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A B S T R A C T   

Extracellular vesicles (EVs) contain biomarkers that may represent a paradigm shift in timely disease diagnosis 
and personalized therapeutic approaches. Despite tremendous progress in this field, the considerable complexity 
and heterogeneity of EVs, combined with hurdles in isolation and accurate characterization, have delayed their 
envisioned clinical translation. At the same time, emerging biosensor technologies are trying to overcome the 
limitations and provide new momentum to EVs research. In this review, the focus is given on the variety of novel 
approaches to improve the capture of EVs of interest from a myriad of sample types in terms of yield, purity, 
sensitivity, and specificity. These biosensing devices also contribute to the understanding of the content of EVs in 
correlation with their function. Given the pivotal role of EVs uncovered to date and the recent technological 
advances discussed herein, nanosensing platforms offer low-cost, fast, simple, and accurate methods that are 
likely to help gain more insight into the biology of EVs. Moreover, the prospect of identifying new roles and 
patterns will reinforce the importance of EVs and intercellular communication in health status.   

1. Introduction 

Historically, intercellular communication was considered to occur 
through soluble factors mainly via three routes: autocrine, an autono
mous regulatory process because the target cell is the secreting cell; 
paracrine, when the target cell is near the secreting cell; and endocrine, 
when cells communicate remotely via soluble factors in the blood 
(Yanez-Mo et al., 2015). The discovery of the new pathway via the 
release of membrane-enclosed particles called extracellular vesicles 
(EVs) has revolutionized the field (Minciacchi et al., 2015). 

EVs is a general term that does not distinguish membrane particles 
regarding size, density, biogenesis, function, and molecular cargo. EVs 
are formed by lipid curvature to an inward budding vesicle within the 
endocytic system or to an outward budding vesicle at the plasma 
membrane. In the first case, exosomes are formed and are smaller than 
150 nm, whereas in the second case, microvesicles or ectosomes are 
formed and range in size from 100 nm to 1 μm (Doyle and Wang 2019). 
Cancer cells produce even larger EVs, called large oncosomes (1–10 μm), 

also from the cell membrane (Maas et al., 2017). There are also 
apoptotic bodies, which are formed during apoptosis of the cell, are 
variable in size, and are difficult to distinguish from other EVs (Maas 
et al., 2017). A detailed description of the biogenesis of EVs is beyond 
the scope of this review and can be found elsewhere (Colombo et al., 
2014; Frankel and Audhya 2018; Horner et al., 2018; van Niel et al., 
2018). 

EVs are found in biological fluids (e.g., blood, urine, saliva, breast 
milk, amniotic fluid, sperm, cerebrospinal fluid, and synovial fluid) and 
are considered to store important information in their content of nucleic 
acids, proteins, and lipids (Chiriaco et al., 2018). Communication occurs 
through delivery of the EVs cargo to recipient cells by cell fusion with 
the membrane of the target cell (Bunggulawa et al., 2018). The 
composition of EVs is complex and consists of various combinations of 
proteins, lipids, DNA, non-coding RNA, small nucleolar RNA, mito
chondrial RNA, vault RNA and fragmented mRNA (Maas et al., 2017). 
The composition of EVs closely reflects their biogenesis and the physi
ological conditions of the cell of origin. For example, the membranes of 
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EVs are usually enriched in lipid rafts (e.g., GM1 gangliosides, choles
terol, sphingomyelin), endosome-specific proteins, and tetraspanins (e. 
g., CD9, CD63, CD81) (Chiriaco et al., 2018). EVs are involved not only 
in physiological but also in pathological processes. Understanding the 
function of EVs concerns the fate of their components and the 
biochemical changes they induce in recipient cells. For example, they 
can promote tumorigenesis (Melo et al., 2014), chemotaxis for immune 

defence, wound healing, and cancer cell migration and invasion (Kul
karni et al., 2019; Soung et al., 2016; Sung and Weaver 2017). They also 
influence immunological responses (Du et al., 2020; Rojas et al., 2020), 
neuroinflammation and neurogenesis (Yang et al., 2017), neurodegen
erative diseases (Aharon et al., 2020; Groen et al., 2020), and physio
logical development (Baci et al., 2020; Guay et al., 2020; Nakamura 
et al., 2020). The relevance of EVs as health status players is also an 

Fig. 1. (A) Schematic representation of EVs whose content biomarkers have been studied in complementary research fields; (B) Commonly used standard isolation 
and concentration methods; (C) Physicochemical and biochemical methods used for quantification and characterization of EVs (EM – electron microscopy; AFM – 
atomic force microscopy; μNMR – micro nuclear magnetic resonance; FTIR – Fourier-transform infrared spectroscopy; TRPS – tunable resistive pulse sensing; NTA – 
nanoparticle tracking analysis; DLS – dynamic light scattering; SAXS – small angle X-ray scattering; FC – flow cytometry; NA-Seq – nucleic acids sequencing; ELISA – 
enzyme-linked immunosorbent assay; MS – mass spectrometry). 
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opportunity to develop new drug delivery vehicles and nanotherapeutics 
(Fig. 1A). 

A major focus in the analysis of EVs is their isolation and simulta
neous characterization of cell surface biomarkers. Ultracentrifugation, 
ultrafiltration, immunoaffinity, polymer sedimentation and size exclu
sion chromatography, are the most commonly used techniques in cur
rent research settings (Kurian et al., 2021) (Fig. 1B). The major 
limitation in isolation techniques is the final purity of EVs sub
populations. This is first related to their size, which is within the size of 
many other contaminants, such as lipids, small organelles, microparti
cles, immune complexes, and calcium-phosphate microprecipitates, 
among others, which can cause artifacts (Gurunathan et al., 2019; van 
der Pol et al., 2016). In addition, individual classes of EVs are very 
difficult to distinguish because of overlapping size, density, and cargo 
(Reiner et al., 2017b; van der Pol et al., 2016). Each isolation technique 
takes advantage of a specific property of EVs, such as density, size, or 
surface biomarkers. In the absence of an optimal isolation method and 
depending on the level of recovery versus specificity sought, most re
searchers use a combination of methods. According to the International 
Society for Extracellular Vesicles (ISEV) position statements, 
MISEV2014 guidelines (Lotvall et al., 2014), updated in MISEV2018 
(Thery et al., 2018), researchers in this field should follow the stated 
recommendations for separation and enrichment of EVs, and providing 
all technical details is critical for reproducibility (Thery et al., 2018). 

To address the problem of EVs heterogeneity and to make their 
future application in clinical practice a reality, another step is crucial: 
optimization and standardization of the methodology for EVs identifi
cation and increasing understanding of their cargo and role (Rupert 
et al., 2017; Sunkara et al., 2016). The ISEV in their position statements 
has recommended several methods for EVs analysis (Lotvall et al., 2014; 
Thery et al., 2018). Among the different techniques, the common 
choices are the imaging methods based on electron microscopy, namely 
transmission electron microscopy (TEM), including cryo-TEM (Rupert 
et al., 2017). Other techniques widely used in the characterization of 
nanomaterials have proved their value also for studying EVs (Fig. 1C). 
Beyond the physical characterization, determining the cell/tissue type 
that gave origin to certain EVs is relevant to understand the etiology of 
diseases and the role of EVs in disease-communication (Stahl and 
Raposo 2018). Thus, by studying the proteins on the surface of EVs and 
their cargo, one can gain useful information on the cell of origin 
(Mathieu et al., 2019). Considering the guidelines of MISEV2018, the 
presence of EVs should be demonstrated by at least three positive pro
tein markers, including detection of at least one transmembrane protein 
(e.g., CD63, CD81, integrins), and one cytosolic protein (e.g., TSG101, 
ALIX) (Thery et al., 2018). Moreover, another recommendation regards 
the quantification of contaminants co-isolated with EVs as purity con
trols, especially relevant when analysing EVs from biofluids. The anal
ysis of lipoproteins, albumin, uromodulin, among others is then useful to 
determine the purity of EVs. The main methods to analyse the 
biochemical profile of EVs regarding their protein content are western 
blotting, immunosorbent assays, mass spectrometry and flow cytometry 
(Hartjes et al., 2019; Linares et al., 2017; Shao et al., 2018). In addition 
to their protein composition, EVs also enclose relevant genetic infor
mation, including both DNA and RNA. EVs nucleic acids have been 
extensively researched, especially as disease biomarkers (Momen-Her
avi et al., 2018). For analysing RNA content next-generation sequencing 
of nucleic acids and microarray platforms have been developed (Ever
aert et al., 2019; Giraldez et al., 2019; Hrdlickova et al., 2017; Trivedi 
and Abreu 2018; Xu et al., 2019; Zhou et al., 2019b). As subjects of great 
relevance in the study of EVs, thorough reading on EVs quantification, 
characterization, and comparison of efficiency among the classical 
characterization methods can be found elsewhere (Coumans et al., 2017; 
Lennon et al., 2019; Maas et al., 2015; van der Pol et al., 2014). 

As mentioned, effective isolation of EVs and various subsets from 
biological fluids is a critical step for studying their physicochemical 
composition, mechanisms of action, cargo content, disease-associated 

biomarkers, and application in clinical and laboratory contexts, either 
for therapeutics or monitoring/detection. However, classical analytical 
methods have several downsides, like the need for high-cost instruments 
that are usually difficult to operate and calibrate, as well as frequent 
inaccuracy, lack of reliable results, and the inability to analyse EVs 
directly in complex matrices (Yildizhan et al., 2021). These difficulties 
emphasise the need to develop next-generation biosensors. Recent 
literature points out a significant trend towards the adaptation of the 
classical techniques of isolation, quantification, and characterization of 
EVs to unique miniaturized biosensors. Particularly addressed in this 
review are the new interesting microfluidic designs, reducing sample 
volume analysis, while improving the precision of the isolation step. The 
integration of microfluidics with biosensor technology has also been 
explored, but most studies herein described confirm that biosensors 
application in the field of EVs go beyond the expectations to demon
strate their selectivity and sensitivity in detection and quantification. 
Finally, future trends for further innovation and application in 
biomedicine and clinical translation are summarized. 

2. Microfluidic approaches for isolation of EVs 

Although many approaches have been developed for EVs isolation 
from biofluids, most of them have substantial shortcomings including 
long processing time, high cost and surface marker dependency for 
showing selectivity (Shi et al., 2019). Moreover, most EVs belong to 
nanoscale and are encountered in complex biological fluids, which make 
them difficult to separate and characterize. The classical techniques for 
isolation reflect difficulty at maintaining the vesicles intact, and purity is 
usually not obtained, showing heterogeneous EVs populations. Thus, 
characterization results in average properties of different particles. To 
address these limitations, microfluidic devices have been designed and 
proved successful at using small sample volumes, while obtaining high 
purity products (Santana et al., 2014). They have the advantage of being 
miniaturized, thus accomplishing EVs isolation with low volume, low 
cost, simplicity and retaining EVs morphology (Liga et al., 2015). 
Moreover, isolation and profiling of EVs can be combined on a single 
device, reducing the workload (Stam et al., 2021). 

Generally, microfluidics applied to EV analyses fall into two main 
approaches: using specific markers in immunoaffinity capture (Chen 
et al., 2010; Dudani et al., 2015; Hisey et al., 2018; Kamyabi et al., 2020; 
Lo et al., 2020; Reategui et al., 2018; Sun et al., 2020; Tayebi et al., 
2020), or separation based on size and density of EVs. This last process 
encompasses acoustofluidic (Broman et al., 2021; Lee et al., 2015b; 
Mirtaheri et al., 2019; Wang et al., 2020f; Wu et al. 2017, 2019), elec
trophoretic (Cho et al., 2016; Davies et al., 2012; Guo et al., 2020; 
Guzman and Guzman 2020; Kato et al., 2013; Lee et al., 2020; Morani 
et al., 2020; Ouahabi et al., 2021; Shi et al., 2019), nanowire trapping 
(Chen et al., 2018; Dong et al., 2019a; Suwatthanarak et al., 2021; Wang 
et al., 2013; Yasui et al., 2017), lateral displacement (Biagioni et al., 
2020; Hattori et al., 2019; Laki et al., 2014; Salafi et al., 2019; Santana 
et al., 2014; Smith et al., 2018; Wunsch et al., 2016) or viscoelastic flow 
(Asghari et al., 2020; Liu et al. 2017, 2019) based devices. 

2.1. Immunoaffinity-based separation microfluidics 

EVs separation by immunoaffinity involves the immobilization of 
antibodies on the microfluidic surface. There are several examples on 
the literature, as it is the case of Chen et al. (2010), who isolated EVs 
from cell culture, as well as from serum and blood samples. For that, the 
research team constructed a microfluidic device with planar flow 
channels with herringbone engravings. The herringbone engravings 
enhanced mixing of particles and capture efficiency, due to increased 
surface area. The microchannels were then functionalized with 
anti-CD63 (Chen et al., 2010). Dudani et al. (2015) constructed a 
microfluidic device on polydimethylsiloxane (PDMS) by photolithog
raphy, and polystyrene beads functionalized with anti-CD63 that were 
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pre-incubated with the samples. Then, the exosome-bead complexes 
were injected in the microfluidic device, which rapidly purified exo
somes through inertial force-induced solution exchange. However, this 
method required a centrifugation step prior to the use of the device 
(Dudani et al., 2015). Kamyabi et al. (2020) also developed a micro
fluidic device functionalized with antibodies against EV surface proteins 
(CD9, CD63, CD81 and Epithelial Cell Adhesion Molecule [EpCAM]), 
but with thousands of pillars in a zigzag pattern to influence sample flow 
and increase interaction between the pillars and EVs for efficient 
screening of samples from pancreatic cancer patients (Kamyabi et al., 
2020). Tayebi et al. (2020) produced such efficient trapping arrays that 
were able to trap one single microbead per site. Each bead was enriched 
with exosomes by immunoaffinity capture (Tayebi et al., 2020) (Fig. 2). 

The step of eluting captured EVs intact remains a challenge, but it has 
been proven that using low pH buffer, neutralized downstream, is 
effective and ensures EVs stability (Hisey et al., 2018). Other approaches 
avoid using conditions outside the physiological range. For example, 
EVs were captured by desthiobiotin-conjugated antibodies, which were 
able to connect to the device surface functionalized with Neutravidin. By 
adding a biotin solution, which presents higher binding affinity than the 
antibodies, the EVs were released from the device (Lo et al., 2020). Sun 
et al. (2020) built the EV Click Chip, where click chemistry motifs 
(tetrazine and trans-cyclooctene) were grafted onto EVs and the chip 
substrate, which resulted into covalent capture. Then, release was 
allowed by exposure to a disulphide cleavage agent (Sun et al., 2020). 

2.2. Physical-based separation microfluidics 

2.2.1. Acoustofluidics 
Acoustics-based microfluidics usually resort to ultrasound waves to 

create pressure. Since particles have different mechanical properties 
(size, density, compressibility), they also experience differential forces 
(Shao et al., 2018). Wu et al. (2017) isolated exosomes directly from 
blood using a microfluidic device combined with acoustics. The platform 
consisted of two sequential surface acoustic wave (SAW) microfluidic 
modules: the first one removed large blood components, whereas the 
second one isolated exosomes with a purity of 98.4%. Each module had a 
tilted-angle standing SAW field that induced lateral deflection and 
size-based separation. Thus, by adjusting the input power and frequency 
as well as the fluid flow rate, it was possible to ensure proper cut-off size 
of the particles of interest (Wu et al., 2017). Wu et al. (2019) were also 
able to use acoustofluidics to separate lipoproteins from EVs. For that, 
two series of SAWs were generated and propagated in opposite di
rections, resulting in regions of minimal pressure (pressure nodes) and 
regions of maximum pressure (antinodes). Whereas high-density lipo
proteins and EVs tend to move to acoustic pressure modes, the 
remaining lipoproteins move to the antinodes. Even though EVs are not 
totally separated from all lipoproteins, the device is able to ameliorate 
the EVs isolation from biological samples (Wu et al., 2019). 

Mirtaheri et al. (2019) used synthetic vesicles to study the combi
nation of temperature and acoustic waves. The vesicles had different 
membrane protein content. By applying a specific temperature, 
conformational changes occurred on the membrane, leading to acoustic 
properties change. Therefore, vesicle migration shifted from the nodal to 
the antinodal plane according to the content. This way, vesicles 

Fig. 2. (A) Schematic diagram of the trapping microchannels of the immunoaffinity-based separation microfluidic device. It used microbeads functionalized with 
CD63 or EpCAM antibodies for the specific isolation of exosomes. (B) Analysis of the efficiency of exosomes capture through quantification of the fluorescence 
intensity of the differently modified microbeads, Copyright 2020, American Chemical Society; Reproduced with permission (Tayebi et al., 2020). 
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containing the same proteins with different concentrations could be 
differentiated (Mirtaheri et al., 2019). Broman et al. (2021) reported an 
acoustic trapping device with a glass capillary larger than the ones re
ported in other studies, which allowed increasing the capacity of the 
device, besides enabling higher flow rates without increasing shear 
stress on the vesicles. Furthermore, nine trapping nodes were generated, 
demonstrating fast separation of EVs with distinct proteome patterns 
from urine samples (Broman et al., 2021). 

2.2.2. Electrophoretic-based devices 
Capillary electrophoresis is a high-performance electroseparation 

technique that isolates analytes in a capillary tube, under the influence 
of an electric field. The separation is based on the charge-to- 
hydrodynamic radius ratio of the analyte (Ouahabi et al., 2021). 
Compared to traditional electrophoresis devices, microcapillary elec
trophoresis enables reliable measurements of electrokinetic properties, 
such as the zeta potential and electrophoretic movement, since the 
electroosmotic flow in a capillary is a simple plug flow instead of a 
complex vortex flow. Furthermore, microcapillary electrophoresis is 
compatible with microscopic imaging, being a powerful tool for parti
cles profiling (Kato et al., 2013). For example, it is possible to attain the 
electrophoretic multiwavelength profile of previously enriched exo
somes samples (Ouahabi et al., 2021). Moreover, the zeta potential 
(which is based on the electrophoretic mobility) can also be used to 
distinguish the exosomes’ cells of origin, since exosomes from cancer 
cells have a negative shift on zeta potential distribution in comparison to 
the ones resulting from normal cells (Kato et al., 2013). 

Davies et al. (2012) designed a strategy to sieve EVs directly from 
blood, by imposing the sample through nanoporous membranes using 
pressure. Photopatterned porous polymer monoliths, used as filter 
membrane, removed cells and large debris from blood, allowing small 
vesicles to pass. Then, electrophoresis was applied to isolate EVs from 
soluble proteins since they show differences in mobility. However, the 
process showed to be lengthy (Davies et al., 2012). Cho et al. (2016) 
used a similar strategy, but with a dialysis membrane with 30 nm pores. 
By applying an electric field, proteins migrated through it, whereas EVs 
stayed on the membrane surface. In 30 min, 83.6% of proteins were 
removed with an EV recovery of about 65% (Cho et al., 2016). In 
another study, a low-voltage indirect dielectric device comprised of an 
array of borosilicate micropipettes was capable of selective entrapment 
of exosomes from cell culture media, plasma, serum, and saliva, via their 
unique dielectric properties. By applying 10 V cm− 1 direct current, the 
small conical pore of the pipette induced a non-uniform electric field, 
which in turn created a dielectrophoretic force near the pipette tip. This 
force was balanced by electroosmosis and electrophoresis, producing an 
entrapment area. The exosomes were isolated in only 20 min from 200 
μL samples (Shi et al., 2019). 

Paper-based microfluidic systems are also promising for enrichment 
and isolation of EVs. Recently, an origami design consisting of 
accordion-like multi-folded layers was integrated with ion concentration 
polarization, and a voltage was applied. This electrokinetic method 
enabled the preconcentration of EVs through separation of microvesicles 
and exosomes from proteins in specific layers of the device (Lee et al., 
2020). 

More recently, the electrophoretic approach has been combined with 
immunoaffinity methods to enhance the efficiency of isolation. Besides 
isolation, these microfluidic devices are also able to concentrate and 
analyse (Guo et al., 2020; Guzman and Guzman 2020). For example, an 
antibody-functionalized multiplex paper-based technology was devel
oped for separation of exosomes from large EVs, followed by electroki
netic concentration of exosomes. The analysis can also be based on 
surface proteins since they influence the electrophoretic mobility of 
exosomes. A serum-spiked mixture with exosomes from prostate cancer 
cells or a healthy control, labelled with fluorescent dyes, was used to 
evaluate the efficiency of the system. The detection results showed to be 
30-fold more effective in comparison to enzyme-linked immunosorbent 

assay (ELISA) (Guo et al., 2020). 

2.2.3. Nanowire trapping 
Inorganic nanowires present mechanical stability, high surface-to- 

volume ratio, and can be embedded in microchannels. Due to its 
biocompatibility, ZnO nanowires are commonly used in microfluidic 
devices (Yasui et al., 2017), but other materials can also fulfil the task, 
such as silicon (Dong et al., 2019a; Wang et al., 2013). In the case of 
Wang et al. (2013), ciliated micropillars consisting of porous silicon 
nanowires on the side walls of the micropillars were built for multi-scale 
filtration. Fluorescently labelled liposomes were used as model vesicles, 
and it was shown that the system preferentially trapped exosome-like 
liposomes: 83 nm liposomes had a recovery rate of 60%, whereas 120 
nm liposomes showed only 15% (Wang et al., 2013). 

Even though nanowire trapping is usually classified as a label-free 
separation technique, it can be combined with immunoaffinity for bet
ter results. For example, Chen et al. (2018) built a PDMS-based micro
fluidic device covered with a ZnO nanowire array functionalized with 
anti-CD63. The system provided a larger area for exosomes trapping 
and a size-exclusion effect. The detection and quantification of exosomes 
was then performed by a colorimetric approach (Chen et al., 2018) 
(Fig. 3). In another work, Suwatthanarak et al. (2021) used a ZnO 
nanowire array fabricated within the microfluidic device, but func
tionalized with the EWI-2 peptide, which binds to CD9. After isolation, 
exosomes could be released using a NaCl solution (Suwatthanarak et al., 
2021). 

2.2.4. Deterministic lateral displacement (DLD) 
DLD is a size-based technique able to sort particles from 100 nm to 

30 μm. It uses pillar arrays that generate a fluid bifurcation and 
streamlines between gaps. Therefore, particle flow is determined by 
fluidic forces and the obstacle effect created by the pillars. When the 
particle radius is smaller than the gaps between pillars, it follows the 
initial streamline; in the case of being larger, it is bumped to the pillar 
and laterally displaced to another streamline (Salafi et al., 2019). Bia
gioni et al. (2020) anticipated the performance of DLD with a theoretical 
model, considering different forces for particle motion: electrostatic 
force, hindrance and diffuse effects (Biagioni et al., 2020). Furthermore, 
so that DLD can work as an efficient method for EVs separation, pillar 
arrays need to translate into the nanoscale for high yield separation of 
particles with a diameter as small as 20 nm. For that, DLD arrays with 
gap sizes ranging between 25 nm and 235 nm were tested, showing that 
their length influences the efficiency of separation, according to the 
diameter of the vesicle. For example, DLD is only effective for particles 
with 20 nm of diameter if the gaps are smaller than 42 nm. However, 
more than 200 kPa of input pressure was required for the motion of the 
vesicles, which withdraws the aim of a passive separation, besides 
limiting its clinical application (Wunsch et al., 2016). Therefore, Hattori 
et al. (2019) combined the nanopillar chips with electroosmotic flow (by 
application of an electric field) to overcome the need of high pressure to 
transport the EVs through the nanopillars (Hattori et al., 2019). 

Only a few works based on DLD for EVs separation can be found in 
the literature. One of them belongs to Santana et al. (2014), who ob
tained a microfluidic device able to recover microvesicles from a 
pancreatic adenocarcinoma cell line with an efficiency of 39%, and a 
purity of 98.5% (Santana et al., 2014). In the work of Smith et al. (2018), 
also a size-based EV separation device was constructed based on nano
scale DLD arrays on a single chip, capable of processing several samples 
at rates up to 900 μL per hour. The research team compared its efficiency 
with ultracentrifugation, size exclusion chromatography and other 
techniques, demonstrating that their device was faster and had a higher 
yield of EVs, which could reach values bigger than 50% for serum and 
urine samples (Smith et al., 2018). 

2.2.5. Viscoelastic flow 
Liu et al. (2017) took advantage of particle migration due to 
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size-dependent elastic lift forces in a viscoelastic medium. In comparison 
to microfluidics resorting to acoustics, electrophoretic or magnetic 
techniques, viscoelastic manipulation is not only a label-free technique, 
but also dismisses external applied fields. The microfluidic device had a 
middle outlet and two-sided outlets. The sample was introduced into the 
microchannel and mixed with poly (oxyethylene) solution to increase 
fluid viscoelasticity. Thus, the nanoparticles were laterally driven to
ward the microchannel centreline with different speeds, depending on 
the size, and controlled by the elastic lift forces. This way, large nano
particles migrated faster to the centreline and were collected in the 
middle outlet, whereas small nanoparticles were collected at the other 
outlets. Thus, it was possible to separate exosomes from other larger EVs 
of cell culture medium or serum, with a recovery percentage above 80% 
(Liu et al., 2017) (Fig. 4). 

Liu et al. (2019) designed a microfluidic system for size-selective 
separation of exosomes, microvesicles and apoptotic bodies, which 
used a viscoelastic fluid and a Newtonian sheath fluid (without elas
ticity). This caused the appearance of three forces: the elastic lift force, 

the inertial lift force, and the viscous drag force. The competition be
tween these forces depends on the size of the particles, thus their 
migration pattern from the initial position to the sidewalls of the 
microfluidic device varied in a size-dependent manner. The isolation of 
EVs ranging from 100 nm to 2 μm took only 30 min (Liu et al., 2019). 
However, using inertial forces in Newtonian fluids is still difficult to 
implement in nanoscale systems because Brownian motion of the par
ticles increases with the decrease of their size (Asghari et al., 2020). 

To date, viscoelastic microfluid devices are underdeveloped for 
nanoparticles manipulation due to limitations of diffusivity of nano
particles and channel length. To overcome such issues, Asghari et al. 
(2020) developed an oscillatory viscoelastic device. The microfluidic 
platform included a pressure-driven microfluidic chip coupled with an 
electronic circuit to generate oscillatory flow. Besides oscillatory flows 
being able to eliminate the need for long microchannels, the combina
tion with viscoelastic flow helps overcome Brownian motion. This way, 
it was possible to separate particles and biological species with di
ameters from only 20 nm to a few micrometres (Asghari et al., 2020). 

Fig. 3. (A) Illustration of the ZnO nanowires 3D scaffold (a), and SEM images of the scaffold with increasing magnification (b–f). (B) SEM image of the exosomes 
captured on ZnO nanowires, and (C) their colorimetric detection, Copyright 2018, Elsevier; Reproduced with permission (Chen et al., 2018). 

Fig. 4. (A) Schematic representation of the microfluidic chip for exosome separation from large EVs based on viscoelastic flow. The collection of exosomes occurs at 
the two side outlets, whereas large EVs are collected in the middle outlet. (B) Characterization of the separation based on NTA and fluorescence images. Exosomes 
were prelabelled with PKH26 dye (green colour), while large EVs were prelabelled with PKH67 dye (red colour), Copyright 2017, American Chemical Society; 
Reproduced with permission (Liu et al., 2017). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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3. Biosensing EVs 

Detection of EVs has been gaining interest due to their link to health 
status, with great prospects for disease early diagnosis and therapeutic 
approaches (Bu et al., 2019). The aim is to translate their importance in 
cell communication into measurable signals in point-of-care (POC) 
setups. EVs as a new prognostic biomarker have listed advantages over 
other blood-based biomarkers, such as circulating tumour cells (CTC), 
circulating tumour DNA (ctDNA) and microRNAs. First, EVs are found in 
higher concentrations with respect to CTC, ctDNA and microRNAs in 
biofluids (Boriachek et al., 2018). Second, they contain a set of mole
cules specific to the origin cells, which get protected from the enzymatic 
action inside the EVs or in the lipid bilayer (Bu et al., 2019). 

POC technologies are meant to be simple and avoid pre-processing of 
samples, so that any health professional can efficiently manipulate 
them. Such POC demand can be fulfilled by biosensors, whose imple
mentation in our everyday lives is progressing fast due to their versa
tility and easy application. A biosensor is a sensing device that converts 
the reaction originated from the biorecognition of the analyte into a 
measurable signal, which includes electrochemical, optical, thermo
metric, magnetic or piezoelectric approaches (Asal et al., 2019; Kawa
mura and Miyata 2016). Biosensors bring great advantages over 
conventional techniques such as ELISA or polymerase chain reaction 
(PCR), due to simplicity, possibility of miniaturization, automation, fast 
and sensitive analysis, thus deploying cost-efficient designs, amenable to 
functionalization and incorporation of nanomaterials (Pirzada and 
Altintas 2019). 

It should be noted that recent literature demonstrates a significant 
trend towards adaptation of biosensors to a lab-on-a-chip format, thus 
combining the precision of the original methods with very low sample 
volumes and potentially much lower operation costs. Furthermore, the 
progress of micro and nanotechnologies allows the use of lab-on-a-chip 
formats in standard medicine, which opens new possibilities in EVs 
research (Chiriaco et al., 2018; Huang et al., 2020a). 

3.1. Optical biosensors 

3.1.1. Luminescence 
Among the optical methods, fluorescence is a sensitive and versatile 

technique for detection of EVs with many sensor designs (Table 1). In the 
presence of a fluorescent molecule and a quencher, the system can be 
used to create a fluorescence “turn-on” (Li et al., 2020; Tayebi et al., 
2019; Zhu et al., 2021) or a “turn-off” (Mori et al., 2019) signal. For 
example, a fluorometric biosensor was developed to detect exosomes 
derived from MCF-7 breast cancer cells. The detection method was 
based on immobilizing fluorescently labelled anti-CD63 on the surface 
of molybdenum disulphide-multiwall carbon nanotubes (MoS2-CNT), 
which in turn acted as a fluorescence quenching material. When the 
exosomes bound to the anti-CD63 antibodies, there was a recovery of the 
fluorescence and the intensity increased with increasing concentration 
of exosomes (Tayebi et al., 2019) (Fig. 5). Li et al. (2020) also used a 
“turn-on” approach in the presence of the target exosomes. Graphene 
oxide (GO) was adopted as a quencher to the fluorescence signal of the 
positively-charged tertiary amine-containing tetraphenylethene 
(TPE-TA). The functioning principle of the system was the following: the 
TPE-TAs bound to aptamers targeting the exosomes surface protein 
prostate-specific membrane antigen (PSA), and that complex was 
absorbed in the GO system, thus the fluorescence signal was turned off. 
The targeted exosomes had higher binding affinity to the aptamers than 
GO, which led to the detachment of the complexes from the GO surface. 
In consequence, the fluorescent signal was turned on. Moreover, since 
numerous TPE-TAs could bind to a single aptamer, the fluorescence 
signal was amplified without enzymatic assistance (Li et al., 2020). A 
new technique based on molecularly imprinted polymers for fluores
cence sensing of exosomes relied on the “turn-off” approach, which 
means that the fluorescent molecules are quenched when the target is 

present. The authors created post-imprinting in-cavity specific modifi
cations, by introducing fluorescent markers and immobilizing the anti
body anti-CD9. The imprinted polymer cavities containing the 
fluorescent markers enabled detection of intact exosomes since fluo
rescence intensity was quenched with increasing concentration of exo
somes (Mori et al., 2019). The imprinted nanocavities can be formed 
with template exosomes secreted from specific cell lines (Mori et al., 
2019), or with functionalized nanoparticles (Takeuchi et al., 2020). 

Other approaches were also used, as it is the case of the catalysis of 
tyramine by horseradish peroxidase (HRP), in presence of hydrogen 
peroxide, and the target exosomes. This reaction led to the production of 
a dimer and a fluorescence signal (Chen et al., 2020a). Dehghani et al. 
(2021) made the translation of an automated fluorescence technique 
originally developed for the characterization and quantification of vi
ruses (Virus Counter 3100, Sartorius) to the quantification and profiling 
of EVs. The system works by emitting a laser light and capturing the 
emitted fluorescence from EVs previously labelled with fluorophores. 
Proof of concept was performed with polystyrene nanoparticles, 
showing that the performance of the analysis in the virus counter sur
passes the conventional technique Nanoparticle Tracking Analysis 
(NTA) because it did not mask small particles (Dehghani et al., 2021). 

For amplification of the fluorescence signal, which leads to increased 
sensitivity, several strategies have been pursued, such as the integration 
of nanoparticles. For example, nanovesicles were captured by 
cholesterol-modified magnetic beads and exosomes were further iden
tified by copper oxide nanoparticles (CuONPs), modified with CD63 
aptamers, and forming a sandwich complex. After targeting the exo
somes, CuONPs in the complex were dissolved by acidolysis. In this way, 
the copper oxide turned into copper (II) ions, which in turn were 
reduced by sodium ascorbate to form fluorescent copper nanoparticles 
(CuNPs) in the presence of poly(thymine). Therefore, the fluorescence 
intensity was proportional to the concentration of exosomes. This 
method allowed a limit of detection (LOD) of 4.8 × 104 particles μL− 1 in 
human serum (He et al., 2018). The sensitivity of fluorescence-based 
techniques can also be increased through the integration of other type 
of nanomaterials in sensor designs, like magnetic nanobeads (Kabe et al., 
2019), plasmonic metallic nanostructures (Min et al., 2020), or quantum 
dots (Wu et al., 2021) (Table 1). 

Signal enhancement using rolling circle amplification (RCA) has 
been also pursued (Huang et al. 2018, 2020b). As an example, Huang 
et al. (2018) utilized anti-CD63 modified magnetic beads conjugates to 
isolate leukaemia-derived exosomes, which were also recognized by 
surface expressed nucleolin using a DNA primer containing a 
nucleolin-recognition aptamer. The DNA primer initiated the RCA re
action to generate many repeat sequences to hybridize with a conjugate 
of gold nanoparticles (AuNPs). These AuNPs were functionalized with 
the antisense sequence of the DNA primer connected to a fluorescent dye 
(quenched at this state). Finally, a nicking endonuclease was introduced 
in the system to release the fluorescent dye, which changed from the 
quenching to the emission state. Furthermore, the conjugates were 
released and could be recycled. The described platform enabled reach
ing a LOD of 1 × 102 particles μL− 1 (Huang et al., 2018) (Fig. 6). 

An alternative amplification strategy was presented by Wang et al. 
(2020b), using a molecular nanomachine with automatic walking, and a 
spider-looking configuration. It was denominated as 3D multipedal DNA 
walker. The aim of this work was to detect exosomes from lymphoblastic 
leukaemia, which present the protein tyrosine kinase 7 (PTK7) in 
abundance. The construction of the 3D multipedal DNA walker involved 
the use of a PTK7-targeting aptamer tailored at the 5’ end of a catalyst by 
a poly-T linker, which was partially hybridized with anchored DNA 
conjugated on Sepharose beads. In the presence of the target exosomes, 
the aptamer recognition and binding to over-expressed PTK7 receptors 
led to their release from the beads and a 3D DNA structure like a spider 
was formed. The walker movement was then obtained by catalytic 
recycling. In this system, the DNA legs of the multipedal walker hy
bridized to the toehold of hairpin DNA1 (H1) conjugated on the surface 
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Table 1 
Summarized description of optical methods for biosensing EVs.  

Detection method Sample LOD Ref 

Fluorescence detection 
Fluorophore and quencher     
- “Turn-on” strategy, using fluorescently labelled anti-CD63 on the surface of MoS2-CNT Cell culture media 1.48 × 103 particles μL− 1 Tayebi et al. (2019)  
- “Turn-on” strategy, using fluorescently labelled aptamers and GO as a quencher Cell culture media 3.43 × 105 particles μL− 1 Li et al. (2020)  
- “Turn-off” strategy, using imprinted cavities formed with exosomes and fluorescent 

markers 
Cell culture media 6 pg mL− 1 Mori et al. (2019) 

Amplification based on nanostructures     
- Copper-mediated signal amplification Spiked serum 4.8 × 104 particles μL− 1 He et al. (2018)  
- Encapsulation of a fluorescent substance in magnetic nanobeads Serum – Kabe et al. (2019)  
- Plasmonic metallic nanostructures-based signal amplification Cell culture media – Min et al. (2020)  
- Quantum dots-based signal amplification Cell culture media 5 × 102 particles μL− 1 Wu et al. (2021) 
Rolling circle amplification     
- Initiation of RCA after recognition of exosomes by a DNA primer comprising an aptamer Cell culture media 1 × 102 particles μL− 1 Huang et al. (2018)  
- Based on branched RCA and an aptamer to target specific exosomes Cell culture media 42.7 particles μL− 1 Huang et al. (2020b) 
Amplification based on DNA walker     
- Recyclable 3D multipedal DNA walker triggered by the presence of exosomes Cell culture media 1 particle μL− 1 Wang et al. (2020b) 
Amplification based on CRISPR system     
- Triggering of CRISPR/Cas12a system by exosomes, leading to the release of a 

fluorescent label 
Cell culture media – Zhao et al. (2020) 

Microfluidic devices     
- Microfluidic platform with GO and polydopamine nanointerface Cell culture media 50 exosomes μL− 1 Zhang et al. (2016)  
- ExoSearch chip for multiplexed exosome detection Plasma 7.5 × 102 particles μL− 1 Zhao et al. (2016)  
- Power-free PDMS microchip using laminar flow-assisted dendritic amplification Cell culture media – Ishihara et al. (2017)  
- 3D nanopatterned microchips Cell culture media 16 EVs μL− 1 Zhang et al. (2020c) 
Electrochemiluminescence detection     
- ECL probes based on Graphite-like carbon nitride nanosheets conjugated polydopamine 

coated galinstan NPs 
Cell culture media 31 particles μL− 1 Zhang et al. (2019b)  

- ECL probes based on Ti3C2 MXenes nanosheets Cell culture media 1.25 × 102 particles μL− 1 Zhang et al. (2019a)  
- ECL probes based on Ti3C2 MXenes and AuNPs Cell culture media 30 particles μL− 1 Zhang et al. (2020a) 
SPR detection 
Versatility of SPR biosensors design     
- Measurement of optical transmission through periodic nanoholes on a metal surface Cell culture media 3 × 103 exosomes Im et al. (2014)  
- TiN as a biocompatible plasmonic material, instead of gold or silver Cell culture media 4.29 × 10− 3 μg mL− 1 (for 

CD63) 
Qiu et al. (2019) 

2.75 × 10− 3 μg mL− 1 (for 
EGFRvIII)  

- Fibre optic SPR platform Cell culture media and 
plasma 

– Yildizhan et al. (2021) 

Signal amplification     
- Amplification of the SPR signal using DNA hydrogel functionalized AuNPs Cell culture media 1 ×102 particles μL− 1 Chen et al. (2020b) 
Microarrays     
- Combination of SPR imaging with antibody microarrays Cell culture media – Zhu et al. (2014) 
Differentiation between EVs     
- Localized SPR biosensor with self-assembly gold nanoislands to distinguish between 

exosomes and microvesicles 
Cell culture media 0.194 μg mL− 1 (for 

exosomes) 
Thakur et al. (2017)  

- Detection of multiple exosome subpopulations Plasma 1 μg mL− 1 Picciolini et al. (2018)  
- Differentiation between normal and cancerous cells Cell culture media 104 particles μL− 1 Fan et al. (2020) 
SERS detection 
Label-free methods     
- Super-hydrophobic micropillars to concentrate the target and enhance the SERS signal Cell culture media – Tirinato et al. (2012)  
- Nanobowl-structured plasmonic substrates to capture and detect exosomes Cell culture media 1 exosome per nanobowl Lee et al. (2015a)  
- Combination of silver nanocubes on a surface with gold nanorods Cell culture media – Sivashanmugan et al. (2017)  
- Attachment of AuNPs directly to the EVs, followed by overgrowing them with a silver 

layer in situ 
Cell culture media – Fraire et al. (2019)  

- Microscale biosilicate substrate embedded with silver nanoparticles Cell culture media 0.6 particles μL− 1 Rojalin et al. (2020)  
- Macroporous inverse opal to capture and analyse exosomes Plasma – Dong et al. (2020)  
- Combination of plasmonic nanobowties and microfluidics Cell culture media 1.32 × 102 particles μL− 1 Jalali et al. (2021) 
Label-dependent methods     
- SERS and fluorescent nanotags Cell culture media 2 × 103 exosomes μL− 1 Kwizera et al. (2018)  
- Immunomagnetic capture of exosomes and SERS nanoprobes Cell culture media 27 particles μL− 1 Tian et al. (2018)  
- Bimetallic SERS-active nanotags Cell culture media 26 particles μL− 1 Ning et al. (2020) 
Colorimetric detection 
Particles aggregation     
- Colour change due to AuNPs aggregation Serum – Maiolo et al. (2015)  
- Colour change due to AuNPs aggregation Cell culture media – Jiang et al. (2017) 
Catalytic reactions     
- pH strips adapted to exosomes detection Cell culture media 4.46 × 103 particles μL− 1 Yang et al. (2019)  
- Enzyme-induced etching of gold nanobipyramid@MnO2 nanostructures Cell culture media 1.35 × 102 particles μL− 1 Zhang et al. (2020d)  
- Enzymatic catalysis of dopamine in the presence of exosomes Cell culture media 7.7 particles μL− 1 Xu et al. (2020) 
Lateral flow immunochromatographic strips     
- Sandwich system based on tetraspanin antibodies immobilized on the strip and AuNPs- 

conjugated antibodies 
Cell culture media 8.54 × 105 exosomes μL− 1 Oliveira-Rodriguez et al. 

(2016)  
- System based on carbon-coated superparamagnetic nanoflowers Plasma 4 × 106 EVs μL− 1 Moyano et al. (2020) 
DNA-assisted amplification    

(continued on next page) 
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of Sepharose beads opening the H1 structure. Then, the exposed DNA 
area of H1 could interact with another added DNA-hairpin fluorescently 
labelled (H2), which resulted in the migration of the DNA walker to an 
adjacent hairpin, triggering a new cycle. This approach led to a LOD of 
only 1 particle μL− 1 (Wang et al., 2020b). 

Recently, Zhao et al. (2020) published a method based on the 
amplification of exosomes recognition signal by the CRISPR-associated 
protein Cas12a system. To capture the exosomes, a CD63 aptamer 
partially blocked with complementary DNA strands (blocker) was used. 
The interaction of exosomes with the CD63 aptamer caused a confor
mational change that released the blocker. The blocker was then 
recognized by the CRISPR/Cas12a system, which in turn triggered the 
cleavage of a fluorescent reporter probe labelled with Cy3 and Black 
Hole Quencher at both terminals, releasing the Cy3 fluorochrome. The 
fluorescent signal greatly amplified by this system was indicative of the 
captured exosomes, enabling a detection range of 103 to 107 particles 
μL− 1 (Zhao et al., 2020). 

Microfluidic devices with fluorescence detection have been gaining 
advantage as they enable isolation and concentration of EVs, single-EV 
sensitivity, quantification, and characterization, as well as automation 
in the same apparatus (Cheung et al., 2018; He et al., 2014; Ishihara 
et al., 2017; Zhao et al., 2016). Zhang et al. (2016) presented an ultra
sensitive detection method for exosomes based on a microfluidic plat
form with GO and polydopamine nanointerface. This nanostructured 
interface designed to enhance the capture efficiency of exosomes 
enabled an ultrasensitive ELISA assay with enzymatic fluorescence 

signal amplification upon detection of exosomes from colon cancer cells, 
reaching a LOD of 50 exosomes μL− 1 (Zhang et al., 2016). Zhang et al. 
(2020c) developed a 3D nanoengineered chip through colloidal inkjet 
printing, for EV identification and monitoring of tumour growth. Met
alloproteinases (MMPs) are known to be carried by EVs derived from 
tumour microenvironments. In particular, the MMP14 has major 
importance for the remodelling of extracellular matrix and activation of 
other MMPs. Thus, a peptide substrate labelled with a fluorophore and a 
quencher was added to the microfluidic device, which could be cleaved 
by the MMP14. When the EVs were present and cleavage occurred, the 
fluorescence signal appeared. Two ELISA tests were also incorporated 
into the chip, to quantify the MMP14 content, and the EVs abundance by 
probing CD63 and CD9. The design of the microfluidic system allowed to 
conduct two samples at the same time, as well as two negative control 
assays. Clinical plasma from patients with ductal carcinoma or breast 
cancer was analysed with this microfluidic system, showing great ac
curacy (Zhang et al., 2020c). 

Beyond detection with microfluidic systems, microarrays are 
powerful tools for the simultaneous analysis of several samples, being 
usually employed for screening antibodies or antigens, as well as to 
study protein interactions in less time-consuming assays. They allow 
highly sensitive, cheap, and rapid throughputs, consuming only small 
sample volumes. Some studies have already shown the efficiency of 
microarrays for quantification and phenotyping of EVs. Those micro
arrays are usually based on choosing specific antibodies, peptides or 
aptamers targeting surface markers for profiling of EVs (Gori et al., 

Fig. 5. (A) Schematic representation of fluorescently labelled anti-CD63 on the surface of MoS2-multiwall carbon nanotubes, which act as a fluorescent quenching 
material. (B) Exosome detection based on fluorescence recovery and (C) calibration curve, Copyright 2019, Royal Society of Chemistry; Reproduced under the terms 
and conditions of the Creative Commons Attribution 3.0 Unported License (Tayebi et al., 2019). 

Table 1 (continued ) 

Detection method Sample LOD Ref  

- Triggering DNA-assisted amplification by target-induced proximity ligation Cell culture media 0.1 particles μL− 1 Liu et al. (2018b) 
Photonic detection 
Plasmonic effect     
- 3D plasmonic PC nanostructures with point-defect cavities Cell culture media – Zhu et al. (2018) 
Photonic and fluorescence     
- Integrated chip with a double-filtration unit and detection using PCs and fluorescence Cell culture media 8.9 EVs μL− 1 Dong et al. (2019b)  
- Signal amplification based on PCs and quantum dots Cell culture media – Zhang et al. (2020b) 
Microfluidic devices     
- Differentiation between host and parasitic EVs Cell culture media 2.18 × 106 EVs μL− 1 (for 

host) 
Wang et al. (2018a)  
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2020; Jin et al., 2018; Jorgensen et al., 2013; Liu et al., 2018a). 
ExoScreen is a fluorescence-based technique able to identify exosomes 
from blood without the need of purification steps. This system is 
composed of donor and acceptor beads: streptavidin-coated donor beads 
are used to capture an analyte-specific biotinylated antibody, while the 
acceptor beads are conjugated to the second antibody that recognizes an 
epitope of the analyte. When the donor beads are excited with a laser at 
680 nm, singlet oxygen is released that excites the fluorescent signal in 
the acceptor beads at 615 nm. However, this is only possible if the beads 
are within 200 nm of the captured analyte, thus excluding larger EVs. 
The reliability of the test for profiling circulating exosomes was assessed 
by targeting two tetraspanin family proteins, CD9 and CD147, used as 
double confirmation for EVs derived from colorectal cancer (Yoshioka 
et al., 2014). 

The sensitivity of luminescence-based techniques can also be 

increased through the integration of conductive materials, achieving a 
phenomenon denominated electrogenerated chemiluminescent (ECL), 
in which an electrochemical reaction leads to light emission (Zhang 
et al. 2019b, 2020a; Zhang et al., 2019a). For instance, an electrode 
interface was modified with anti-CD63 aptamer, and AuNPs decorated 
with Ti3C2 MXenes also modified with the same aptamer were formed in 
situ, acting as ECL probes. When the exosomes were captured on the 
electrode, the MXenes linked to their surface and acted as a conductive 
support to AuNPs, improving their catalytic activity, and the detection 
was based on the ECL signal of luminol. This system enabled a LOD of 30 
particles μL− 1 for exosomes derived from cervical cancer cells (Zhang 
et al., 2020a). 

3.1.2. Surface plasmon resonance (SPR) 
Surface Plasmon resonance (SPR) is based on the excitation of 

Fig. 6. (A) Illustration of the rolling circle amplification (RCA)-based platform for the detection of leukaemia-derived exosomes, and (B) RCA products. Lane 1: 
marker; Lane 2: primer; Lane 3: padlock; Lane 4: primer + padlock; Lane 5: RCA products; Lane 6: DNA–FAM (DNA primer connected to a fluorescent dye); Lane 7: 
RCA products + DNA–FAM; Lane 8: RCA products + DNA–FAM + Nb⋅BbvCI nicking endonuclease. (C) Confirmation of the increased intensity of the signal with the 
amplification technique employed Copyright 2018, Royal Society of Chemistry; Reproduced under the terms and conditions of the Creative Commons Attribution 3.0 
Unported License (Huang et al., 2018). 
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electrons at the interface of a dielectric and conductive metal surface 
(usually silver or gold) with polarized light. SPR biosensors are ideal for 
analysis of EVs due to their easy adaptability (Dobhal et al., 2020; Liao 
et al., 2020; Reiner et al., 2017a; Sina et al., 2016; Yang et al., 2020) 
(Table 1). An example of the versatility of SPR systems can be found in 
the approach of Im et al. (2014). Instead of total internal reflection, the 
system was adapted to measure the optical transmission through peri
odic nanoholes on a metal surface, and it was named nano-plasmonic 
exosome sensor. Each periodic array of nanoholes was functionalized 
with specific antibodies to detect surface proteins and those from exo
some lysates. This study revealed a pattern in the expression of CD24 
and EpCAM proteins, from exosomes isolated from ovarian cancer cells, 
also demonstrating a major improvement of the LOD regarding other 
techniques such as western blotting and ELISA (Im et al., 2014). Another 
example regards Qiu et al. (2019), whose novelty of the work was using 
a TiN support material instead of gold or silver. TiN is a biocompatible 
material with plasmonic characteristics in the visible-to-near-infrared 
spectrum, with tunable electric conductivity and optical absorption. 
The results showed better sensitivity and selectivity for glioma-derived 
exosomes when compared to conventional gold SPR biosensors (Qiu 
et al., 2019) (Fig. 7). Chen et al. (2020b) amplified the SPR signal using 
DNA hydrogel functionalized AuNPs. The mass cumulative effect of the 
hydrogel and the localized SPR effect of the AuNPs enhanced the signal 
of prostate cancer-derived exosomes (Chen et al., 2020b). Yildizhan 
et al. (2021) used an in-house made fibre optic SPR platform and 
established a calibration curve for recombinant EVs (rEVs) with a 
well-characterized surface composition. To increase sensitivity, 
different combinations of EV-specific antibodies were tested. Moreover, 
complex matrices were also evaluated, such as cell culture medium with 
rEVs and EVs from different cell lines, as well as in diluted blood plasma 
(Yildizhan et al., 2021). 

The SPR technique has already been adapted to microarrays, which 
dismiss enrichment or purification of the samples. For example, a work 
demonstrated the combination of SPR imaging with antibody micro
arrays specific for membrane proteins of EVs from tumour cell culture 
medium (Zhu et al., 2014). Many studies have also demonstrated the 
ability of SPR techniques to be applied to biological samples and 
distinguish subpopulations of EVs (Fan et al., 2020; Picciolini et al., 
2018; Rupert et al., 2016; Thakur et al., 2017). 

3.1.3. Surface-enhanced Raman spectroscopy (SERS) 
SERS is a technique for the enhancement of Raman scattering of 

analyte molecules that are adsorbed on/or near SERS-active surfaces, i. 
e., rough, or nanostructured metal surfaces, often relying on the classic 
use of gold or silver. It is a non-invasive technique for characterization 
and sensing, operating with small volumes and minimum sample prep
aration (Merdalimova et al., 2019). 

Biosensors based on SERS can be label-free (Dong et al., 2020; Fraire 
et al., 2019; Jalali et al., 2021; Lee et al., 2015a; Rojalin et al., 2020; 
Sivashanmugan et al., 2017; Stremersch et al., 2016; Tirinato et al., 
2012; Yan et al., 2019) or depend on labelling (Hou et al., 2020; Kwizera 
et al., 2018; Lee et al., 2017; Li et al., 2018; Ning et al., 2020; Tian et al., 
2018; Wang et al. 2018b, 2020c; Wang et al., 2020e). The label-free 
approach allows reliable spectral fingerprint of the analyte and its 
identification in complex mixtures. Even though the label-free method is 
simpler, the efficiency of the sensor is surpassed by labelling in blood 
and serum samples, because it avoids signals from interfering molecules 
that are co-adsorbed (Merdalimova et al., 2019). 

Regarding label-free SERS biosensors, Tirinato et al. (2012) used 
super-hydrophobic silicon micropillars coated with silver nanograins to 
distinguish exosomes derived from healthy and tumour colon cell lines, 
through the changes in SERS spectra. Since the super-hydrophobicity 
reduces the friction coefficient, this property is used to concentrate 
diluted samples in very small regions, and this increased density results 
in enhanced SERS signals (Tirinato et al., 2012). Lee et al. (2015a) also 
utilized the label-free approach as a simpler and faster alternative to the 
conventional biochemical analysis of exosomes. The authors used 
nanobowl-structured plasmonic substrates to capture exosomes from an 
ovarian cancer cell line. The surface of the SERS sensor was fabricated 
via soft lithography on PDMS, where a layer of silver was sputtered, thus 
creating the nanobowls. These structures enabled the capture and 
entrapment of the exosomes, besides allowing discrimination between 
intact and ruptured exosomes (Lee et al., 2015a). Following a similar 
approach, in the work of Sivashanmugan et al. (2017), exosomes were 
detected at concentrations of 104-105 lower than normal blood samples. 
For that, the SERS substrate combined silver nanocubes on a surface 
with gold nanorods. This combination also enabled the distinction be
tween exosomes released by normal and cancerous lung cells (Siva
shanmugan et al., 2017). An innovative work was designed by Fraire 
et al. (2019), which attached AuNPs directly to the EVs membrane 
through electrostatic forces, followed by overgrowing them with a silver 
layer in situ. This improved the signal-to-noise quality and resulted in a 
specificity and sensitivity higher than 90% for the discrimination be
tween red blood cells and EVs from melanoma cells (Fraire et al., 2019). 

Fig. 7. Scheme of the TiN SPR biosensor and comparison between TiN and Au SPR responses for the detection of glioma-derived exosomes, Copyright 2018, Wiley- 
VCH; Reproduced with permission (Qiu et al., 2019). 
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More recently, Dong et al. (2020) created a macroporous inverse opal 
(MIO) structure, assembled to mimic natural beehives, to capture and 
analyse the exosomes extracted from plasma of cancer patients. For that, 
an opal of PS nanoparticles was infiltrated with titanium oxide (TiO2), 
and the nanoparticles were subsequently removed to create the MIO. 
The TiO2 MIO structure was then coated with Au. The pores of the MIO 
act as a trap for light, enhancing the SERS signal (Dong et al., 2020) 
(Fig. 8). 

One example of the labelling approach for SERS assays regards the 
work of Kwizera et al. (2018). A 3D printing array technology was used 
to create an antibody matrix to capture exosomes on gold-covered slides. 
Then, the exosomes captured through the target-specific antibodies 
were labelled using SERS nanotags composed of gold nanorods and a 
non-fluorescent organic dye (QSY21) as Raman reporter. In this study, 
human epidermal growth factor receptor 2 (HER-2) and EpCAM were 
identified on exosomes from patients with breast cancer in plasma 
samples, revealing its feasibility for molecular profiling (Kwizera et al., 
2018). Another work carried out by Tian et al. (2018) demonstrated the 
immunomagnetic capture of exosomes, followed by the formation of 
sandwich-type complexes between the SERS nanoprobes, exosomes and 
magnetic beads. The magnetic nanobeads were modified with anti
bodies to recognize CD9 proteins on the exosome membrane. The 
nanoprobes were produced with nanostar shapes and modified with 
bivalent cholesterol-labelled DNA chains that bind to the exosome 
membrane through hydrophobic interaction. The establishment of such 
complexes enabled the magnetic enrichment of SERS nanoprobes, only 
possible in the presence of targeted exosomes. Thus, SERS signal is only 
detectable in the presence of exosomes, and this device presented a LOD 
as low as 27 particles μL− 1 (Tian et al., 2018) (Table 1). Ning et al. 
(2020) used bimetallic SERS-active nanotags for the simultaneous 
detection of different cancer-related exosomes. There were two types of 
probes in the system: the capture probes, constituted by magnetic beads 
modified with aptamers targeting exosomes; and the detection nanotags, 
made by a core of gold and two shells of silver, decorated with DNA 
sequences complementary to the aptamers. Therefore, in the absence of 
exosomes, the detection probes hybridized with the capture probes. 
When exosomes were present, they interacted with the capture probe, 
releasing the SERS nanotags. Therefore, the SERS signal decreased in the 
presence of the biomarker. Distinct exosomes were detected, based on 

different kinds of SERS nanotags, via different Raman reporter mole
cules or linker DNAs (Ning et al., 2020). 

The SERS-based EVs detection was already adapted to chips, able to 
monitor changes of the EV profile of patients undergoing melanoma- 
related therapies. The chip incorporated a multiplex SERS nanotag 
system, without the need of EV enrichment from plasma samples. The 
nanotags were composed of AuNPs bound to Raman reporters in 
conjunction with tumour-specific antibodies. This system allowed to 
detect different EVs phenotypes from eight melanoma patients, which 
gathers great potential at studying treatment responses, such as the 
development of drug resistance (Wang et al., 2020c). 

3.1.4. Colorimetric 
Colorimetric strategies developed to detect EVs usually resort to 

particles aggregation when the bioanalyte is present (Jiang et al., 2017; 
Wang et al., 2021b) or through catalytic reactions (Chen et al., 2018; 
Wang et al., 2017b; Xia et al. 2017, 2020; Yang et al., 2019; Zeng et al., 
2021; Zhang et al. 2020d, 2021; Zhou et al., 2019a), both methods 
leading to a colour change. An example of the first approach is the work 
of Jiang et al. (2017), which developed a colorimetric sensor to detect 
exosomes based on aptamer/AuNPs complexes. A panel of aptamers was 
chosen to profile exosome surface proteins. This study showed that 
complexation of aptamers with AuNPs prevented aggregation of the 
particles, but in the presence of exosomes, the aptamers specifically bind 
to exosomes surface proteins rather than the non-specific, weak binding 
to the AuNPs. As the complex is broken, by displacing aptamers from 
AuNPs surface, it leads to aggregation of the particles and colour change 
(Jiang et al., 2017). Regarding the second approach, Yang et al. (2019) 
used commercially available pH strip tests for a quantitative analysis of 
exosomes. Briefly, the study reports that exosomes were first captured 
by magnetic nanoparticles. Then, antibodies against CD63 conjugated to 
HRP catalyse the formation of a polydopamine film on exosomes sur
face, which in turn allows the binding of urease. By adding urea to the 
system, urease converts it into ammonia, increasing the pH value, which 
is noticeable in pH strips by colour change (Yang et al., 2019) (Fig. 9). 
Zhang et al. (2020d) used a different strategy, resorting to 
exosome-triggered etching of gold nanobipyramid@MnO2 nano
structures. In summary, CD63 aptamer and two sequences partially 
complementary to it labelled with alkaline phosphatase (P-ALP) were 

Fig. 8. (A) Diagram of the design and detection based on the macroporous inverse opal structure and (B) SEM image of the captured exosomes (scale bar: 300 nm). 
(C) SERS spectra obtained for exosomes from plasma of a healthy individual and of a prostate cancer patient, Copyright 2020, American Chemical Society; 
Reproduced with permission (Dong et al., 2020). 
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linked to magnetic beads. When exosomes are present, their binding to 
the CD63 aptamer is stronger than that of P-ALP, thus those sequences 
are released. Then, the L-ascorbic acid 2-phosphate present in the re
action system is dephosphorylated by P-ALP producing ascorbic acid, 
which, in turn, etches the MnO2 nanosheets, leading to a morphological 
change of the nanoparticles. The morphological change leads to a dif
ference of their refractive index, thus to a colour change. This method 
achieved a LOD of only 135 exosomes μL− 1 (Zhang et al., 2020d). Xu 
et al. (2020) presented a different study adding dopamine and hydrogen 
peroxide solution to a complex of exosomes captured by CD63 specific 
aptamer conjugated to HRP. The colour intensity of the transformation 
of dopamine into dark polydopamine correlated well with the concen
tration of exosomes. The LOD obtained was 7.7 particles μL− 1 (Xu et al., 
2020) (Table 1). 

Colorimetric approaches based on lateral flow immunochromato
graphic strips have also been developed. The strips showed successful at 
detecting exosomes from a human metastatic melanoma cell line, 
making use of antibodies against tetraspanins and AuNPs for the 
colorimetric response. However, the LOD was high comparing to pre
vious literature, attaining 8.54 × 105 exosomes μL− 1 (Oliveira-Ro
driguez et al., 2016). Exosomes were also detected with 
immunochromatographic strips decorated with iron oxide nanoflowers 
coated with a carbon layer. The magnetic core allowed magnetic isola
tion, whereas the carbon coating held functional groups needed for 
bioconjugation. The LOD obtained was around 106 EVs μL− 1 (Moyano 
et al., 2020). 

There are also some works using colorimetric biosensors not only to 
determine EVs concentration, but also their purity (Maiolo et al., 2015; 
Zendrini et al., 2019). The principle is related to the ability of colloidal 
AuNPs to adsorb and cluster at the membrane of EVs, which does not 
occur when the samples contain single and aggregated protein con
taminants. If the preparation of EVs is pure, the solution turns blue due 
to the aggregation of AuNPs at the membrane of EVs and stays red in the 
presence of protein contaminants as the first phenomenon is inhibited 
(Maiolo et al., 2015). 

In addition, it is also truly important to have a strong optical signal 
with high sensitivity, since EVs are generally studied for an early 
detection of a certain disease, which implies that their concentration in 
biological samples is low. In the context of amplifying the detection of 
tumour-derived exosomes, a study used a proximity ligation assay, 
which involves DNA-assisted protein detection (Liu et al., 2018b). The 
proof-of-concept was applied to nasopharyngeal carcinoma samples that 
possess LMP1-positive and EGFR-positive EVs. Briefly, a pair of 

antibodies against LMP1 was coupled to DNA reporter sequences that 
hybridize when in close proximity after synchronous recognition of 
LMP1 on the exosomes. Then, exosomes are separated from the 
remaining sample using magnetic beads functionalized with antibodies 
against tetraspanins. Through recombinase polymerase amplification 
and transcription-mediated amplification, multiple copies of RNA 
transcripts from the DNA signal are formed, and then hybridize with the 
complementary sequence present on AuNPs. In this way, the nano
particles aggregate, shifting the colour from red to blue. The determined 
LOD achieved the lowest value observed so far in colorimetric assays of 
0.1 particles μL− 1 (Liu et al., 2018b) (Fig. 10). 

3.1.5. Photonic structures 
In the last years, even though in less number, some studies for 

detection and quantification of EVs use photonic crystals (PCs). Wang 
et al. (2018a) constructed a photonic biosensor for targeting host exo
somes, distinguishing them from the ones derived from parasitic nem
atodes. The photonic part consisted of a one-dimensional grating 
substrate, coated with a high-refractive index thin film (acting as a light 
confinement layer for resonance modes), and functionalized with 
anti-CD63. Exosomes from the parasites do not present CD63 at the 
membrane surface, therefore the capture of host exosomes is specific, 
increasing the refractive index of the biosensor, which results in a shift 
in the wavelength of the reflected light (Wang et al., 2018a). Recently, 
the same research group used a similar device, but explored the trans
mission spectrum of the PC substrate to differentiate between different 
types of macrophage-derived EVs. Since their recognition caused a 
distinguishable wavelength shift, the detection process was based on the 
spectral signature of each EV (Wang et al., 2021c). 

The design of PC structures has also been explored in combination 
with other signal readings. In the work presented by Zhu et al. (2018), a 
3D plasmonic PC with point-defect cavities was constructed, which 
showed the hybrid coupling of plasmonic and PC modes, increasing the 
electromagnetic field intensity and sensitivity (Zhu et al., 2018). 
Another sensor with high sensitivity was developed by Dong et al. 
(2019b), which built a chip with a double-filtration unit and a sensor 
based on PC nanostructures named ExoID-Chip. It integrated a nano
filtration membrane to enrich EVs ranging 20–200 nm based on 
size-exclusion. Then, the isolated EVs were combined with excessive 
aptamers targeting CD63 and quantified by a competitive immunoassay. 
Therefore, the aptamers in excess were detected on the PC layer that had 
immobilized CD63 and a fluorescence labelling reaction occurred, 
which used the PC as an enhancement factor of the fluorescent signal, 

Fig. 9. (A) Schematic representation of a novel system created for exosomes detection and quantification based on commercially available pH strips. After isolation 
of exosomes with magnetic nanoparticles (MNPs), antibodies against CD63 (biotin-anti-CD63) conjugated with horseradish peroxidase (SA-HRP) catalyse the for
mation of a polydopamine film on exosomes surface, which in turn allows the binging of urease. By adding urea to the system, urease converts it into ammonia and 
the pH increases. (B) The pH variation is related to exosomes concentration, what is noticeable in pH strips by colour change, Copyright 2019, Elsevier; Reproduced 
with permission (Yang et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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allowing a LOD of 8.9 EV μL− 1 (Dong et al., 2019b) (Table 1). Zhang 
et al. (2020b) detected exosomes from pancreatic cancer cells using 
quantum dots functionalized with antibodies targeting the glypican-1 
membrane-anchored protein of exosomes. The PCs worked as a signal 
amplification system (Zhang et al., 2020b). 

3.2. Electrochemical biosensors 

In electrochemical biosensors, the recognition chemical reaction 
produces or consumes ions or electrons, which leads to measurable 
electrical variations in current, potential, or impedance. It is the most 
widespread approach, due to its typical high sensitivity, ability of in
clusion in portable devices and cheap fabrication (Li et al., 2017; 
Monošík et al., 2012). For example, the detection of released EVs from 
breast cancer cells upon induced hypoxia or normoxia conditions, used 
gold electrodes functionalized with antibodies against CD81 to capture 
the EVs. The detection was followed by electrochemical impedance 
spectroscopy (EIS) and differential pulse voltammetry (DPV), achieving 
LODs of 0.077 EVs μL− 1 and 0.379 EVs μL− 1, respectively (Kilic et al., 
2018). 

A sandwich-type electrochemical immunoassay was reported by 
Doldán et al. (2016), and the sensor could detect 200 exosomes μL− 1 of 
serum samples with volumes as low as 1.5 μL (Table 2). The gold surface 
on the working electrode was modified with an anti-CD9 antibody to 
specifically capture exosomes. Then, mouse anti-human CD9 antibodies, 
different from those anchored on the gold surface, were added to 
recognize the many exposed CD9 molecules on the surface of exosomes, 
thus amplifying the signal. Finally, mouse anti-IgG antibodies conju
gated to HRP were able to recognize mouse anti-CD9 and bind to the 
system. Detection was achieved by electrochemical reduction of 
HRP-oxidized 3,3’,5,5′-tetramethylbenzidine (TMB), which leads to 

differences in current, directly dependent on the exosomes concentra
tion (Doldan et al., 2016). Also, in a sandwich-based assay, another 
electrochemical method was reported to quantify exosomes from breast 
cancer cells. Exosome capture was performed using anti-CD9 antibodies 
immobilized on the surface of a screen-printed carbon electrode. The 
detection step was performed by using antibodies against HER-2, 
generating current differences according to the number of recognized 
exosomes. To monitor the current generated in each step, DPV was used 
in the presence of the redox system [Fe(CN)6]3-/4- (Yadav et al., 2017). 
More recently, a LOD as low as 5 EVs μL− 1 was achieved using a sand
wich immunoassay implemented on a lab-on-a-chip design. It combined 
an enzymatic reaction with a redox cycling on nanointerdigitated elec
trodes (Mathew et al., 2020). 

Another technique for the detection of EVs resorts to nanoparticle- 
labelling, which depends on functionalized metal nanoparticles to 
bind to the target, and a gold electrode to sense the introduced differ
ences on impedance, current or voltage. In a work developed to inves
tigate such application, gold electrodes were modified with thiolated 
anti-EpCAM aptamers to bind to the EVs. Silver nanoparticles (AgNPs) 
and copper nanoparticles (CuNPs) were used as probes, since their 
oxidation potentials fall in the potential window of the gold electrodes 
and are well separated from each other, enabling multiplex exosomal 
protein detection. AgNPs were functionalized with anti-EpCAM, and 
CuNPs were functionalized with anti-PSA, which is specific to prostate 
cancer. Linear sweep voltammetry was then applied for the oxidation of 
the metal nanoparticles, leading to an electrochemical peak related to 
the presence and the amount of each surface marker. This study not only 
showed a new technique for EVs detection, but also a platform for 
different protein marker detection (Zhou et al., 2016b) (Fig. 11). In a 
recent work develop by Wang et al. (2020d), covalent organic frame
works (COFs)-based nanoprobes were prepared by functionalization 

Fig. 10. (A) Diagram representing the colorimetric technique used to detect LMP1+ exosomes. (B) Absorbance spectra of different concentrations of exosomes, and 
corresponding (C) colour images and (D) calibration curve, Copyright 2018, Elsevier; Reproduced with permission (Liu et al., 2018b). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with HRP and with AuNPs bound to a linker that recognized amino acid 
residues of the exosomes surface. In the presence of exosomes, the HRP 
catalysed the oxidation of TMB in the presence of hydrogen peroxide 
creating an electrochemical signal. This technique was able to achieve a 
LOD of 160 particles μL− 1 (Wang et al., 2020d) (Table 2). 

Microfluidic electrochemical devices were also already developed 
for the purpose of detecting EVs. For example, Zhou et al. (2016a) 
developed an effective and simple electrochemical biosensor for exo
somes using the specific aptamer for CD63. The aptamers for CD63 were 
immobilized on the surface of gold electrodes and then incorporated into 
a microfluidic system. Antisense strands pre-labelled with redox probes 
were hybridized with the aptamers. In the presence of exosomes, and 
due to their interaction with the aptamers, there is a displacement of the 
probing strands and the electrochemical signal decreases (Zhou et al., 
2016a). Wang et al. (2017a) developed a portable electrochemical de
vice, which used a DNA nanotetrahedron structure (NTH) for assisting 
the aptamer to detect and capture exosomes from hepatocarcinoma 
cells. Aptamer-containing NTHs were immobilized onto the gold elec
trodes, showing 100-fold higher sensitivity than when the biosensor was 
only based on the single-stranded aptamer (Wang et al., 2017a) 
(Fig. 12). In another work, a detachable microfluidic device was 
implemented with an electrochemical aptasensor. Whereas the apta
sensor is obtained through the electrodeposition of gold nanostructures 
and the immobilization of EpCAM aptamer as the recognition element, 
the microfluidic device is a type of vortex used to enhance the impact 
between exosomes and the sensing surface. Removing this microfluidic 
component allows to subsequently harvest the exosomes for down
stream analysis. The device accomplished a LOD of 17 particles μL− 1 

(Kashefi-Kheyrabadi et al., 2020). 

Moreover, self-powered electrochemical biosensors raise much in
terest because they do not need an external power source, thus minia
turization is easily achieved. For example, Gu et al. (2021) created a 
biofuel cell for the detection of exosomes. For that, glucose dehydro
genase within a metal-organic framework (MOF) was used at the anode, 
improving its stability. The cathode was modified with CD63 antibodies 
for the detection and capture of exosomes. When exosomes were pre
sent, MOFs loaded with electroactive molecules (K3[Fe(CN)6]) were 
applied, acting as receptors of the anode electrons derived from the 
oxidation of glucose. Under such conditions, an electrical current got 
formed, and a LOD of 0.3 exosomes μL− 1 was obtained (Gu et al., 2021). 

Nevertheless, the differentiation between cancer-derived exosomes 
and normal exosomes remains one of the major challenges together with 
signal amplification to achieve lower LODs, aiming the applicability of 
the developed biosensors in the clinic. Huang et al. (2019) addressed 
these requirements for gastric cancer detection. For that, a gold sub
strate was modified with anti-CD63, and a specific aptamer to gastric 
cancer-derived exosomes was added to the detection system. The 
aptamer was linked to a primer sequence complementary to a G-quad
ruplex circular template. RCA is triggered only in the presence of the 
target exosomes, producing several G-quadruplex units. Then, this HRP 
mimicking DNAzyme catalyses the reduction of hydrogen peroxide, thus 
creating an electric current. This sensor showed a LOD of 0.954 exo
somes μL− 1 (Huang et al., 2019). More recently, in the work of Wang 
et al. (2021a), breast cancer-derived exosomes signal was amplified by 
using a multidirectional hybridization chain reaction. The gold elec
trode surface was functionalized with EpCAM to capture the exosomes. 
Then, cholesterol-modified H shape-like DNA unit 1 (cH1) was added to 
anchor to the exosome surface, and a second biotin-modified H 

Table 2 
Summarized description of electrochemical, magnetic and piezoelectric biosensors for EVs detection.  

Detection method Sample LOD Ref 

Electrochemical detection 
Sandwich- type immunoassay     
- Capture of exosomes with CD9 antibodies and detection with IgG antibodies 

conjugated to HRP 
Cell culture media 2 × 102 exosomes μL− 1 Doldan et al. (2016)  

- Capture of exosomes with CD9 antibodies and detection using antibodies against 
HER-2 

Cell culture media 4.7 × 105 exosomes μL− 1 Yadav et al. (2017)  

- Combined enzymatic reaction with a redox cycling on nanointerdigitated 
electrodes 

Cell culture media 5 EVs μL− 1 Mathew et al. (2020) 

Nanoparticle-labelling     
- Functionalized AgNPs and CuNPs to recognize exosomal surface markers Cell culture media 50 exosomes per sensor Zhou et al. (2016b)  
- COFs-based nanoprobe with AuNPs functionalized with a linker and HRP Cell culture media 1.60 × 102 particles μL− 1 Wang et al. (2020d) 
Microfluidic devices     
- Incorporation of gold electrodes into a microfluidic system and displacement of 

probing strands 
Cell culture media 1 × 103 particles μL− 1 Zhou et al. (2016a)  

- Aptasensor assisted by a DNA nanotetrahedron structure Cell culture media 20.9 exosomes μL− 1 Wang et al. (2017a)  
- Aptasensor combined with a vortex-type microfluidic device Cell culture media 17 particles μL− 1 Kashefi-Kheyrabadi et al. 

(2020) 
DNA amplification strategies     
- Specific aptamers to gastric cancer exosomes and RCA Cell culture media 0.954 exosomes μL− 1 Huang et al. (2019)  
- Aptamers specific to breast cancer exosomes and amplification with 

multidirectional hybridization chain reaction 
Cell culture media 2.85 × 102 exosomes μL− 1 Wang et al. (2021a) 

Magnetic separation and electrochemical detection     
- Induced multi-DNA release and cyclic enzymatic amplification Cell culture media 70 particles μL− 1 Dong et al. (2018)  
- Magnetic enrichment combined with an aptasensor on ITO electrode Cell culture media 4.39 particles μL− 1 Xu et al. (2018) 
Magnetic detection  
- Microfluidic chip with magnetic separation and detection using a micro nuclear 

magnetic resonance system 
Cell culture media 
and blood 

– Shao et al. (2012)  

- Magnetoresistive biosensor chip Cell culture media 105 microvesicles μL− 1 Cherré et al. (2017)  
- On-chip GMR biosensor for EVs detection and profiling of surface glycans Cell culture media 104 EVs Wang et al. (2020g)  
- GMR biosensor based on MoS2–Fe3O4 probes Cell culture media 102 exosomes Zhu et al. (2020) 
Piezoelectric detection 
Acoustic-based technique     
- AuNPs-amplified SAW sensor Cell culture media 1.1 particles μL− 1 Wang et al. (2020a) 
QCM-based technique     
- QCM system functionalized with anti-CD63 Spiked serum 2.9 × 105 exosomes μL− 1 (frequency 

response) 
Suthar et al. (2020) 

1.4 × 105 exosomes μL− 1 

(dissipation response)  
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shape-like DNA unit (H2) allowed to create a DNA structure. The DNA 
structure recruits a large quantity of streptavidin-HRP, due to interac
tion with biotin. The HRP catalyses the reaction between TMB and 
hydrogen peroxide, generating not only an electric current, but also a 
colour change of the solution. However, the LOD of 285 exosomes μL− 1 

stands higher than in other explored electrochemical approaches 
(Table 2). Nevertheless, the sensor was capable of distinguish between 
cancerous and non-cancerous exosomes from culture cells and serum 
samples (Wang et al., 2021a). 

Magneto-electrochemical sensors for analysis of EVs appeared 
recently, combining magnetic selection and electrochemical detection 
(Dong et al., 2018; Jeong et al., 2016; Lima Moura et al., 2020; Park 
et al., 2017; Xu et al., 2018). For example, Dong et al. (2018) used 
magnetic beads conjugated to aptamers targeting PSA to capture cancer 
exosomes, but their detection was indirectly based on measuring nucleic 
acids. Therefore, the PSA aptamers were hybridized with messenger 
DNAs (mDNAs), which were released when the exosomes were recog
nized. After magnetic separation, the concentration of released mDNAs 
was assessed by an electrochemical sensor based on cyclic enzymatic 
amplification (Dong et al., 2018). The work of Xu et al. (2018) targeted 

tumour-derived exosomes in serum by creating a two-stage microfluidic 
platform. The first stage corresponds to isolation by magnetic enrich
ment. Thus, Y-shaped micropillars were patterned for anisotropic flow 
of the sample, to increase the opportunities of linkage between exo
somes and magnetic beads modified with phosphatidylserine-Tim4 
protein. The second stage consisted of an aptasensor on ITO electrode, 
based on a probe containing an aptamer for CD63 recognition and a 
mimicking DNAzyme sequence. When exosomes were present, the 
single-stranded DNA hairpin sequence was opened, thus forming a 
G-quadruplex that combined with hemin acted as NADH oxidase and 
HRP-mimicking DNAzyme simultaneously, leading to the enhancement 
of the electrochemical signal (Xu et al., 2018) (Fig. 13). 

3.3. Magnetic biosensors 

As previously mentioned, magnetic approaches are commonly used 
for specific separation and enrichment, being usually coupled with op
tical (Chen et al. 2019, 2020a; Moyano et al., 2020) or electrochemical 
techniques for the actual analysis and detection of EVs (Dong et al., 
2018; Jeong et al., 2016; Lima Moura et al., 2020; Park et al., 2017; Xu 

Fig. 11. (A) Scheme regarding the operation principle of the electrochemical biosensor for the analysis of exosomes and microsomes. (B) Electrochemical assay for 
the detection of fractions containing microsomes and exosomes, microsomes only, or exosomes only, isolated from VCaP cell culture supernatant using AgNPs–anti- 
EpCAM and CuNPs–anti-PSMA as markers. The U937 cell line is a nonepithelial cell line, used as a control in the assays, Copyright 2016, Wiley; Reproduced with 
permission (Zhou et al., 2016b). 
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et al., 2018). However, there are a few reports of microfluidic devices 
that depend only on magnetic properties for EVs detection. It is the case 
of the work reported by Shao et al. (2012), whose device was able to 
profile blood-circulating microvesicles from glioblastoma patients. The 
blood was introduced into a microfluidic chip with magnetic 

nanoparticles, functionalized with anti-CD63 antibody, for specific EV 
labelling and isolation, followed by detection with a micro nuclear 
magnetic resonance system (Shao et al., 2012). Magnetoresistive sensors 
have been recently adapted to biological contexts, including the sensing 
of EVs, previously labelled with functionalized magnetic nanoparticles. 

Fig. 12. (A) Scheme of the electrochemical device, which used (B) DNA nanotetrahedron structure for assisting the aptamer to detect and capture exosomes from 
hepatocarcinoma cells; (C) Redox signal changes after aptamer immobilization and after incubation with exosomes, Copyright 2017, American Chemical Society; 
Reproduced with permission (Wang et al., 2017a). 

Fig. 13. (A) The first stage of this microfluidic system corresponds to the isolation process: Y-shaped micropillars were patterned for anisotropic flow of the sample, 
and binding of exosomes to phosphatidylserine-Tim4 protein enriched magnetic nanoparticles. (B) The second stage reports to the ITO electrode containing a CD63 
aptamer and a G-rich mimicking DNAzyme sequence. In the presence of exosomes, the single-stranded DNA hairpin is opened and forms a G-quadruplex that in 
coordination with hemin leads to NADH oxidation, which in turns leads to a measurable electrochemical signal, Copyright 2018, American Chemical Society; 
Reproduced with permission (Xu et al., 2018). 
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These platforms allow fast quantification, without using large sample 
volumes, while enabling a pre-concentration due to the use of magnetic 
nanoparticles, which increases their sensitivity to the target (Cherré 
et al., 2017). For example, Cherré et al. (2017) developed a magneto
resistive biosensor chip capable of detecting 105 microvesicles μL− 1 in 
less than an hour, a value that is within the physiological concentration 
range (Cherré et al., 2017) (Table 2). Wang et al. (2020g) made use of 
the same technique not only to detect EVs, but also to profile the glycans 
at their surface. This was possible due to the use of functionalized 
magnetic nanoparticles and addition of specific lectins, which trans
duced specific EV-bound glycans measured in real time using an on-chip 
giant magnetoresistance (GMR) sensor (Wang et al., 2020g) (Fig. 14). 

A recent work developed by Zhu et al. (2020) presented an ultra
sensitive GMR biosensor based on molybdenum disulphide-iron oxide 
(MoS2–Fe3O4) nanostructures as magnetic probes. The probes were 
modified with aptamers specific to cancer cell-derived exosomes. Each 
MoS2 structure could collect several Fe3O4 nanoparticles, which 
increased the magnetic probes density, thus amplifying the target signal. 
The biosensor presented a LOD of 100 exosomes (Zhu et al., 2020). 

3.4. Piezoelectric biosensors 

Acoustic techniques depend on shifts of the frequency of an oscil
lating sensor due to alterations of the medium where the acoustic waves 
propagate. The oscillating sensor surface can be modified with specific 
capture probes, thus only responding to the adsorption/desorption of 
the target (Romanszki et al., 2020). In the work of Wang et al. (2020a), 
the signal amplification was attained with AuNPs. Briefly, a SAW sensor 
was functionalized with anti-CD63, which linked to the exosomes. Then, 
biotin conjugated EpCAM antibodies were added to the system, as well 
as streptavidin modified AuNPs. This way, a biotin-streptavidin inter
action was obtained, and the AuNPs were attached to the target exo
somes already recognized by the sensor. The AuNPs increased the 
acoustic waves phase shift, amplifying the recognition signal. It showed 
a LOD of 1.1 particles μL− 1 from hepatic carcinoma cells. Moreover, the 
biosensor also showed to be successful at analysing blood samples of 
healthy and cancer patients (Wang et al., 2020a) (Fig. 15). 

Another work used a quartz crystal microbalance with dissipation 

monitoring (QCM-D) to detect exosomes. The QCM was functionalized 
with antibodies against CD63, creating a direct immunoassay. The sys
tem showed detection of clinically relevant concentration of exosomes 
in spiked human serum, presenting a LOD of 2.9 × 105 or 1.4 × 105 

exosomes μL− 1 for frequency or dissipation responses, respectively 
(Suthar et al., 2020) (Table 2). 

4. Conclusion and future perspectives 

The importance of cell-to-cell transport of biomolecules in health and 
disease makes the research field of EVs one of the most fruitful. EVs are 
mediators of intercellular communication over near and far distances 
and are involved in a wide range of physiological processes, immune 
responses, disease progression, among many other biological functions. 
Great progress has been made in understanding the biogenesis, 
composition, trafficking of biomolecules, and function of EVs. There
fore, the study of EVs has increased in complexity and diversity, i.e., in 
various biofluids, from different biological sources (including interspe
cies communication), and for biotechnological and therapeutic 
approaches. 

Along with the proliferation of studies on EVs, there has been a 
recognized effort and necessity in defining experimental requirements 
and standardization of procedures when isolating, identifying, and 
characterizing EVs, in terms of both content and function. According to 
the position statements from ISEV, MISEV2014 guidelines (Lotvall et al., 
2014), updated in MISEV2018 (Thery et al., 2018), researchers must 
report all technical details concerning EVs studies. This is crucial for 
reproducibility, and to meet purity requirements, so that information 
about particle number counts, biomarker analysis and functional ac
tivity gets reliable. However, at the moment, literature regarding EVs 
isolation protocols is still lacking uniformization. Moreover, classical 
techniques for isolation and characterization fail at maintaining EVs 
intact, besides showing low purity yields after time-consuming pro
cesses, and entailing high costs. The parallel ongoing technological 
advance on microfluidic devices is expected to contribute to improve the 
experimental load of isolating specific subpopulations of EVs, in a good 
yield and purity. Microfluidics have the advantage of being miniatur
ized, low cost, simple, and preserve EVs morphology. The pursuit in 

Fig. 14. (A) Schematic representation of the magnetic device operation, based on three functional steps: magnetic labelling, dual-selective aggregation and EVs 
quantification through a GMR sensor. (B) Transmission electron micrograph of EVs bound to the magnetic particles. (C) Schematic of the multiplex platform, 
Copyright 2020, Elsevier; Reproduced with permission (Wang et al., 2020g). 
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complying with specific guidelines and improve the microfluidic devices 
will certainly enhance the reliability and reproducibility of the research 
in this field. 

Therefore, the next step leading to the clinical applicability of EVs as 
disease biomarkers is the improvement and simplification of their 
detection. The reviewed biosensors are cost- and time-effective and 
allow the investigation of low sample volumes with minimal amounts of 
EVs of interest. Even though many studies found in the literature still 
divide isolation and detection steps, the newest sensing layouts can have 
an extremely low LOD, while integrating multiple stages of isolation and 
characterization in the same device. 

In comparison with the current standard methods, which most of the 
times require the use of successive different approaches, better and 
faster enrichment is expected from miniaturized sensors. Research is 
also aiming to get beyond bulk analysis, especially resorting to elec
trochemical and optical approaches, which both showed to be promising 
at single-vesicle level analysis. Nevertheless, the need for signal ampli
fication is still hindering the simplicity of most of the developed systems. 
Furthermore, most studies evaluate the performance of biosensors using 
EVs derived from cell culture media. Since at clinical setup more com
plex samples are collected, such as blood, saliva, and urine, it is 
imperative to understand if parameters like sensitivity and selectivity 
are not hampered. The results obtained so far regarding the response of 
biosensors tested in real samples, including to distinguish EVs from 
healthy and diseased individuals, have been successful. 

In conclusion, specific and sensitive functional readouts will 
continue providing new insights on the biochemical signatures of EVs 
and get the translation of POC devices to the clinic an upcoming reality. 
Furthermore, filling the gaps of current knowledge on how the enclosed 
information is generated, communicated, and implemented, will 
certainly leverage the therapeutic use of these vesicles as contributors to 
health status, from diseased conditions to aging. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors gratefully acknowledge funding from the European 
Commission trough the project MindGAP (FET-Open/H2020/ 

GA829040). The authors RV, YCG and ARC also acknowledge Fundação 
para a Ciência e Tecnologia their PhD grants (2020.09673.BD, SFRH/ 
BD/145590/2019, and SFRH/BD/130107/2017, respectively). 

References 

Aharon, A., Spector, P., Ahmad, R.S., Horrany, N., Sabbach, A., Brenner, B., Aharon- 
Peretz, J., 2020. Extracellular vesicles of alzheimer’s disease patients as a biomarker 
for disease progression. Mol. Neurobiol. 57 (10), 4156–4169. 
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