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Advancements in microfluidic technologies for
isolation and early detection of circulating cancer-
related biomarkers

Ankit Rana,a Yuqian Zhang a and Leyla Esfandiari *a,b

Early stage detection of cancer is essential for the improved long-term survival of patients. Currently,

costly, extensively complex and invasive procedures, such as surgical tissue biopsies, are used for cancer

screening. Thus, over the past few decades, advancements in microfluidics and lab-on-a-chip approaches

have been made to develop minimally invasive and miniaturized platforms to identify and segregate circu-

lating cancer biomarkers such as exosomes, circulating tumor cells (CTCs) and cell-free DNA (cfDNA)

from body fluids. Our study presents a comprehensive overview of all such microfluidics based

approaches for point-of-care cancer diagnostics, which have proven to require significantly reduced

sample volumes with cost effective and minimally invasive criteria. We have also discussed the need for

integrated and more efficient devices to further advance these technologies to be suitable for liquid

biopsy in the clinical settings.

1. Introduction

Cancer is among the leading causes of morbidity and mor-
tality. In 2012, the World Health Organization reported more
than 14.1 million new cancer cases worldwide and 8.2 million

cancer-related deaths.1 Although it is well accepted that early
diagnosis is the only certain way to defeat cancer, to this day
even in developed countries, the majority of cancer diagnostics
rely on invasive tissue biopsies or on bulky and expensive
imaging instrumentation.2 Commonly, the patients forsake
screening due to the nature of these methods. Recently, there
have been significant efforts in the identification and isolation
of cancer-related biomarkers in body fluids such as circulating
tumor cells (CTCs), small extracellular vesicles (exosomes), pro-
teins, and cell-free DNAs (cfDNA)3 depicted in Fig. 1. Detection
methods based on circulating biomarkers, known as liquid

Ankit Rana

Ankit is a graduate student of
Electrical Engineering at the
University of Cincinnati. His
research focuses on the study of
electrokinetic effects in a nano-
pore based biosensor device. He
is interested in the development
of minimally invasive in vitro
diagnostic (IVD) platforms that
are fast and economical while
being robust. His MS work has
been towards studying the effect
of forces such as electroosmosis
and dielectrophoresis at the

nanoscale, which he studied with finite element simulations of the
biosensor setup in use.

Yuqian Zhang

Yuqian Zhang received her
bachelor’s degree in Renewable
Energy Materials and Device
from the University of Electronic
Science and Technology of China
in 2015. Currently, she is a
Ph.D. student at the University of
Cincinnati in Electrical
Engineering. Her research inter-
ests include nanopore-based
sensing, nucleic acid detection
and circulating biomarker
sorting for medical diagnostics.

aDepartment of Electrical Engineering and Computer Science, College of Engineering

and Applied Sciences, University of Cincinnati, Cincinnati, Ohio 45221, USA
bDepartment of Biomedical Engineering, College of Engineering and Applied

Sciences, University of Cincinnati, Cincinnati, Ohio 45221, USA.

E-mail: esfandla@ucmail.uc.edu

This journal is © The Royal Society of Chemistry 2018 Analyst, 2018, 143, 2971–2991 | 2971

Pu
bl

is
he

d 
on

 2
3 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

C
IN

C
IN

N
A

T
I 

on
 8

/2
0/

20
20

 1
0:

04
:5

6 
PM

. 

View Article Online
View Journal  | View Issue

www.rsc.li/analyst
http://orcid.org/0000-0002-2800-6100
http://orcid.org/0000-0001-6851-1198
http://crossmark.crossref.org/dialog/?doi=10.1039/c7an01965c&domain=pdf&date_stamp=2018-06-20
https://doi.org/10.1039/c7an01965c
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN143013


biopsies, are less invasive and can serve as better representa-
tives of the primary and metastatic sites compared to the tra-
ditional tissue biopsies.4 However, in the typical clinical
approaches, a considerable fraction of blood is required since
the detection efficiency of biomarkers present in smaller
volume remains low.5 Therefore, there is a clear and pressing
need for the development of point-of-care, minimally invasive
and highly sensitive diagnostic technologies that allow
patients to routinely screen for early signs of cancer.6 In recent
years, much work has been done specifically to reduce the
required sample volume and enhance the sensitivity of the
detection by leveraging from micro-/nano-scale technologies;
and hence, excellent review articles and book chapters regard-
ing the isolation of CTCs and exosomes have been
published.7–14 For instance, a critical review by Issadore’s
group has covered the novel nano-/micro-device based solu-
tions for the isolation of circulating biomarkers with emphasis

on the detection of exosomes and recognizing their clinical
relevance in cancer.15 Jung’s group has presented a minireview
summarizing the commercially available technologies for the
isolation and enrichment of the circulating biomarkers.5

Although these articles provided exquisite insights into the
commercially available and nano-/micro-scaled technologies,
there are a very limited number of review articles that compre-
hensively discuss the state-of-the-art microfluidic technologies
for the isolation and detection of the three major circulating
biomarkers from body fluids. Here, our review discusses the
advanced microfluidic devices and their principles employed
in the separation and detection of circulating CTCs, cfDNA
and exosomes in a more comprehensive way. Also, the need
for more efficient methods to further advance these techno-
logies to be suitable for liquid biopsy in clinical settings has
been provided.

2. Circulating tumor cell (CTC)
isolation techniques
2.1 CTCs as circulating biomarkers

Studies related to circulating tumor cells (CTCs) have shown
that these cells hold a primary role in metastatic spread16 and
their successful detection at early stages has given hope to
cure such a life-threatening disease by providing vital clues
regarding cancer metastasis. However, CTCs are extremely rare
in the bloodstream and their co-existence with a large number
of white blood cells (WBCs), erythrocytes and a myriad of
other biomolecules makes their detection technically challen-
ging.17 Also, the CTCs’ large morphological variability and size
heterogeneity make their identification and characterization a
daunting task.16,17 Additionally, CTCs are prone to damage
from the stress induced during the staining step or the shear-
stress due to the course of flow in channels.18 This poses a
challenge for the extraction of a viable amount from the
samples. Most notably, since CTCs are rare species, a large
quantity of blood sample (∼5–10 mL) is needed to be drawn
from patients for successful detection.16

2.2 Conventional methods for the isolation of CTCs

Over the course of time, a plethora of CTC isolation and detec-
tion techniques have been implemented19–24 which can be
broadly categorized as: (a) cytometric, which relies on the
intensities of the emitted scattered light as fluorescently
labelled tumor cells pass through a laser spot;25 (b) immuno-
magnetic separation, an approach primarily based on the
expression of the EpCAM lineage marker which has remained
a benchmark isolation method;26 CellSearch, a conventionally
used device, and the only FDA approved approach to detect
CTCs in whole blood, has been an immuno-magnetic segre-
gation standard;27 this method relies on the efficiency of the
EpCAM epitope expressed in epithelium and fatal tumors;
despite its popularity, it has shown great variability in terms of
sensitivity and specificity;28 and (c) morphological-based sep-
aration, assays that provide a way to differentiate epithelial
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Fig. 1 Circulating biomarkers in cancer.
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tumor cells from leukocytes which are relatively smaller in
size. This approach is subject to the alterations in shape and
size of the tumor cells in the process and hence, it is not
highly efficient.29

Although the conventional CTC screening techniques
provide essential information regarding these rare cells, long
processing times and significant variations amongst isolation
methods have added to the inconsistencies, making them
unreliable for clinical studies.16,17 Thus, more efficient and
consistent systems are required for reliable isolation and
characterization of these cells with high viability rates and
purity. Additionally, ensuring that the least amount of stress is
applied on the cells during the process and high reproducibility
of results are critical for highly accurate diagnosis and prognosis.

2.3 Isolation of CTCs using microfluidic technologies

Miniaturization of the devices reduces the sufficient volume of
blood for the isolation of CTCs and the analysis time com-
pared to the conventional methods. In this section, we com-
prehensively review a wide range of the state-of-the-art micro-
fluidic techniques aimed at optimizing the isolation of CTCs
from blood samples by size and physical properties including
dielectric nature and immunoaffinity binding.

2.3.1 Micro-filtration. The commonly used separation
method is the size-based approach. Since cancer cells are
larger in diameter than both leukocytes and erythrocytes, they
can be sorted out by the micro-filtration method. Zheng et al.
presented a three-dimensional microfilter system to enrich
human breast adenocarcinoma cells (MCF7) from diluted
blood samples.30 The device was fabricated with two layers of
Parylene membrane with a gap and pores accurately fabricated
by the photolithography technique to trap cancer cells and
keep them viable for further downstream analysis. The results
showed that the device could enrich viable CTCs from ∼1 mL
of whole blood with a recovery rate of ∼86% within five
minutes. Using another simple passive micro-well device, Tan
et al. isolated the spiked cancer cells MCF7, human breast
adenocarcinoma (MDA-MB-231) cells, and human colon
adenocarcinoma (HT-29) cells from diluted blood.31 The
micro-device incorporated a pre-filtration and multiple arrays
of crescent-shaped wells to prevent cell clumps and realize the
separation. The platform successfully achieved significant CTC
isolation with 80% efficiency and 0.7 mL h−1 throughput
under 5 kPa input pressure while preserving the viability of the
cells. However, in the case of large sample volume, the major
limitation of most filter-based devices is clogging.32 To
address this shortcoming, Kim et al. devised a lab-on-a-disc
platform which integrated a track-etched polycarbonate mem-
brane with 8 µm diameter pores with a fluid-assisted separ-
ation technology (FAST) to isolate CTCs from the unprocessed
whole blood of cancer patients.33 The FAST disc was composed
of three independent filtration units, each consisting of three
chambers for sample loading, filtration and waste storage.
Whole blood was loaded into the sample chamber and was
gently pushed into the filtration chamber in which the blood
was pumped radially outwards as the disc spun. The larger

CTCs were captured by the membrane while smaller hemato-
poietic cells passed through the membrane and to the waste
chamber. The FAST disc showed 20 seconds filtration of 3 mL
whole blood with the recovery rate up to ∼96%. Further, Qin
et al. used the resettable cell trap mechanism in which a two
layered polydimethylsiloxane (PDMS) structure was fabricated
in which the upper PDMS layer served as the flow channel
whereas the other worked as the sample-filled control
channel.34 The flow channel consisted of microstructured
pockets to trap target cells. The two layers were separated by a
pneumatically controlled flexible diaphragm, which could con-
strict or relax, thus enabling the capture and release of the
target cell species, respectively. The group tested the device
with blood samples collected from 22 patients with metastatic
castrate-resistant prostate cancer and it was shown that it
could recover greater than 5 CTCs in 82% of the patients from
7.5 mL of blood (diluted twice) in around 10 minutes.

Besides single tumor cell isolation, it is essential to separate
the multicellular groups (metastasis) from the bloodstream.
With this objective, Sarioglu et al. developed a microchip
technology to capture the metastasis from unprocessed whole
blood.35 The microchip took advantage of the larger size and
the strength of cell–cell junctions of CTC clusters and captured
them in specialized bifurcation traps under low-shear stress
conditions, thus conserving cell viability (Fig. 2). It was shown
that the device could capture cell clusters from 30% of patients
with melanoma, 40% of patients with breast cancer and 31%
of patients with prostate cancer.

Fig. 2 Cluster-chip design and operation.35 (a) The capture of CTC
clusters from unprocessed whole blood while the single cells flow
through. (b) SEM images showing the triangular features that serve as
consecutive cluster traps and a magnified image of a cluster trap. Both
scale bars at 60 μm. (c) Actual image of a working cluster-chip. (d) A
two-cell human prostate adenocarcinoma cluster captured on the chip
(top) and a schematic elucidation of the acting forces responsible for
this capture (bottom). (e) Finite-element analysis comparing the cell
cluster dynamics in the chip (left) and in a filter with one equivalent
opening (right).
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Although being label-free and providing a rapid filtration
process are significant advantages of micro-filter separation
methods, they are prone to clogging when handling large
volumes of blood samples. The heterogeneous size distri-
bution, deformability and clustering of cell population makes
it difficult to set a cut-off size and to attain a high purity of
desired CTCs.

2.3.2 Electrokinetic isolation. The dielectric property of
cells relies on their cellular composition including their mem-
brane capacitance, cytosolic conductivity and diameters,
which can be used for their classification. Among the electro-
kinetics based devices, dielectrophoresis is broadly used for
the manipulation of charged molecules, including cells,
nucleic acids and exosomes. The dielectrophoretic (DEP) force
can arise from the non-uniform electric field gradient and is
based on the relative permittivity of the particles to the
medium. The direction of this force could be towards the high
field gradient (positive DEP), or away from the high field gradi-
ent (negative DEP).22 The unique dielectric property of CTCs
provides a promising opportunity to separate them from the
other cell populations utilizing the DEP scheme. In a study by
Chou et al., an optically induced dielectrophoretic (ODEP)-
based cell separation technique was integrated into a micro-
fluidic device for CTC isolation after an initial size selective
membrane filtration process.36 This microfluidic system com-
prised of four concurrent layers: a PDMS layer, an indium tin-
oxide (ITO) glass substrate, an adhesive tape and an ITO
coated photoconductive material layer (top to bottom). Four
rectangular photoactive zones termed ‘light bar arrays’ (40 µm
wide) were fabricated in the photoconductive layer. These
served as virtual cell-filters for the target creating four isolation
zones arranged in a cascading manner. By applying an alter-
nating-current (AC) between the two ITO glass layers, a
uniform electric field polarized the biological species. Further,
controllable light images originating from a commercially
available projector were used as a source illuminating the light
bar arrays. This led to electron–hole pair excitation in the
photoconductive layer forming four non-uniform field regions
accompanied by a noticeable voltage drop in the solution.
Thus, the previously polarized species were manipulated with
the locally generated non-uniform electric field in the arrays.
Further, due to the variable width of the microchannels, a flow
velocity control was established facilitating target isolation.
Under the optimal ODEP manipulating conditions with 5 volts
peak to peak applied field at 100 kHz, the method showed its
ability to isolate CTCs (PC-3 cancer cells) with ∼95% purity.

Electrical impedance spectroscopy (EIS) is another electro-
kinetic-based technology for the characterization of cells based
on their dielectric properties and at single-cell resolution.37,38

Frazier’s group proposed a microelectrical impedance spec-
troscopy (µ-EIS) system integrated with a magnetophoretic
microseparator, to isolate CTCs from blood sample. The µ-EIS
measurements showed that the human breast cancer cell lines
at different pathological stages can be distinguished from the
normal human breast tissue cell line by analyzing the impe-
dance magnitude and phase.39 Further, to quantify the tumor

cell population, the same group designed a pressure-driven
isolation device to trap a single tumor cell in microfabricated
cavities and measure its electrical impedance with the µEIS
system, operable over a frequency range of 100 kHz to
3 MHz.40 Based on the impedance data gathered at 100 kHz
frequency, the membrane capacitance for the cells was com-
puted. This analysis showed a 4–19% capacitance decrease for
the carcinoma bearing cell-lines compared to the healthy cell
line.

As illustrated in these studies, the electrokinetic-based sep-
aration is expected to be more translatable into the clinical set-
tings. However, challenges with target specificity, complicated
device fabrication and an operational design that often
requires the use of a high electric field and high aspect ratio
microstructures prevent their implementation in clinical
applications.41–44

2.3.3 Inertial microfluidic approach. In microfluidics the
inertial forces become significant where the balance between
the wall effect and the shear gradient lift forces provides a con-
trollable net force that can separate particles based on their
specific size and deformability. Manipulation of the forces is
mainly carried out by changing the channel dimensions or
introducing a new fluid inlet. A pioneering work in the field of
inertial microfluidics by Papautsky’s group demonstrated
focusing of particles at distinct locations in a spiral micro-
channel.45 A combination of dominant inertial forces and the
Dean rotational force in the curvilinear microchannel was the
underlying sorting mechanism in their system. The device was
90% efficient and showed great cell viability when utilized to
separate neuroblastoma and glioma cells. This technique
served as an integral first stage spiral component of another
highly efficient two-stage inertial microfluidic device devel-
oped by Lee’s group.46 The device could selectively focus small
cells (RBCs or smaller prostate cancer cells) from a hetero-
geneous cell population in two steps. In the first step, the net
lift force on the cells interacted with the curvature induced
Dean drag forces. These forces reach an equilibrium closer to
the inner walls of the channel providing focusing positions for
the larger cells (>18 µm). This helped in removing the entities
of a non-target nature from the blood samples. In the next
step, the extracted sample was enforced into an active lateral
cavity acoustic transducer (LCAT) where a gas–liquid interface
was acoustically actuated leading to the generation of micro-
streaming flows. These oscillatory vortices selectively segre-
gated larger particles towards the center of the vortex while the
smaller species were farther outwards and were flown away
with the rest of the fluid. A 10× diluted blood sample was
flown at a rate of 1.1 mL min−1 through the device providing a
∼44 000× enriched output target cell (RBC) volume of ∼50 µL
in 5 minutes. Another platform presented by Di Carlo’s group,
was centered on blood-analysis aimed at isolating CTCs for
breast and lung cancer prognosis.47 The approach was to
merge the micro-scale vortices and inertial focusing for high-
purity isolation of CTCs from blood. Cells with different sizes
were flown through the channel and were pushed apart from
each other due to the induced wall and shear forces applied to
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them. Initially, the group methodically altered the channel
size and flow rate parameters to maximize the efficiency and
purity while confirming the cell viability. It has been shown
that approximately 25–51 CTCs were captured per 7.5 mL of
breast cancer patient blood and about 23–317 CTCs per 7.5 mL
of lung cancer patient blood. The complete procedure took
approximately 20 minutes, resulting in a varying 57–94%
purity. To further improve the device, a Deformability
Cytometry (DC) system was integrated with the device to
enable one-step capture, release and enumeration of CTCs.
Once the CTCs were captured in the vortices and the impuri-
ties were washed away, the CTCs were rapidly released to the
DC section for deformability analyses. This comprehensive
technology reached a detection accuracy of 93.8% and allowed
complete enumeration of CTCs from 10 mL of blood sample
within 1 hour.

Another inertial device with new channel geometry for CTC
isolation was put forth by Warkiani et al. The group devised an
innovative spiral microfluidic device having a trapezoidal
cross-section shape for the entrapment of CTCs from 7.5 mL
of blood sample volume.48 By means of a trapezoidal cross-
section instead of a customary rectangular cross-section, the
location of the Dean Vortex core was changed to accomplish
better segregation. Smaller hematologic constituents were con-
fined in the Dean vortices askew towards the outer channel
walls and ultimately were detached at the outer outlet, while
the bigger CTCs equilibrated near the inner channel wall and
were gathered from the inner outlet. A separation of more than
80% of the tested cancer cell lines (MCF-7, T24 and
MDA-MB-231) with very high purity was attained under
8 minutes.

Park et al. introduced another unique label-free approach
to capture viable circulating tumor cells directly from unpro-
cessed whole blood samples.49 The method relied on the
varying deformability of cells as they passed through constric-
tion zones under a continuous oscillatory flow. The cells were
flown through a matrix of tapered micrometer scale constric-
tions and because of the oscillatory flow, a ratcheting motion
was produced which led the tumor cells, erythrocytes and leu-
kocytes in different flow paths despite their nearly identical
dimensions. The device was capable of gathering more than
90% of the cancer cells from 2 mL of unprocessed whole blood
to achieve 104-fold enrichment of tumor cells compared to
leukocytes. Also, in the cases where CTCs and leukocytes are
similar sized (e.g. prostate cancer samples), the device per-
formed deformability based isolation providing a 25× yield
compared to the conventional cell-size based ‘CellSearch’
approach.

The inertial micro-devices provide a label-free separation
without relying on an external electric or magnetic field; these
devices have emerged as a straightforward and easy to incor-
porate approach for a lab-on-a-chip design. Such an integrated
microchip can perform both CTC capture and downstream
analysis thereafter. However, the inertial systems have their
own shortcomings. For instance, once fabricated, making
design alterations in a device is difficult and therefore, one

needs to make new devices for each application. Furthermore,
there exists a particle concentration limit, meaning that after
some time, due to the particle accumulation in the channel,
the steric interaction within particles or the target species
hinders the isolation process.50

2.3.4 Immunoaffinity-based isolation. Among the isolation
techniques, the immunoaffinity-based approach has been the
most popular for sorting CTCs due to better specificity and
purity outcomes. Generally, this method is based on the
specific binding of CTCs by their surface markers with the
immobilized antibodies on microstructures in the microfluidic
channels while other cells and debris are flushed out of the
device. Recently, Soper’s group has developed a microfluidic
device which is capable of selective isolation of CTCs from a
blood sample.51 In this approach, unpurified blood at a rate of
1 mL per 37 min was flown through a series of fifty-one high
aspect-ratio channels replicated in Polymethyl methacrylate
(PMMA) conjugated with monoclonal antibodies (mAB)
against EpCAM expression in CTCs of epithelial origin. This
focused the sample into a smaller volume (∼190 nL). As the
CTCs were captured in the channels, they were moved towards
the quantification stage. The cells were released using trypsin
and traversed through the platinum detection electrodes
serving as a conductivity sensor. As they crossed, positive
spikes were observed in the conductance trace across the elec-
trodes signifying the isolated tumor cells, following the
Coulter-counter principle.52 A tumor cell output of 10–250
CTCs from 1 mL of whole blood samples taken from breast
cancer patients was attained in under 40 minutes. Later, they
improved the capture efficiency to 97% with the use of sinusoi-
dal shaped narrower channels (35 µm wide). The easy fabrica-
tion procedure, rapid operation and favorable isolation results
made this device a promising tool for clinical applications.

Another pioneered immunoaffinity based approach was
devised by Nagrath et al. that could address the low yield and
purity of isolated tumor cells using conventional methods.53 At
the core of this technique was the idea of maximizing cell–
micropost contact in the flow path which would result in a
higher capture efficiency. Their approach was independent of
pre-dilution or pre-labelling of whole blood sample and could
conduct isolation in a single step. The microfluidic platform
was termed, ‘the CTC-chip’ and was capable of selectively iso-
lating viable CTCs from 2.7 mL whole blood flown at a rate of
1–2 mL h−1. The target CTCs interacted with antibody EpCAM-
coated micro-posts which enabled the sensing of CTCs with
99% efficiency (115/116 patient samples) and a yield ranging
from 5 to 1281 CTCs per mL of the sample with 50% purity
(two orders higher than the existing technologies).

In another study, Kang et al. designed a device which used
a combination of microfluidic and micromagnetic operations
to isolate, sense and culture tumor cells from crude samples.54

The device was primarily made of PDMS and was comprised of
a microfluidic architecture with one primary channel and one
redundant collection channel and rows of dead-end side cav-
ities for tumor cell assortment. The cell isolation was carried
out by EpCAM antibody-coated magnetic microbeads with
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2.8 µm diameters under a fluid flow rate of 1.2 mL h−1. The
separation efficiency of about 90% was achieved when 1 mL of
blood extracted from a wild type mouse was spiked with 2 to
80 breast cancer cells. The performance of the device over a
period of 20 weeks was analyzed, which showed an increase in
the metastatic tumor cells count with time. One of the major
challenges with the above techniques is the minimal inter-
action of the cells with the immobilized antibodies due to the
axial direction of the flow with respect to the channels. To
overcome this challenge, Stott et al. described a high-through-
put microfluidic mixing means, the herringbone-chip
(HB-Chip), to improve CTC isolation.55 Through the HB-chip,
approximately 4 mL of blood was driven by pressure at a rate
of 1.2 mL h−1 with a median of 63 circulating cells being cap-
tured from every milliliter of blood. Cell capture was confirmed
by a defined count of cancer cells spiked into control blood
samples. Further, the clinical viability of the system was estab-
lished using samples from patients with prostate cancer. In 14
out of 15 patients (∼93%), samples with metastasis and
tumor-specific exon translocation were successfully
recognized.

Evolving this method, Park et al. incorporated a nano-
structured substrate and a thiolated ligand-exchange reaction
onto a microfluidic chip with herringbone structures.56 To
enhance the isolation sensitivity, instead of conjugating the
antibodies on a flat silicon oxide surface, the anti-EpCAM-
coated gold nanoparticles were assembled on the chip surface
resulting in the increase of the surface area for CTC binding.
Meanwhile, the metal–thiol interaction could easily be dis-
rupted by the presence of excess thiol molecules resulting in
the release of cancer cells from the surface for downstream
analysis. In this study, 3 mL of blood containing cancer cell
ranging from 10 to 1000 cells per mL was flown at a rate of
1 mL h−1 and the results showed a linear relationship between
spiked cells and captured cells with an efficiency of ∼80 to
96%. Meanwhile, for ultralow concentration isolation, 5 cells
per mL of breast cancer cells (MDA-MB-231) and prostate
cancer cell lines (PC3) were studied under the same flow rate
and the average capture efficiency was reported to be 68% and
72%, respectively. Also, the device showed a great release
efficiency of ∼90%.

While the presented immunoaffinity approaches had high
purity and efficiency outcome, the majority of them have been
limited to cells of epithelial origin. Antibody–EpCAM binding
is known to introduce cytotoxicity.57 Also, due to epithelial-
to-mesenchymal transition (EMT), CTCs are known to lose their
EpCAM expression levels and evade the detection process.58 To
avoid EpCAM binding, a complementary approach aimed at
depleting the WBCs by using antibodies against leukocytes
and thereby isolating the tumor cells was devised by
Karabacak et al. through a microfluidic CTC-iChip.59 This
approach comprised of a novel EpCAM-free design and catered
to the tumor cells which would typically lose EpCAM
expression during the labelling processes due to the dynamic
epithelial mesenchymal transition.60 The CTC-iChip consisted
of two components termed as chip 1 and chip 2, respectively.

The chip 1 component performed deterministic lateral displa-
cement (DLD)61 for the separation of nucleated cells from
whole blood. It comprised of a serially arranged filter array
and a micropost array capable of deflecting particles with dia-
meters greater than 4 µm and separating them from the main
suspension. The cells which were not labeled don’t deflect and
follow the streamlines leading them to the physical end of the
device. At this stage, RBCs, platelets and the free beads were
removed from the flow. The chip 2 component carried out
inertial focusing62 for precise positioning of the filtered cells
in a single line. Having been focused, the serially aligned
bead-labelled WBCs and unlabeled CTCs undergo sensitive
immunomagnetic segregation by means of a high magnetic
field gradient which pushes the bead labeled WBCs to the
center of the channel while the CTCs don’t feel the effect of
the gradient.63 The device produced a high throughput rate of
up to 107 cells per s accounting for 97% output efficiency in
cell-separation with a whole blood sample processed at a rate
of 8 mL h−1 (Fig. 3).

An alternative to the EpCAM antibodies to isolate CTCs was
the use of aptamers as probe molecules. Aptamers are oligo-
nucleotides that specifically bind to a target molecule and have
been used as a substitute to antibodies due to their high stabi-
lity, easier release and higher specificity towards smaller mole-
cules.64,65 In this light, Phillips et al. reported a DNA aptamer-
based CTC enrichment microchip and demonstrated the feasi-
bility of rare cell entrapment without any pretreatment.66 The
DNA aptamer was used against a T-cell acute lymphocytic

Fig. 3 A schematic of the CTC-iChip59 that uses three different prin-
ciples for WBC and CTC enrichment. At the top, continuous lateral dis-
placement for the size-selective separation of white blood cells and
tumor cells from whole blood samples can be seen with the use of
deflections from micropost arrays. Further down the channel, the cells
undergo inertial focusing into a straight line which is fed into the mag-
netophoresis section at the bottom, eventually segregating tumor cells
and leukocytes.
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leukemia cell line, which is a proven effective cultured precur-
sor target for aptamer selection.67 This approach achieved a
capture yield of 80% and a purity of 97% when the diluted cell
samples were flown at a rate below 200 nL s−1. Later, Sheng
et al. reported the development of a micropillar-based micro-
fluidic device that was capable of proficiently segregating
tumor cells from unprocessed 1 mL whole blood samples.68 In
this approach, high-affinity aptamers were used as a substitute
for antibodies for colorectal cancer cell isolation and were
immobilized via avidin–biotin interactions on a glass slide
that consisted of more than 59 000 micropillars. Further, the
group used the device for targeting the leukemia cells in a
mixture of 1000 human acute lymphoblastic leukemia and 106

Ramos cells seeded in 1 mL of buffer solution. With permu-
tations in device geometry and flow rates, the aptamer and
target interaction were optimized and thus, the results yielded
a capture efficiency of approximately 95% with a purity of 81%
at the optimum flow rate of 600 nL s−1. The device further
addressed the problem of low throughput capability of conven-
tional microfluidic devices by processing 1 mL of blood in less
than 30 minutes with a cell viability of ∼93%. Although the
method was promising, it required complex fabrication pro-
cedures to produce glass micropillar geometries on the
substrate.

An interesting scheme emerged based on the use of mag-
netic sensors for the detection of CTCs from a complex biologi-
cal matrix. Exploiting this principle, Issadore et al. presented
an innovative microfluidic chip-based sensor that could detect
the immuno-magnetically labelled CTCs in 7.5 mL of whole
blood with minimal sample preparation.69 The sensor was
named the MicroHall (μHall) platform owing to its capability
of detecting cells labelled with magnetic nanoparticles
(MNPs). A channel overlying 2 × 4 arrays of 8 µHall sensors
was placed in a uniform magnetic field, which enabled each
cell to pass over at least two of the eight μHall components on
the course of its flow. Voltage output signals were recorded as
the cells traversed through the channel, which were relative to
the MNP density per cell and facilitated a benchmark for mole-
cular analysis. The capability of this sensor to detect a single
cell from the larger population of other blood matrix constitu-
ents was significant and the overall assay time was 2.5 hours.
Later, Muluneh and Issadore established the capability of inte-
gration of several magnetic sensor-chips with a solitary micro-
fluidic device to provide a method for parallelized processing
of samples on the chip.70 They quoted magnetic cytometry
towards detection of rare cells as a key area for its application,
which is limited in terms of the sample flow velocity and can
measure only one cell at a time through a channel.

Based on a similar approach, Kwak et al. developed a mag-
netic force gradient microfluidic device for the selective iso-
lation and characterization of a heterogeneous subpopulation
of CTCs.71 The magnetic nanoparticles were functionalized
with anti-EpCAM and the tagged CTCs were derived to
different locations along the device due to the magnetic force
differences resulting from CTC EpCAM expression levels. The
EpCAM positive CTCs were trapped at a lower magnetic inten-

sity area in the first half of the chip while the EpCAM negative
ones were gathered at higher magnetic field regions in the
latter half. The experiment showed that 95.7% of EpCAM posi-
tive cells and 79.3% of EpCAM negative cells were isolated by
the chip. Also, the device was capable of isolating CTC popu-
lations in 3 mL of a sample in 1 hour and distinguish their
heterogeneity, which aided in metastasis evaluation of the
cancer. However, the main drawback of the immuno-magnetic
isolation method is the irreversible binding of magnetic beads
to the surface of CTCs. To address this issue, Xiao et al. devel-
oped an effective way to capture and release CTCs using
Fe3O4@MnO2 nanoparticles conjugated with anti-EpCAM.72

MnO2 could be disrupted by extremely low oxalic acid at room
temperature resulting in easy detachment of captured cells
and thus, the downstream analyses of the cells. The capture
efficiency of the system was reported to be 83% with the
release efficiency of 57% and cell viability of approximately
70%. Furthermore to avoid using the EpCAM antibody, Lee
et al. introduced an integrated microfluidic device to negatively
exclude the background cells using magnetic nanoparticles
(MNPs) instead of driving CTCs with a magnetic force.73 The
chip contained a micromixer to generate multi-vortices to
increase the interaction between CD45-antibody modified
MNPs and white blood cells. All the isolation process was
carried out in one-step on the chip and thus, the loss of CTCs
was minimized. As the magnet-coated white blood cells were
trapped by the magnetic field, CTCs were left in the channel
for subsequent identification by immunohistochemical stain-
ing or molecular analysis.

The majority of the techniques mentioned in this section
were based on the isolation of CTCs by their specific biomarkers
and are summarized in Table 1. There is no doubt that the iso-
lation based on the surface markers have provided high purity
outcomes; however, the drawbacks were also evident at the
same time due to the heterogeneous properties of CTCs. The
EpCAM expression levels may vary in a CTC population and
thereby lead to lower yield and loss of valuable information.
Besides, the release of captured CTCs usually required the
addition of specific reagents which could result in cell death
and the loss of viable CTCs for downstream analysis.

3. Cell-free DNA (cfDNA) isolation
techniques
3.1 Cell-free DNA as circulating biomarkers

In blood, there are two kinds of circulating DNAs—the one
that is associated with lymphocytes and cell-free DNAs
(cfDNA). The studies with cfDNA, particularly carcinoma pro-
gression and its stage introduced variations, have been exceed-
ingly promising. For instance, in cancer patients, especially
gastric and colorectal carcinoma, the high concentration levels
of cfDNA were correlated with cancer progression.74

Furthermore, cfDNA as a circulating biomarker has proven to
be more informative, specific and accurate than protein bio-
markers.75,76 The ease of extraction without harming its physi-
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cal condition adds to its utility.77 Several kinds of gene
mutations that are associated with different tumors have been
observed structurally in cfDNA including point mutations,
losses of heterozygosity, DNA hypermethylations and micro-
satellite instabilities.78–81 Often these modifications were alike
to the ones from primary tumor tissue, which further supports
their feasibility as circulating cancer biomarkers.

3.2 Conventional method for isolation of cfDNA

In terms of isolation techniques, in-house procedures based
around real-time PCR quantification have been the conven-
tional and commercially available means. These methods have
remained devoid of a standardized set of pre-analytical phases
in terms of sample collection, its storage, and the choice of a

processing medium between plasma and serum,82 to name a
few. Besides amplification reliant approaches, commercially
available kits that use organic compounds (phenol/chloro-
form) and employ the ion-exchange binding of DNA for extrac-
tion have been introduced.77,83 However, these methods have
proven to be costly, time consuming, and require large sample
volumes.84 Thus, there is a need for more efficient and robust
cfDNA isolation techniques, possibly by means of novel micro-
fluidic devices that can further be developed as a POC diagnos-
tic standard.

3.2 Isolation of cfDNA using microfluidics

Microfluidic based digital PCR has been utilized for the detec-
tion and analysis of cfDNA with high accuracy and precision

Table 1 Summary of CTC isolation techniques

Platform Separation method Sample Throughput Volume Recovery rate Advantage Ref.

Micro-filter Size Diluted whole blood ∼0.25 mL
min−1

∼1 mL 95.9% Improved recovery
rate, cost-effective

30

Size Diluted blood 0.7 mL h−1 5 mL >80% Label-free, easy to
operate

31

Size Unprocessed whole blood >3 mL min−1 3 mL 96% Clog-free, fast, highly
sensitive

33

Size Diluted whole blood 0.75 mL
min−1

7.5 mL 82% Clog-free 34

Size Unprocessed whole
blood/MDA-MB-231
clusters

2.5 mL h−1 1–10 mL 30–40% Label-free 35

DEP based Electric field Cell suspension in EDTA
treated sucrose with
stained PC-3 cancer cells

0.4 µL min−1 10 µL 94.9% Label-free, clog-free 36

Inertia Inertial force Whole blood 1.1 mL
min−1

50 µL >91% High purity 46

Inertial force Whole blood 0.375 mL
min−1

7.5 mL >75% Applicable to
different cancer
types, cost-effective,
rapid

47

Inertial force Whole blood ∼1 mL
min−1

7.5 mL >80% Ultra-fast, label-free 48

Inertial force Unprocessed whole blood 1 mL h−1 2 mL >90% Label-free 49
Immuno-
magnetic
affinity based

EpCAM antibody Unpurified whole blood >1.5 mL h−1 >1 mL >97% Easy to fabricate,
rapid

51

EpCAM antibody Whole blood 1.2 mL h−1 1 mL 90% High throughput,
easy to fabricate

54

EpCAM antibody Whole blood 1.5–2.5 mL
h−1

5 mL 93% High throughput 55

EpCAM antibody Whole blood 1 mL h−1 3 mL 96.4% for
∼1000 PC3
cells per mL

Enhanced capture
efficiency and
recovery

56

EpCAM antibody,
inertial,
magnetophoretic forces

Whole blood 8 mL h−1 8 mL 97% Highest throughput 59

EpCAM antibody Whole blood ∼107 cells
per min

7.5 mL 10 out of 10 Cost-effective, single
cell detection

69

EpCAM antibody,
magnetophoretic forces

Peripheral blood 3 mL h−1 3 mL 95.7% Rapid 71

EpCAM antibody,
magnetophoretic forces

PBS buffer ∼35 min 1 mL 80%–86% High throughput,
good cell viability

72

CD-45 antibody,
inertial,
magnetophoretic forces

Whole blood >200 µL
min−1

>5 mL 94.2% Single step
enrichment, reduced
CTC loss

73

Aptamer
based

Aptamers–target cell
binding

PBS 0.5 mL h−1 50 µL 80% High purity (97%),
rapid

66

Aptamers–target cell
binding

Unprocessed whole blood 600 nL s−1 1 mL ∼95% Good purity (∼81%),
rapid

68
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compared to the DNA purification kits.85 However, PCR-
oriented approaches have been known to be labor intensive,
expensive, and time consuming. Thus, recently, DEP based
microfluidics have been developed for cfDNA detection. For
instance, Sonnenberg et al. used a DEP device to isolate cfDNA
from 25 µL samples of plasma from chronic lymphocytic
leukemia (CLL) patients under an AC field with a cut off fre-
quency of 10 kHz while using a 11 volts peak-to-peak sinusoidal
signal within a total processing time of 10 minutes.86 The
approach involved the separation of cfDNA into high-field DEP
region posts, where other blood matrix constituents were cap-
tured at low-field regions and eventually omitted by means of a
fluidic wash (Fig. 4). Subsequently, concentrated cfDNA was
sensed by optical measurements and quantified by PCR and the
next generation sequencing method. The group further used an
approach based on the same principle but this time beginning
with larger sample volumes of 300 µL of blood, in which the
cfDNA was separated in 10 minutes from the plasma.87 The
device was employed to further detect and isolate cfDNA from
T7 (mCherry) bacteriophage virus from blood samples of
chronic lymphocytic leukemia (CLL) patients and human mito-
chondria.88 As an improvement over the conventional
means,89–92 this DEP process is only comprised of two steps
and can be completed within 10 minutes using 20 µL of blood
at an operational frequency of 10 kHz and 20 volts.

In another study by Yang et al., a microfluidic device was
designed with the objective of distinguishing nucleic acids in
whole blood samples under 10 minutes.93 The device could
extract cfDNA from blood without any enrichment or extensive
preparation and it was comprised of a sample channel, an
accumulation channel and a pair of electrodes. A DC electric
field of approximately 20 volts was applied to move the fluores-

cently labelled cfDNA molecules from the sample channel to
the collection channel while crossing a centrally located inter-
sectional area at which an optical sensor assembly carried out
the quantification measurements.

Electrokinetics based isolation devices have typically been
utilized with a lower conductivity sample medium, and are
attained after a series of processing steps such as precipitation
and suspension. With higher conductive body fluid samples
such as plasma, blood and serum, the operational voltages
and the cut-off frequencies tend to be larger. Microarray
devices have been able to perform isolation under these con-
ditions; however, they undergo damage at the uncoated plati-
num electrodes due to electrochemical degradation. To
address this issue, an electrokinetics based isolation study was
carried out by Heller’s group, which experimented with two
design setups while being able to isolate nucleosomes and
cell-free DNA from body fluids.94 With a parallel wire setup,
under low-conductance conditions (10−4 S m−1), fluorescent
beads were successfully isolated. However, with high-conduc-
tance conditions, high electrothermal flow (ETF) was observed,
which led to electrochemical degradation of the electrodes. To
overcome this problem, the group conducted experiments with
a planar microarray design and was able to isolate beads
without the effect of ETF at a higher conductivity of approxi-
mately 1 S m−1. This planar device was successfully utilized to
isolate cfDNA from an un-diluted plasma sample. In this
approach, 25 μL plasma sample was loaded to the chip with an
applied AC field of 14 Vpp at 15 kHz. CfDNA and nucleosomes
were isolated under 20 minutes and were later detected directly
on the microarray via incubation by means of the AlexaFluor
594-conjugated secondary antibody in red fluorescence.

The importance of microstructures in DEP based devices in
terms of the surface area for biomolecular interaction and con-
structs for their effective entrapment is immense. This aspect
was explored by Cho’s group, which developed a novel scheme
to efficiently capture and isolate cfDNA using a reusable nano-
structured polypyrrole (Ppy) nanochip.95 They took advantage
of the reversible changes in the electrochemical reduction–oxi-
dation (redox) state of Ppy to control the surface charge of the
material, and thereby were able to adsorb or release cfDNA
fragments from the chip. The device had a 3D array of Ppy/
gold nanowires at its core, which provided unique constructs
that could serve as a reservoir for the efficient capture of
cfDNA. This design showed improved performance in DNA
capture and release with an efficiency of ∼90% when the
sample concentration of DNA was more than 1 ng mL−1 and
50% with a lowered DNA concentration of 10 pg mL−1. The
excellent performance of the Ppy chip for the isolation of
cfDNA may serve as valuable diagnostic and prognostic
strategies.

Although the discussed electrokinetics based microfluidic
schemes for the isolation of cfDNA are simple, rapid and rela-
tively cost-effective, the key challenge is to maintain the purity
and yield of the extracted cfDNA from blood samples while
complying with the reusability criteria. The DEP based designs
required complicated fabrication procedures and staining

Fig. 4 The DEP microarray device operation developed by Heller and
group for segregating cf-DNA from blood and plasma.87 (a) The AC bias
based electrokinetic microarray device (chip) used with an expanded
view of the device material composition. (b) The microarray device with
whole blood (red) and fluorescent DNA (green); (c) the usage of the AC
electric field leading to the fluorescent DNA (green) to be concentrated
in the high-field regions, while the blood cells (red) move into the low-
field regions between the microelectrodes; and (d) a fluidic wash remov-
ing the blood cells from the microarray while DNA stays on the
electrodes.
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steps posing a serious question regarding the viability of the
method as a large-scale POC solution. Furthermore, the short
half-life of cfDNA in the physiological condition poses chal-
lenges in their extraction and their detection sensitivity and
specificity. Moreover, to this day, standardization of an
optimal sampling specimen for accurate cfDNA detection
remains unclear with a choice between plasma and serum.

4. Exosome isolation techniques
4.1 Exosomes as a circulating biomarker

Exosomes are small membrane vesicles, 30–100 nm in size,
released by cells into the extracellular space via the exocytosis
pathway,96,97 with composition and function dependent on the
originating cell type.98,99 Exosomes have specific surface
markers on the plasma membrane and carry important gene
regulatory content including proteins, microRNAs (miRs), and
messenger RNAs (mRNAs).100–103 It has been shown that exo-
somes act as vehicles for molecular cargo in cell–cell
communication.104–106 They can bind to the target cells
through receptor–ligand interaction and participate in signal-
ing events while circulating in the extracellular space.107 They
can also fuse with recipient-cell membranes to transport
lipids, proteins, nucleic acids and ultimately be internalized
by cells through endocytosis.108 Studies have shown traces of
exosomes in all human body fluids, including plasma, urine,
saliva, tears, breast milk, and cerebral spinal fluid (CSF).109,110

Exosomes can be found in large quantities in various tumor
microenvironments,111,112 which indicates their association
with various cancers.113–117 In cancer, exosomes have multi-
functional roles including transferring oncogenes to target
cells, promoting metastasis, facilitating immune system
evasion, and stimulating angiogenesis and tumor
growth.118–120 Given these remarkable attributes, exosomes
have a promising potential as biomarkers for cancer diagnos-
tics and new semi-synthetic drug delivery vehicles for personal-
ized therapy.121–123

4.2 Conventional methods for exosome isolation

Currently, differential ultracentrifugation is the gold standard
for the purification and isolation of exosomes based on size.
However, this technique is laborious, time-consuming, costly,
and it requires large starting sample volumes. Isolation
efficiency of exosomes by this method has a low recovery rate
ranging from 5% to 25% and results in low purity.124,125 To
improve the yield and purity, density gradient separation has
been added to the centrifugation steps.126,127 However, the
addition of an extra step to an already tedious isolation proto-
col results in more complication, time and cost. After the
sample is purified, exosomes can be characterized by their
hydrodynamic size128 and protein contents.129 Transmission
Electron Microscopy (TEM) is a valuable imaging tool for
measuring exosome sizes and visualizing shapes at single-
molecule resolutions.130 However, the throughput of the TEM
technique is very low; and to incorporate high-throughput size

distribution of exosomes the Nanoparticle Tracking Analysis
(NTA) technology can be used. NTA relates the hydrodynamic
radius of small particles to their Brownian motion, which is
calculated by the Stokes–Einstein equation.131 Afterwards,
western blots can be used to analyze exosomal protein con-
tents. Although these conventional methods are effective for
initial exosome studies, their laborious and time-consuming
nature imposes some inconsistencies in the downstream pro-
teomic and genomic analyses.132 Thus, in recent years, there
has been a tremendous effort to develop microfluidic devices
for high-throughput exosome isolation, detection and charac-
terization.15 Existing micro-/nano-scale devices can be classi-
fied into two major categories: size-based and immunoaffinity-
based, which have been discussed in the following sections.

4.3 Size-based isolation

The size-based technologies can be divided into two modes: a
passive and an active mode. In the passive mode, sorting
depends on the inherent properties of exosomes or on the geo-
metry of microfluidic channels, whereas the active separation
mode relies on the interaction of exosomes with an external
force. Devices designed utilizing these modes have been dis-
cussed below.

4.3.1 Passive isolation. Filtration is a widely used passive
exosome isolation strategy. In a study by Wang et al. a micro-
fluidic device with multidimensional hierarchical structure of
silicon ciliated micropillars was developed to trap microvesi-
cles (MVs) within the range of 30 to 200 nm in diameter.133 In
this device, silicon nano-wires were electrolessly etched on the
micropillar sidewalls with the help of electrodeposited silver
nanoparticle catalysts and porous microstructures were
formed to trap the particles. The sample solution containing
liposomes ∼80 nm in diameter were flown through the micro-
pillar region, which resulted in nearly 60% retention from a
30 µL sample. Further, trapped liposomes were easily released
by saturating the porous silicon nanowire into the PBS solu-
tion for 24 hours, which led to nanowire degradation and
thus, loosening the trapping sites.

The deterministic lateral displacement (DLD)-based micro-
fluidic technique is another clever and promising passive
method for the isolation of exosomes. In this technique the
lateral shifts in each row of specifically arranged posts create
individual streamlines which facilitate the nanoparticle separ-
ation. The geometry of the embedded gradient pillar arrays
determines the cutoff diameter (Dc) of the particles and thus,
particles smaller than Dc travel through the streamlines while
the larger ones get laterally displaced.61 For the first time,
Santana et al. developed a DLD-based microfluidic obstacle
array to separate cancer cell-derived microvesicles from hetero-
geneous extracellular shed vesicle populations with a cutoff
threshold of 250 nm diameter.134 The device prototype showed
sorting of 190 nm fluorescent beads from 2 µm beads with a
recovery efficiency of ∼39% and purity of ∼98.5% by volume. A
validation experiment was conducted with extracellular shed
vesicles (ESVs) extracted from the pancreatic adenocarcinoma
BxPC-3 cell line. To authenticate the isolation results, vascular
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endothelial growth factor (VEGF) was selected as the exemplary
chemical readout, in which higher content of VEGF was
observed on the captured MVs. The low recovery rate of the
DLD-based isolation method was caused by the dominant role
of small particle diffusion. Further research was done by
Wunsch et al. involving fabricated pillar arrays with unique
gap size ranging from 25 to 235 nm to separate colloids and
exosomes.135 They had demonstrated that at a low Péclet
number, the particles between 20 and 100 nm were separated
using the nano-DLD array. Also, exosomes within the size dis-
tribution of 60–70 nm from human urine were successfully iso-
lated with this method.

Another innovative passive isolation strategy was based on
the viscoelastic flow in microfluidic channels. The device
relies on the size-dependent elastic lift forces exerted on the
particles suspended in a viscoelastic medium to manipulate
their motion.136 Liu et al. have reported a platform to separate
exosomes from cell culture media.137 A biocompatible polymer
poly-(oxyethylene) (PEO) was added as an additive into the
medium to generate the lift force on the suspended EVs and
control their lateral positions. The chip consisted of two inlets
and three outlets, where the inlets introduced the sample and
sheath fluids containing the PEO. Due to the small size of exo-
somes, they experienced less elastic force and remained at the
wall while the large EVs were lifted in the center of the
channel. The NTA measurement depicted high exosomal recov-
ery of ∼80% with a purity of ∼90%.

Although, the passive microfluidic devices are label-free
and independent of the external forces, they usually require
dedicated fabrication procedures and equipment. Moreover,
the sample processing time limits their high throughput,
which challenges their use in clinical settings.

4.3.2 Active isolation. Active microfluidic devices incorpor-
ate external forces such as pressure, electric, or acoustic fields
for size-based exosomal isolation. Although, the applied field
makes the systems more complex, the magnitude of the forces
can be controlled to achieve better efficiency and selectivity.

4.3.2.1 Pressure/electrokinetic filtration. Pressure driven
microfluidic devices integrated with filter membranes have
been reported for the purification of small EVs. For instance,
Davies et al. used an innovative microfluidic filtration system
in which nanoporous polymer membranes were integrated
into poly(methyl methacrylate) (PMMA) chips by photo-
polymerization.138 Small EVs from mouse blood were excluded
through the nanoporous membrane under the applied
pressure while cells and large debris remained. Although, the
approach was highly size selective, the device was clogged after
just 4 µL of sample filtration. To eliminate the clogging and
improve the isolation purity, electrophoresis was performed to
drive the negatively charged EVs across the membrane while
the positively charged proteins were moved to the opposite
direction. Similarly, Cho et al. employed the commercially
available 30 nm polycarbonate porous membranes for the iso-
lation of EVs from diluted plasma where the protein molecules
with relatively smaller sizes were electrophoretically migrated
through the membrane, whereas the larger EVs remained on

the membrane surface.139 This method presented a high recov-
ery rate of 65%, which was estimated based on the RNA level
and high purity of protein removal at 83.6% in 30 minutes.
One major drawback of the electrophoresis-based approach
has been the gas bubble formation at the electrodes, which
hindered the flow through the channel when the applied elec-
tric field was larger than approximately 7 volts cm−1. Another
interesting electrophoresis independent isolation chip that
used a pressure gradient to purify EVs was reported by Liu
et al.140 The samples were flushed through a parallel arrange-
ment of nanoporous membranes with diameters in the range
of 30 to 200 nm under the pressure generated by means of a
syringe pump. This modular platform was capable of sorting
the heterogeneous cancer-driven exosomes from a 10 mL
sample in 3 hours. The EV isolation yield was estimated to be
approximately 4 to 1000-fold higher than the traditional ultra-
centrifugation method.

4.3.2.2 Acoustic filtration. The acoustics-based isolation
technique is a robust, label- and contact-free strategy that uti-
lizes ultrasound waves to exert a radiation force on the par-
ticles in order to manipulate their motion. The force applied
on the particles varies according to their mechanical pro-
perties such as size, density and compressibility.141,142 Lee
et al. reported an acoustic nano-filtration system (Fig. 5) that
continuously filtered 10 µL of the packed red blood cell
(pRBC) sample to separate exosomes from other biological
contents.143 Interdigitated transducer (IDT) electrodes fabri-
cated on two ends of the device were used to generate a stand-
ing surface acoustic wave (SSAW) crossing the flow direction.
An analytical model was constructed to fine-tune the cutoff
size and obtain a binary separation. Thus, particles larger than

Fig. 5 The acoustic nanofilter for the separation of microvesicles.143 (a)
SEM image of MVs released by brain tumor cells (<1 μm in size). (b) The
filter operation based on acoustic radiation pressure which transports
MVs relatively based on their sizes. (c) The device schematic with a pair
of interdigitated transducer (IDT) electrodes at its core and sample
loading inlets and outlets. (d) The micrographs obtained from a proto-
type device showing IDT electrodes patterned on a piezoelectric sub-
strate and the fluidic channel permanently bonded to the substrate.

Analyst Critical Review

This journal is © The Royal Society of Chemistry 2018 Analyst, 2018, 143, 2971–2991 | 2981

Pu
bl

is
he

d 
on

 2
3 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

C
IN

C
IN

N
A

T
I 

on
 8

/2
0/

20
20

 1
0:

04
:5

6 
PM

. 
View Article Online

https://doi.org/10.1039/c7an01965c


the cutoff size in an acoustic field experienced higher radiation
force and migrated towards the acoustic pressure nodes,
whereas smaller particles were retained in the center. This
device attained high isolation efficiency of ∼80% recovery rate
for exosomes suspended in the cell culture media.

4.3.2.3 Field flow fractionation. Flow field-flow fractionation
(FFF) is an elution technique which is capable of separating
nano-size molecules by differential retention in a liquid
stream flowing through a channel.144 In this regard, Moon’s
group proposed a miniaturized asymmetrical flow field-flow
fractionation (AFlFFF) to separate exosomes based on their
unique hydrodynamic diameters.145,146 The electrical force was
applied in perpendicular direction to the flow and thus par-
ticles suspended in the solution had varying retention ratios
based on their sizes as the parabolic flow profile was applied
in the channel. Thus, the smaller particles diffused further
from the accumulation wall and were removed earlier from the
channel compared to the larger ones. Exosomes were success-
fully fractionated from human neural stem cells at
1–2 minutes intervals and subsequently evaluated by trans-
mission electron microscopy (TEM) and liquid chromato-
graphy-mass spectrometry. Furthermore, the same group used
this approach to differentiate exosomes of prostate cancer
(PCa) patients from healthy controls.147 The quantitative lipi-
domic analysis was conducted on the collected exosomes via
nano-flow ultrahigh performance liquid chromatography-
electrospray ionization-tandem mass spectrometry
(nUPLC-ESI-MS/MS) and selected reaction monitoring (SRM)
methods to quantify the amount of lipids. Another group had
optimized size-based FFF exosome isolation by incorporating
in-line ultraviolet, dynamic light scattering (DLS) and multi-
angle light scattering (MALS) detection for further
characterization.148

4.3.2.4 Dielectrophoresis-based isolation. The dielectrophor-
esis-based method holds promising specifications for the iso-
lation of target molecules including controllable manipu-
lation, limited destructive impact on the sample and minimal
sample pretreatment and collection procedures. Heller’s group
developed an alternating current electrokinetic (ACE) micro-
array chip device to isolate glioblastoma exosomes from the
plasma sample.149 The ACE chip consisted of a silicon base
layer, platinum electrodes and a silicon dioxide layer; the edge
of the silicon dioxide layer and the electrodes formed the die-
lectrophoretic high-field region which attracted only the nano-
scaled molecules and excluded cells and larger entities. To
prevent direct contact between the electrodes and the sample,
a porous hydrogel layer was coated on the surface. A 30–50 µL
plasma sample was used to isolate the glioblastoma exosomes
by applying an AC voltage of 10 Vpp at 15 kHz. The residues
were washed from the chip using the TE buffer and the
trapped exosomes were released by reversing the direction of
the dielectrophoretic force. Subsequently, on-chip fluorescence
analysis using RNA Select Dye, fluorescently tagged anti-CD63
and anti-TSG101 antibodies was utilized to quantify the iso-
lated exosomes. The entire on-chip exosomal isolation and
quantification was completed within 30 minutes. They further

applied this platform to isolate exosomes from serum and
plasma from Pancreatic Ductal Adenocarcinoma (PDAC)
patients with 99% sensitivity and 82% specificity.150

Although the active isolation schemes are relatively fast and
label-free, due to the heterogeneity of the microvesicles and
their size distribution variation, these isolation strategies
cannot be utilized as the universal separation method for the
isolation of exosomes with different biogenesis. Besides, the
purity of collected exosomes based on their size has been
unsatisfactory since contaminants such as protein aggregates,
RNA–protein complexes and lipoproteins are in a similar size
range.

4.4 Immunoaffinity-based approach

The first immunoaffinity-based exosomal isolation was
reported by Chen et al., in which a handheld microfluidic
device was designed to capture exosomes with their unique
membrane proteins from serum and cell culture media.151 A
herringbone engraved channel was designed in the device to
enhance the mixing of samples with the immobilized anti-
bodies (anti-CD63) on the channel surface. Exosomes were
rapidly captured from 100 to 400 µL of serum in one hour and
were further characterized by quantification of their RNA pro-
files using the RT-PCR technique. The recovery of EVs was in
the range of 42–94% based on the amount of RNA that was
extracted. Based on the same principle, Kanwar et al. fabri-
cated a microfluidic device (Exo-chip) in a PDMS substrate and
functionalized its surface with CD63 antibodies to capture and
quantify exosomes from serum from pancreatic cancer
patients.152 The Exo-chip featured a planar structure of several
circular wells connected by narrow channels to facilitate
mixing and the use of a fluorescent carbocyanine dye (DiO) to
specifically label exosomes for quantification. Abundant total
protein yield of 15–18 µg and 10–15 ng nucleic acids were
extracted from the exosomes that were isolated from 400 μL of
serum.

In another attempt, a highly sensitive microfluidic platform
with 3D structure had been developed by Zhang et al. for the
immunological capture of exosomes and quantification of
their marker expression levels via Enzyme Linked
Immunosorbent Assay (ELISA).153 The device featured an array
of Y-shaped micro-posts with a coating of graphene oxide (GO)
and polydopamine (PDA) on the surface. The GO/PDA interface
created a 3D porous structure, which provided a larger surface
area for high density antibody immobilization on the reactive
sites. The Y-shaped micro-posts also improved the capture
efficiency by bifurcating the flow and enhancing the mixing
efficiency. Exosomes from the plasma sample of patients with
ovarian cancer were isolated and quantified. The overall
expression levels of both generic exosomal markers (CD9 and
CD81) and the tumor-associated EpCAM marker were analyzed
and presented as a united fluorescent signal, to increase the
overall detection sensitivity. Results showed an increased
expression level of the exosomal markers in ovarian cancer
patients as compared to healthy controls.153
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Besides relying only on microfluidics channel geometry for
the immunoaffinity isolation of exosomes, spherical particles
or immunomagnetic beads have been widely used to enhance
their isolation efficiency. For instance, Dudani et al. used a
flow cytometry setup interfacing with rapid inertial solution
exchange (RInSE) to collect the exosomes by means of specific
anti-CD63-polystyrene beads utilizing the inertial lift forces.154

The exosome–particle complex was lifted in the center of a
high aspect ratio microchannel and was isolated at the outlet
while the smaller sized debris experienced a lower lifting force
and thus was excluded from the side outlets. The experiments
were conducted using blood samples from cultured melanoma
cells and breast cancer cells with a throughput of 70 μL min−1.
The RNA content and the nucleotide length range extracted
from the captured exosomes were quantified to validate the
exosomal isolation success.

Furthermore, Rho et al. reported a micronuclear magnetic
resonance (µNMR) system which was incorporated into a
microfluidics platform (Fig. 6) to isolate and detect MVs in
packed red blood cell (pRBC) units.155 The MVs from 100 µL
of pRBC sample were captured by antibody-coated polymer
microbeads and collected via a membrane filter-assisted
microfluidic device. Further, the collected MVs were labeled
with CD235-specific magnetic nanoparticles and were detected
using a miniaturized relaxometer developed by Issadore’s

group.156 The µNMR measurements were carried out toward
quantification of the isolated MVs with the entire process
requiring only 30 minutes to complete.

A dual-purpose microfluidic chip containing a cascade of
microchannel circuits for exosome isolation and immunopre-
cipitation has been reported by Godwin’s group.157 The objec-
tive of this integrated device was to conduct in situ exosomal
protein analysis by means of a chemifluorescence-assisted
sandwich immunoassay after the exosome isolation step. The
chip was composed of an immunomagnetic isolation chamber
where exosomes were captured onto antibody coated magnetic
beads. Further, the captured exosomes were chemically lysed
and the exosomal proteins were passed on to the next cascad-
ing stage. The proteins were captured with antibody-labeled
magnetic beads, downstream in the design and lastly, chemi-
fluorescence reagents were added for sandwich immunodetec-
tion of the circulating protein markers. Clinical application of
this approach was proven with 30 µL plasma specimens from
non-small-cell lung cancer (NSCLC) patients under
100 minutes while being able to profile the phenotypes associ-
ated with cancer. The system was robust with great bead
capture efficiency of 99% observed over a variety of flow con-
ditions. This study established a minimally invasive liquid
biopsy technique using exosomes as circulating biomarkers as
a great alternative to conventional invasive tissue biopsy. Later,

Fig. 6 The micronuclear magnetic resonance-based platform for microvesicle detection.155 (a) A SEM image of an erythrocyte with microvesicles
on the surface (microvesicles; inset) from an RBC cell. (b) The assay scheme design with Ab-coated microbeads. (c) The μNMR system depicting the
membrane filter and capillary guide sandwiched between two ring magnets. (d) The device top-view with the different microfluidic components. (e)
An actual picture of a prototype device. (f ) The size distribution of filtered MVs analyzed by nanoparticle tracking analysis (NTA). (g) Electron micro-
scopic image of the capture of microvesicles by microbeads.
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the group improved the device by incorporating an on-chip
exosome capture procedure, called ExoSearch.158 They com-
bined a Y-shaped injector and a serpentine fluidic mixer with
the objective of enhancing the mixing efficiency of the immuno-
magnetic beads with plasma samples from the ovarian cancer
patients. Rapid multiplex detection of three exosomal tumor
markers (CA-125, EpCAM, and CD24) was achieved within
40 minutes using a small sample volume of 20 µL.

Another innovative exosomal isolation method by Ueda
et al. established an antibody-coupled monolithic silica micro-
tip array for exosome purification integrated with Mass
Spectrometric Immunoassay (MSIA) for quantification.159 Anti-
CD9 antibodies were immobilized onto the porous monolithic
silica microtips to specifically capture the tetraspanin mole-
cule CD9 on the exosome membrane. These microtips, used in
a multi-channel arrangement, provided a fast and reproducible
exosome extraction mechanism and made the mass spectro-
scopic profiling process fairly streamlined. An automated
12-channel pipette system enabled simultaneous isolation of
exosomes from 12 samples within 30 minutes and sub-
sequently the isolated exosomal proteins were quantified by
mass spectrometry. The results proved CD91 to be a specific
exosomal marker in lung cancer.

Although the immunoaffinity based schemes for exosome
purification are highly selective compared to the other tech-
niques, still the nonspecific adsorption of other membrane
vesicles has hindered the purity and efficiency outcome in
some cases. This problem was addressed with an efficient
vesicle extraction approach from a complex biological sample
by Vaidyanathan et al. Their group developed an immunoaffin-
ity-based microfluidic device with a tunable alternating
current electrohydrodynamic (ac-EHD) method. The shear
force induced by ac-EHD generated a nanoscale lateral fluidic
flow at the electrode surface, which increased collision
between the exosomes and antibodies and enhanced the exo-
somal capture efficiency while reducing the nonspecific
binding.160 Exosomes from breast cancer and prostate cancer
cell lines were flown through the microfluidic device and cap-
tured by the immobilized antibodies on two asymmetric gold
microelectrodes. Post capture, the introduction of horseradish
peroxidase (HRP) antibody resulted in the catalytic oxidation
of peroxidase and led to a visible colorimetric readout.
Moreover, quantitative detection of the isolated exosomes was
achieved with UV-visible spectroscopy measurements. Results
showed the expression of human epidermal growth factor
receptor 2 (HER2) and prostate specific antigen (PSA) in exo-
somes derived from breast cancer and prostatic cancer
patients, respectively.

The immunological separation methods have high speci-
ficity for capturing pure EVs, but the recovery rate is poor due
to the versatile classes of surface proteins found on different
EVs. Further, the EVs are typically captured generically regard-
less of their cancerous relevance. Hence, microfluidics-based
isolation of cancer-related EVs with good viability and purity
remains a challenge when relying on generic markers or size-
based approaches.

4.4.1 Surface plasma resonance (SPR)-based isolation and
detection approach. Surface plasma resonance (SPR)-based
nanosensors are widely used for the detection and characteriz-
ation of small molecules. Im et al. developed a highly sensitive
Surface Plasma Resonance (SPR)-based assay utilizing periodic
nanoholes at the core of the sensing scheme, called the nano-
plasmonic exosome (nPELX) assay for the detection of exo-
somes.161 The device was composed of a 44 × 32 lattice of
nanoholes, each with a diameter of 200 nm and a periodicity
of 450 nm over a 200 nm-thick gold film. Antibodies against
EpCAM, CD24 and CD63 were immobilized on the array,
enabling the binding of ovarian cancer driven exosomal
surface markers. A compact collinear optical setup and a
sensing unit were constructed to measure the wavelength
shifts in the light spectrum and intensity change upon exo-
somal binding to the nPLEX sensor. Results profiled the exo-
somal protein levels of EpCAM and CD24 expressed in ovarian
cancer with an accuracy of 97%. A similar SPR-based sensor
was developed by Zhu et al., which utilized surface plasmon
resonance imaging (SPRi) in combination with antibody
microarrays against exosomal transmembrane proteins includ-
ing tetraspanins, glycoproteins and tyrosine kinase receptors
to isolate and quantify exosomes in the tumor cell culture
medium.162 Their device used a multiplex immunoaffinity
approach to successfully capture exosomes from the cell
culture supernatant without prior enrichment or purification.
In addition, a charge-coupled device (CCD) camera was used
to record the refractive index change caused by exosomal
binding, achieving real-time exosomal detection.

Based on a similar mechanism, Rupert et al. explored the
use of an SPR readout to determine the concentration of exo-
somes secreted from human mast cells.163 The SPR surface
was functionalized with anti-CD63 antibodies to measure the
diffusion-limited binding rate of the exosomes. The SPR
response was translated into a surface-bound mass. Over time,
the increase in mass uptake was regarded a direct correlation
to the exosomal content in the solution. This was further
expressed mathematically, realizing the binding rate per-
formed with controlled-flow conditions. This detection
method presented great sensitivity with high signal-to-noise
ratio (∼100) at a detection limit in the picomolar range.

For a better understanding of the clinical significance of
exosomes as cancer biomarkers, Sina et al. achieved specific
isolation and quantification of clinically relevant exosomes
(CREs) from the serum of breast cancer patient samples utiliz-
ing an SPR platform.164 The initial isolation of exosomes was
performed by utilizing the generic tetraspanin biomarkers
(i.e., CD9, CD63) and followed by specific detection of exoso-
mal tumor-specific markers (e.g., HER2). The results showed
high platform sensitivity, being able to detect HER2 exosomes
from samples containing roughly 2070 exosomes per µL.
Approximately 14 to 34% of identified CREs out of the bulk
exosome population expressed tumor-specific HER2 markers.

4.4.2 Flow cytometry-based isolation and detection. Flow
cytometry is another powerful technique for EV detection in
which vesicles tagged with a fluorescent label are hydrodyna-
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mically focused in the fluid stream and detected by a laser
beam with forward-scattered light (FSC) and side-scattered
light (SSC).165 Utilizing the Mie theory,166 Van der Pol et al.
correlated the amount of light scattered by a vesicle or a micro-
particle to its diameter while being able to detect a single large
vesicle and a swarm of small vesicles.167 The size of single vesi-
cles with diameters in the range of 300–700 nm was estimated
by means of flow cytometry, while multiple smaller vesicles
were counted as a single event signal. Cell-derived vesicles
from human urine in varying size distributions were also
detected with this method. In another study, Van der Vlist
et al. reported a detailed protocol on the flow cytometry detec-
tion of nano-sized vesicles, which used a commercial BD
Influx Flow Cytometer to quantitatively and qualitatively
analyze individual cell-derived vesicles ∼100 nm in size.168 An
optimized fluorescent labelling protocol illustrated the capa-
bility of the BD Influx Cytometer to distinguish particles
between 100 to 200 nm, based on their differences in the light
scatter profiles. However, the conventional forward and side
scatter based cytometer devices were limited in their operable
scatter range (0.5–15°) due to their lower limit of detection and
had failed in detecting the majority of EVs. A protocol aimed
at resolving this issue had been reported by Pospichalova et al.
to purify, quantify and characterize EVs from a cell culture
medium using protein- and lipid-specific fluorescent dyes in
approximately 12 hours.169 In this method, a set of flow cyto-
metry approaches were utilized knowing that the objects with
sizes close to the observing wavelength (e.g. exosomes) scatter
substantially more light at larger angles (15–150°) upon diffrac-
tion. Three different dedicated light scatter cytometry
implementations including SALS (small angle light scatter),
MALS (medium angle light scatter) and LALS (large angle light
scatter) were deployed to estimate objects beyond the lower
detection limit of FSC. Contrary to conventional cytometry,
where unbound fluorescent dye has to be removed with an
ultracentrifugation step, this method made that obsolete.
Morales-Kastresana et al. studied a robust labeling method in
a high-resolution flow cytometry approach by comparing three
staining strategies: lipid-binding, protein-binding and nucleic
acid-binding at a single EV resolution.170 This nanoscale flow
cytometry (NanoFACS) method used a more comprehensive
technique by analyzing the dendritic cell samples (DC 2.4 cell
line) with the combination of light scattering and fluorescence
in cytometry while achieving successful resolution having
removed the background noise. NanoFACS detection results
with fluorescence intensities showed consistency when
protein-binding dye 5-(and 6)-Carboxyfluorescein Diacetate
Succinimidyl Ester (CFSE) was used as a label. Furthermore,
size exclusion chromatography was utilized to remove the
unbound labels, which preserved the biological function of
EVs regarding their structural or functional integrity.

Despite the utility of flow cytometry as the vesicle isolation
technique, it has its own challenges at the nanoscale. The
extremely small size of EVs makes their surface markers
difficult to label and as a result using flow cytometry for quan-
tifying them became a tedious task. To address this limitation,

Löf et al. utilized the magnetic bead-based assay combined
with a multicolor in situ proximity ligation assay (PLA), which
labelled EVs in three distinguishable colors to amplify the
signal of individual EVs.171 Oligonucleotide conjugated captur-
ing antibodies (anti-CD63) were first immobilized on the
surface of streptavidin-modified magnetic beads. After captur-
ing the EVs on the beads, four PLA probes containing anti-
bodies against CD26, CD10, CD13 and cathepsin B were added
into the solution to bind with EVs. This step led to DNA circu-
larization via enzymatic ligation. Next, enzymatic digestion
released EVs from the beads and was followed by rolling circle
amplification172 which amplified the three differently colored
signals. This method produced sufficient fluorophores at each
EV enabling easy detection with flow cytometry.

Although, flow cytometry is a powerful method to qualitat-
ively and quantitatively detect cells, it has its limitations for
extracellular vesicle characterization due to their small size,
heterogeneity and their low refractive index. The individual
small EVs are difficult to be distinguished from their back-
ground with traditional flow cytometry, which has a size detec-
tion threshold of ∼500 nm (ref. 173) and often background
noise hinders the analysis. In addition, small EVs have a
limited number of antigens on their membrane to be labelled
which makes scatter-based detection an uphill task.

Research aimed at the isolation of EVs based on microflui-
dic techniques is still in the early stages of development.
Among the emerging isolation techniques, most methods have
been based on either size differences or exosomal specific
markers. In the time to come, advances towards EV detection
and separation based on their biophysical properties could be
highly promising. An overview of EV isolation and detection
techniques has been provided in Tables 2 and 3.

5. Summary

Cancer diagnostics and prognostics are currently obtained by
either the standard tissue biopsy approach or by expensive and
bulky imaging techniques. Consequently, liquid biopsy has
recently gained attention as a minimally invasive approach to
provide a more holistic snapshot of the cancerous aberrations.
The migration of isolation techniques towards a microfluidics
centered design has been on the rise. These miniaturized
devices focusing on liquid biopsy, utilizing a patient’s blood,
urine, plasma or serum sample, have been developed to under-
stand genomic and proteomic evolution, associated with
primary and metastatic spread of cancer. The use of microflui-
dic devices requires much smaller sample volumes for analysis
and less or no-sample preparation in most designs. Also, the
rapid processing of results with high specificity and enhanced
levels of sensitivity has lured researchers to utilise their poten-
tial to the maximum.

Tumor derived exosomes, circulating tumor cells in the
bloodstream or short-living cfDNA, all have provided a great
deal of information proving their clinical relevance in carci-
noma detection and monitoring. However, studies have
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depicted that there are different challenges with each bio-
marker that limit its current detection capability or isolation
efficiency. Several types of tumor progressions do not necess-
arily release substantial CTCs in the bloodstream, if at all.174

This poses challenges at the small sample volume levels to
conduct any analysis. With filtration, clogging has been an
issue and a precise control on the cut-off threshold for cell size
has been difficult. Immunoaffinity oriented designs are
limited by inconsistencies in expression levels leading to low
capture rates. More work on the morphological as well as

molecular characterization of CTCs would lead to a better
comprehension of the biology of metastasis in cancer patients
and eventually help with their prognosis. cfDNA, on the
contrary, are abundant in the human system. However, low
recovery yield, poor target specificity and the absence of a stan-
dard sampling specimen (between plasma and serum)
remains an unanswered question. The major issue with
sensing exosomes is their differentiation from other microvesi-
cles shed from cells. Similar size and density or scatter pro-
perties of any vesicle would make the detection and isolation
of the target exosomes challenging. Meanwhile, the purity and
the recovery rate have been questionable with the microfluidic
approaches employed in their extraction. Besides, current
studies on exosome analysis are conducted in vitro and very
little is known about their physiological behavior in an in vivo
setting.

The need of the hour is to develop technologies that can
meet these requirements and isolate the biomarkers from a
mixture of various elements and impurities. For a better clini-
cal utility, besides being able to carry out detection and iso-
lation, the same microfluidic device should perform the down-
stream analysis on the contents of segregated tumor cells or
microvesicles. The promising devices discussed in this review
must be tested with a large cohort of patients before their
clinical relevance can be established. Further, with the pro-
gression of cancer, the concentration of CTCs and exosomes in
the patient’s body fluid varies continuously and requires con-
stant adjustments in treatment.175 Therefore, isolation and

Table 2 Summary of EV isolation techniques

Platform Separation method Sample Volume
Isolation
time

Recovery
rate Advantages Ref.

Size-based passive
isolation

Sieving Liposomes 30 µL 10 min 60% Label-free, rapid 133
DLD-based Cell culture

supernatant
200 µL — — Label-free, easy to

operate
134

Commercial urine-
derived exosomes

0.72 µL — 135

Viscoelasticity-based Cell culture medium 100 µL — 93.6% Label-free, simple 137
Size-based active
isolation

Pressure/electrokinetic
filtration on porous structure

Mouse blood 240 µL — — Label-free 138
Mouse plasma 500 µL 65% 139
Cell culture media — — — 140

Acoustic filtration Packed RBC units 10 µL — 80% Label-free, rapid 143
Field flow fractionation-
based isolation

Human neural stem
cells

1–2 mL — — High specificity 145
and
146

Dielectrophoresis-based
isolation

Plasma, serum 30–50 µL <30 min Rapid, label-free 149
and
150

Immunoaffinity-
based isolation

Antibody antigen specific
binding

Serum 400 µL <1 hour 42–94% High specificity,
high efficiency

148
Serum 400 µL 50 min -— 152
Serum 350 µL 30 min — 159

Nano-shearing Cell culture
supernatant and
serum

500 µL — — 160

Nano-IMEX Plasma 20 µL — — 153
Inertial solution exchange Blood — — — 154
Micronuclear magnetic
resonance (µNMR)-based

Blood 100 µL — — 155

Magnetic beads-based Human plasma 30 μL 1.5 hours — 157
Plasma 20 µL 40 min 72% 158

Table 3 Summary of EV optical detection techniques

Detection
approach Sample Advantage Ref.

Surface plasma
resonance (SPR)-
based

Ascites Sensitive, high
throughput, real time
detection, label-free

161
Cell culture
supernatant

162

Cell culture
supernatant

163

Serum 164
Flow cytometry-
based

Human urine High-throughput,
accurate

167
Cell culture
supernatant

168

Cell culture
supernatant

169

Cell culture
supernatant

170

Cell culture
supernatant

171
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analysis of one biomarker by itself might be promising but not
necessarily be a more reliable diagnostic approach. Strides
must be made towards integrating the existing and upcoming
approaches to provide a more optimized answer with improved
accuracy in detection thereafter. An approach that caters to
both genomic and proteomic aspects of analysis on the iso-
lated biomarkers would be a lot more interrogative and real-
time than the currently existing models. With quite a few inte-
grative designs, operational mechanisms such as inertial iso-
lation and magnetophoresis have already been employed
together towards CTC isolation.176 By combining their enrich-
ment approaches with abundantly observed microvesicles, an
improved genome status of carcinoma and data on its pro-
gression through different stages can be accurately studied.
Such microfluidic assays would hold true and have more sys-
tematic clinical relevance and would make way for more
reliable means towards the understanding of cancer.
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