes from 
target origin

➣Expensive antibodies 
functionalization
➣Low yields
and processing volume
➣Exosome markers must be 
optimized

Polymer High hydrophilic water-
excluding polymers changes 
the solubility of exosomes

0.5–12 
hours

✓ Available for all types 
of samples
✓ Easy to use

➣Potential polymeric, protein 
aggregates, and other extracellular 
vesicles contaminants.
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Table 2

Microfluidic platforms for label-free separation of exosomes.

Exosome Isolation 
Approach

Sample Isolated Size 
(nm)

Isolation 
Capacity 
(μL)

Isolation 
Throughput 
(μL/min)

Recovery 
Yield(%)

Reference

Filtration-based separation

Vesicle trapping on an array 
of ciliated nanowires

Liposome, beads ~83–120 100 10 ~10 [63]

Nanowire-induced 
electrostatic collection

Urine ~30–200 1000 50 N/A [64]

ZnO nanowires-coated 3D 
PDMS scaffold

Blood ~40–200 100 5 N/A [61]

Double filtration Urine ~155 8000 33 74.2 [62]

Exodisc: double filtration Urine ~20–600 1000 36 >95 [60]

ExoTIC:multi-membranes Cell culture 
supernatant, Plasma, 
Urine

~30–100 5000 ~83 >90 [65]

Pressure-driven filtration Mouse whole blood ~150 3 0.075 >1.5 [58]

Hydrodynamic properties-based separation

Nano-DLD sorting using 
pillar array

Urine-derived <100 0.72 0.0001–0.0002 N/A [70]

Nano-DLD sorting Urine, Serum ~30–200 900 15 ~50 [74]

Continuous viscoelasticity-
based and field-free 
microfluidic sorting

Fetal bovine serum <200 100 10 93.6 [85]

Mild external force 
separation

Cell culture 
supernatant

~30–100 5 ~5 ~80 [66]

Wavy microchannel 
structures within viscoelastic 
fluids sorting

Cell culture 
supernatant

~30–200 N/A 44.9 >81 [69]

Acoustic field-based separation

Acoustic purification Cell culture 
supernatant, stored 
red blood cell 
products

<200 10 1.68 >90 [94]

Acousticfluidic collection Human whole blood ~100 500 10 99 [92]

Acoustic trapping isolation Cell culture 
supernatant, urine, 
human whole blood

110–141 300 15 44.4 [87]

Acoustofluidic separation Human plasma 20–600 N/A 0.5 N/A [88]

Acoustofluidic isolation Saliva ~22–200 100 11 N/A [93]

Electrical based separation

Electrophoresis-driven 
filtration

Mouse whole blood ~150 240 2 1.5 [58]

Electrophoretic isolation on 
nanoporous membrane

Mouse
plasma

~10–400 1000 20 65 [59]

Alternating current 
electrokinetic (ACE) 
microarray chip

Undiluted human 
plasma samples

50–150 30–50 ~2–3.3 N/A [115]

Electric field driven filtration Cell culture 
supernatant, serum

<150 50–66 2.5–3.5 60–80 [95]
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Exosome Isolation 
Approach

Sample Isolated Size 
(nm)

Isolation 
Capacity 
(μL)

Isolation 
Throughput 
(μL/min)

Recovery 
Yield(%)

Reference

Electrokinetic concentration 
isolation

Cell culture 
supernatant

~50–75 30 1 N/A [96]

Ion-depletion zone sorting Cell culture 
supernatant

~30–200 N/A 1 98 [97]
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Table 3

Microfluidic devices for exosome detection and analysis.

Microfluidic Detection Sample Throughput 
(μL/min)

Limit of 
Detection

Measurement Disease Ref

Colorimetric based exosome detection

Sequential Exodisc:
-Double filtration isolation
-Colorimetric ELISA

Urine 16.7 N/A Overall levels of CD81 
and CD9

Bladder cancer [60]

Sequential stages:
-Double filtration isolation
-Colorimetric on-chip ELISA

Urine 17.2 N/A Overall levels of CD63 Bladder cancer [62]

Electrohydro-dynamic flow 
assisted immuno-capture 
stages:
-Electric field driven analyte 
transport
-Colorimetric ELISA

Cell culture 
media

7 2760 exosomes/
μL

Overall levels of CD9 
and HER2

Breast cancer [122

Magnetic bead-based exosome detection

Sequential immunomagnetic 
stages:
-immunomagnetic isolation
-ELISA of intra-vesicular 
protein

Plasma 0.3 0.281 pg/mL Phosphoryl ation levels 
of IGF-1R

Non-small-cell 
lung cancer

[51]

μNMR device
-Immunomagnetic tagging
-miniaturized micronuclear 
magnetic resonance system 
detection

Blood N/A >104 exosomes/
μL

Overall levels of CD63 Glioblastoma 
tumor

[129]

ExoPCD-chip
-Immunomagnetic enrichment
- In situ electrochemical 
analysis

Serum ~0.14 4.39 × 106 

exosomes/μL
Overall levels of CD63 Liver cancer [130]

Droplet digital ExoELISA
-Immunomagnetic tagging
-Fluorogenic ELISA

Plasma N/A ~5 exosomes/
μL

Protein levels of 
Glypican-1

Breast cancer [22]

iMER device
- Immunomagnetic isolation
- Exosome RNA analysis

Blood ~0.83 ~1011 

exosomes/μL
miRNA levels of 
EPHA2, EGFR, PDPN

Glioblastoma 
tumor

[131]

Surface plasmon resonance (SPR) based exosome detection

SPRi device
- antibody microarray isolation 
- surface plasmon resonance 
imaging and detection

Ascites 300 ∼4.87 × 107 

exosomes/cm2
Protein levels of CD9, 
CD81, CD82, and E-
cadherin

Ovarian cancer [144]

nPLEX biosensor
- exosomes bind to antibody 
functionalized nanoholes
- Detect the spectral shifts and 
intensity changes induced by 
exosomes binding

Ascites 10 ~3,000 
exosomes

Protein levels of CD 
63, mRNA levels of 
GADPH

Ovarian cancer [145]

Electrochemical property-based exosome detection

iMEX platform
- Immunomagnetic enrichment
- profile through the 
electrochemical reaction

Plasma ~0.16 <105 exosomes Protein levels of 
CD63, EpCAM, 
CD24, and CA125

Ovarian cancer [158]

Aptasensor for 
Electrochemical detection

Cell culture 
media

~10–400 ~1012 

exosomes/μL
Protein levels of CD63 Liver cancer [159]

Signal amplified 
electrochemical aptasensor

Plasma N/A 9.54 × 105 

exosomes/μL
Protein levels of 
MUC1

Gastric cancer [169]
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Microfluidic Detection Sample Throughput 
(μL/min)

Limit of 
Detection

Measurement Disease Ref

Aptamer recognition-induced 
multi-DNA release and cyclic 
enzymatic amplification-based 
electrochemical detection

ultra 
centrifuged 
fetal bovine 
serum

N/A 70 exosomes/
μL

Amount of 
multimessenger DNAs 
(mDNAs)

Prostate cancer [170]
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Table 4

Comparison of the strengths and limitations of therapeutic-loading nanotechnologies.

Techniques Advantages Disadvantages

Electroporation ✓Vector free
✓Effective for
loading of hydrophilic cargos

➣May affect surface zeta potential damage
➣Manufacturing challenges for
scaling up

Sonication ✓ small RNAs are
easily encapsulation

➣Drugs may simply adhere to
the extraluminal surface
➣Risk of membrane
deformation

Direct transfection ✓ Effective for
encapsulation of drugs with versatile potential

➣ Transfection reagents may affect the membrane of exosome

Cellular engineering ✓ Effective for gene modification and chemical 
editing in vitro

➣ Risk of genotoxicity and cause adverse host immune response
➣ Time-consuming and hard to scalable production

Nano Today. Author manuscript; available in PMC 2022 April 01.


	Abstract
	Graphical abstract
	Introduction
	Challenges Associated with Exosomes
	Conventional Separation Techniques for Exosomes
	Differential Ultracentrifugation-Based Exosome Isolation
	Size-Based Exosome Isolation
	Bead-Based Exosome Isolation
	Polymer-Based Exosome Isolation

	Advancement of Microfluidic-Based Exosome Isolation
	Microfluidic-Based Separation of Exosomes by Immunoaffinity
	Microfluidic Devices for Label-free Separation of Exosomes
	Microfluidic-Based Separation of Exosomes by Filtration
	Microfluidic-Based Separation of Exosomes by Hydrodynamic Properties
	Microfluidic-Based Separation of Exosomes by Acoustic Fields
	Microfluidic-Based Separation of Exosomes by Electrical Properties


	Integrated Microfluidic Platforms for Exosome Detection and Analysis
	Colorimetric-Based Exosome Detection
	Magnetic Bead-Based Exosome Detection
	Surface Plasmon Resonance (SPR)-Based Exosome Detection
	Electrochemical Property-Based Exosome Detection
	Thermophoretic-based Exosome Detection

	Exosome-based Therapeutic Delivery for Cancer Therapy
	Techniques for Loading Drugs into Exosomes
	Electroporation
	Sonication
	Chemical Transfection

	Exosome Functionalization Strategy for Tumor-Targeting Drug Delivery
	Membrane Transfection
	Membrane Chemical Modification
	Membrane Engineered with Magnetic Materials


	Outlook
	Biological Challenges
	Technical and Regulatory Challenges
	Market Challenges

	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Table 1
	Table 2
	Table 3
	Table 4

