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Abstract
Cell separation has always been a key topic in academic research, especially in the fields of medicine and biology, due to its
significance in diagnosis and treatment. Accurate, high-throughput and non-invasive separation of individual cells is key to
driving the development of biomedicine and cellular biology. In recent years, a series of researches on the use of microfluidic
technologies for cell separation have been conducted to solve bio-related problems. Hence, we present here a comprehensive
review on the recent developments of microfluidic technologies for cell separation. In this review, we discuss several cell
separation methods, mainly including: physical and biochemical method, their working principles as well as their practical
applications. We also analyze the advantages and disadvantages of each method in detail. In addition, the current challenges
and future prospects of microfluidic-based cell separation were discussed.
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1 Introduction

Cell separation has always been a problem facing researchers
in the fields of medicine and biology(xiang et al. 2019; Bacon
et al. 2020; Nagase et al. 2020). It is of great importance in
biomedical research, including diagnosis and cellular biology.
For instance, some cells are found at extremely low numbers
in the blood, such as circulating tumor cells (CTCs), fetal
nucleated red blood cells (NRBCs), circulating endothelial
cells, immune cells subgroup, and stem cells(Myung et al.
2010; Li et al. 2015; Jones and Watt 1993; Tayoun et al.
2019; Safarpour et al. 2020). Separation and investigation of
these cells can help with the diagnosis of certain diseases. For
example, CTCs are tumor cells that spread into peripheral

blood and circulate with the blood due to primary focus or
metastasis of solid tumors shed into blood. Studies have
shown that CTCs can lead to the occurrence of tumor
metastasis(Tanaka et al. 2009; Martin et al. 2017; Kim et al.
2019; Gupta and Massagué 2006; Rengan et al. 2015). The
effective capture of CTCs and the detection of their genes and
secretions offer important guidance for the early diagnosis,
postoperative evaluation, personalized treatment and evalua-
tion of tumor resistance. NRBCs play an important role in
prenatal diagnosis(Kumo et al. 2017; Wei et al. 2019;
Antfolk and Laurell 2017). NRBCs contain complete genetic
information of the fetus. Moreover, they are present in mater-
nal peripheral blood in early pregnancy at higher contents than
other fetal cells, and disappear from the mother a few days
after delivery, which ensures that they are not confused with
maternal cells. All these make NRBCs the preferred target
cells for minimally invasive prenatal diagnosis. In terms of
treatment, certain components of the blood have therapeutic
effects. For instance, platelets are often injected during sur-
gery. Islet transplantation is a method to treat diabetes. The
key to successful islet transplantation is to isolate islet cells
with high levels of purity and vitality from the donor.

Therefore, the separation of biological cells is essential for
bio-related researches. Conventional cell separation methods
fall into two categories: labeled and unlabeled(Henighan et al.
2010; Bhagat et al. 2010; Wyatt Shields Iv et al. 2015).
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Labeled methods separate cells by labeling cell antibodies and
using the combination of antibodies and specific antigens. At
present, fluorescence-activated cell sorting (FACS) and
magnetic-activated cell sorting (MACS) are the two most
common marker screening methods. Unlabeled methods sep-
arate cells by using the physical properties of cells, such as cell
size, deformation, and movement. However, the development
of cell separation methods has been bottlenecked by through-
put, sensitivity and costs.

The microfluidic technology is one of the most advanced
technologies in the world. As a highly interdisciplinary tech-
nology that integrates physics, life science, microelectronics,
materials and computer science, it is mainly applied in the
fields of chemistry and life science(Brouzes et al. 2009;
Andersson and Van Den Berg 2003; Delamarche et al.
2005). As the microfluidic technology keeps developing to
match the scale of cells, the cell separation technology has
become increasingly sophisticated and efficient. With the
microfluidic technology, the entire process spanning from
sample pretreatment reaction separation and enrichment to
detection can be completed on a microfluidic chip, which
has the advantages of low costs, fast analysis and compact
size. These advantages make it a better method for the sepa-
ration and purification of molecules and cells in time and
space. The combination of the microfluidic technology and
traditional cell separation methods has taken the research on
cell separation to the next level.

Although these mentioned methods have been summarized
by other researchers(Chen et al. 2012; Ding et al. 2013; Yan
et al. 2017; Dalili et al. 2018), it is urgent need a comprehen-
sive and systematic review on engineering-facilitated
microfluidic-based cell separation techniques. As a conse-
quence, this review focuses on recent advances inmicrofluidic
technologies for cell separation. First, we present a series of
cell separation methods, followed by a discussion about how
they work and how they are used in real-world situations.
Then, we analyze the advantages and disadvantages of each
method. Finally, we summarize the current challenges and
future directions of microfluidic-based cell separation.

2 Microfluidic-based separating techniques

Based on the working principle, cell separation methods can
be divided into two categories: physical and biochemical.
Depending on the physical field used, physical cell separation
methods can be divided into the single hydrodynamic physical
field separation method and the multi-physical field-assisted
separation method. There are two primary categories of bio-
logical cell separation methods: immunoaffinity-based and
cell adhesion-based. Table 1 is a summary of cell separation
methods by category.

2.1 Hydrodynamic-based cell separation

The hydrodynamic-based cell separation method depends
heavily on how cells behave in the laminar flow, which is
determined by their physical properties including size, shape,
and deformability. Cells are moved under the action of a hy-
drodynamic lift force and the magnitude of this force relies on
the physical properties of the cells. Therefore, different cells
will be dragged in different paths.

2.1.1 Pinched flow fractionation

Pinched flow fractionation (PFF) is a typical cell separation
method based on fluid dynamics. It relies on the difference in
cell size in the laminar flow for continuous cell
separation(Oakey et al. 2002). The working principle of PFF
is shown in Fig. 1(Yamada et al. 2004). The device contains
two inlets, a pinched segment, and a widened channel outlet.
A sample solution containing cells with different sizes and a
buffer pass through the two inlets, respectively. By controlling
the flow rate of the two solutions, the cells in the sample can
be moved along one side of the pinched channel. In the lam-
inar flow, the streamline of the larger particle is close to the
center of the channel, while the streamline of the smaller par-
ticle is close to the channel wall. Therefore, when the solution
enters the widened channel from the pinched segment, the
streamline of the fluid diffuses, thus aggravating the distance
between cells with different sizes and achieving cell
separation(Vig and Kristensen 2008). Obviously, the pinched
flow fractionation can achieve rapid cell separation without
labeling. However, this method can easily cause cell blockage
in the pinched segment and thus damages to the cells, which
may affect the experimental results.

2.1.2 Hydrodynamic filtration

Hydrodynamic filtration is another cell separation method
based on hydrodynamics. Similar to pinched flow fraction-
ation (PFF), this method also depends on the different physi-
cal properties of cells that make them behave differently in the
laminar flow. The different physical properties lead the cells to
experience different lift forces in the laminar flow, which
makes the cells move in different streamlines. As shown in
Fig. 2, the difference in cell size causes the cells to flow out
from different side channels to achieve cell separation. In this
microchannel, the buffer causes the cells to move along one
side of the channel(Yamada et al. 2007). Since smaller cells
are nearer to the channel wall than larger cells, they filter out
earlier than the larger ones. This method has the advantages of
simple structure of microfluidic device, rapid separation and
high throughput, and is most commonly used to separate
blood cells or tumor cells. Yamada et al. first designed a
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hydrodynamic filter and used it to concentrate white blood
cells and liver cells (Yamada and Seki 2005, 2006).

This hydrodynamic-based method separates cells primarily
relying on the different physical properties of cells that deter-
mine the cells’ behaviors in the laminar flow. In other words,
the device structure must be designed based on the cells’

behaviors to achieve cell separation. Of course, different
streamlines can be designed based on the cells’ behaviors in
the laminar flow, so that the cells move in a certain path and
the cell separation method is more flexible. Deterministic lat-
eral displacement (DLD) technology utilizes this principle to
achieve a specific trajectory of cell separation. DLD is one of
the methods of cell separation by hydrodynamic
filtration(Huang et al. 2004; McGrath et al. 2014). It realizes
continuous deterministic lateral displacement according to the
size of the particles or cells by designing a micro-pillars array
with a specific structure. As shown in Fig. 3, the regularly
arranged array designed by DLD divides the fluid into differ-
ent streamlines. It allows cells smaller than the critical size to
move along the streamline without migration, and cells larger
than the critical size to collide with the micropillar and migrate
to the adjacent streamline to separate cells of different sizes.
The shape of the micropillar can not only be designed as a
square, but also a circle or a triangle. Huang et al. designed a
micropillar array with a circular structure based on this prin-
ciple, and isolated white blood cells and red blood cells based
on the size difference between nucleated cells and non-
nucleated cells with an efficiency as high as 99.99%(Huang
et al. 2008). The DLD method is sensitive to cell size and
deformability and can be used for high-throughput cell sepa-
ration, but it can also cause blockage problems.

Another type of hydrodynamic filtration method is the mi-
crostructural filtration method. This method also uses hydro-
dynamic principles to separate cells of different physical prop-
erties. However, it is different from the two types of methods
mentioned above in that it relies more heavily on the structures
of the device. The method is to capture larger cells by design-
ing membranes, holes and other structures in the device. This
method can be divided into three types according to the struc-
ture of the separation device: membranes(Zheng et al. 2007;

Table 1 Microfluidic-based techniques for cell separation

Separation techniques Mechanism Advantages Disadvantages

Physical Hydrodynamic-based Pinched flow
fractionation (PFF)

Hydrodynamic force Label-free and rapid
separation

Clogging and damages to cells

Hydrodynamic
filtration

Hydrodynamic force Label-free Clogging and damages to cells

Inertia-based
microfluidic methods

Shear-induced and
wall-induced lift

Label-free Shear-induced damage to cells

Physical field-assisted Magnetic-based magnetic field High specificity Low throughput and requiring
magnetic particles

Acoustic-based Ultrasonic standing waves Robust and
contact-free

Requiring special materials for
device fabrication

Dielectrophoresis-based Inhomogeneous electric
field

Label-free Requiring preparation of different
mediums

Biochemical Immunoaffinity-based Specific binding to cell
surface markers

High specificity and
purity

Requiring cell-specific markers

Cell adhesion-based Cell interaction with
surface

Label-free and high
specificity

High requirement for liquid flow
and shear stress

Fig. 1 The working principle of pinched flow fractionation. Reproduced
with permission from Analytical chemistry 76.18 (2004). Copyright ©
2004 American Chemical Society
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Li et al. 2014; Kang et al. 2015; Hernández-Castro et al.
2017), pillars(Alvankarian et al. 2013; Wang et al. 2014;
Kang et al. 2017), and weirs(Stott et al. 2010). They can also
be classified by flow direction: dead-end filters or cross-flow
filters(Cheng et al. 2016), as shown in Fig. 4. In the case of
dead-end filters, the flow is perpendicular to the filter plane,
while in the cross-flow case, the flow follows the filter struc-
ture. This method is commonly used to separate blood plasma
from blood cells by placing membranes or holes in the device
to block blood cells on the filter surface and having the plasma
filtered out through the membranes or holes. This method can
also achieve high-throughput cell separation, but at a low ef-
ficiency due to the severe clogging.

In general, the hydrodynamic filtration device is simple in
structure, easy to operate, and requires no labeling. It has the
potential to achieve high-throughput and efficient cell separation,
but the biggest obstacle is the problem of blockage. In addition,
further research is needed on non-destructive cell separation.

2.1.3 Inertia-based microfluidic methods

In addition to PFF and hydrodynamic filtration methods, in-
ertia forces can also be used as a hydrodynamic-based ap-
proach to cell separation. When the fluid presents a laminar
flow state in the microfluidic channel, the boundary effect of
the fluid flow near the wall of the microfluidic channel will
generate lif t forces, i .e. , shear lif t and wall l if t ,
respectively(Park et al. 2009). These two forces balance the
cells at different positions on the cross section of the
microchannel according to the size of the cell relative to the
microchannel, thus separating of cells of different sizes, as
shown in Fig. 5. The curved channel allows cells to concen-
trate in the same place using the principle of inertia. The re-
searchers used asymmetric serpentine microchannels to enrich
platelets in the blood by a factor of 100 using the inertial
migration of cells(Di Carlo et al. 2008). Like serpentine chan-
nels, cells can be sorted in helical microchannels because of

Fig. 2 Principle of cell separation
according to size based on
Hydrodynamic filtration.
Reproduced with permission
from Analytical chemistry 78.4
(2006). Copyright © 2006
American Chemical Society

Fig. 3 The regularly arranged
array designed by DLD divides
the fluid into different
streamlines. Reproduced with
permission from Chemical
engineering science 73 (2012).
Copyright © 2012 Elsevier Ltd.
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their different focal points, allowing different cells to branch
rapidly into multiple channels(Kuntaegowdanahalli et al.
2009). Helical microchannels can also be used to separate
neuroblastoma cells from glioma cells with an efficiency of
up to 80% and a cell survival rate of up to 90%(Wu et al.
2009).

The principle of inertia can be used to achieve high-
throughput cell separation in much shorter times. Compared
with the PPF and hydrodynamic filtration methods, this meth-
od can eliminate the influence of blockage, but its shear-
induced damage to cells is greater.

2.2 Physical field-assisted cell separation

Applying external physical fields such as sound field, mag-
netic field, electric field, and light field to the fluid field can
improve the efficiency of cell separation. In this section, we
will cover in detail the principles and applications of cell sep-
aration methods assisted with other physical fields.

2.2.1 Magnetic-based cell separation

Cell separations based on a magnetic field have attracted wide
attention due to their advantages of simplicity, cleanness and
less damage to samples(Shen et al. 2014). With a permanent
magnet or electromagnetic coil installed in the separation de-
vice, these methods separate cells by applying a magnetic
force to magnetic cells or magnetic marked cells. The mag-
netic cell separation system (MACS) produced by combining
magnetic techniques with fluorescence activated cell sorting
(FACS) greatly improves the efficiency of cell separation.
One of the advantages of using MACS to separate cells is that
the magnetic field does no harm to cells or biological tissues,
and it does not affect the immune chemistry required for mag-
netic markers(Berger et al. 2001). In addition, the magnetic
cell separation system (MACS) can also separate a variety of
cells or particles at the same time. There are two ways of
magnetic separation of cells: batch separation(Kwak et al.
2018; Grodzinski et al. 2003; Furdui and Harrison 2004; Lee

Fig. 4 Microfluidic filtration
platform for whole blood cell
separation. a the schematic of
designed microfiltration chip. b
the cross-section of the chip in the
filtration region. Reproduced with
permission from Biomicrofluidics
10.1 (2016). Copyright © © 2016
AIP Publishing LLC

Fig. 5 Rigid spheres were
moving in the poiseuille flow
under inertial lift forces.
Reproduced with permission
from Lab on a Chip 9.7 (2009).
Copyright © 2009, Royal Society
of Chemistry (Great Britain)

Page 5 of 16     55Biomed Microdevices (2020) 22: 55



et al. 2004) and continuous separation(Ngamsom et al. 2016;
Vojtisek et al. 2012; Pamme and Wilhelm 2006; Tarn and
Pamme 2017; Hoshino et al. 2011). Batch separation utilizes
a magnetic field to bind magnetically labeled cells in a sepa-
ration chamber, so other unlabeled cells or particles can be
removed. Then the target particles can be released when the
magnetic field is turned off. Hoshino (Hoshino et al. 2011)
designed a batch separation device and used antibodies to
mark CTCs coupling nano magnetic beads. Labeled cells by
magnetic beads under a magnetic field adsorbed on the surface
of silicon wafer and CTCs can be isolated from blood cells
(Fig. 6).

Continuous separation refers to a process in which different
magnetic field forces are exerted on cells with different mag-
netism or susceptibility to result in different cell migration
distances that causes different cells to flow out of different
outlets. In the device designed by Pamme and Wilhelm
(Pamme and Manz 2004)(Fig. 7), the migration distance of
particles is affected by the size and magnetic susceptibility of
particles. The larger particles have a larger migration distance
due to the larger magnetic field force, which separates them
from the smaller particles. The same group of researchers used
the technique to successfully separate mouse macrophages
from human ovarian cancer cells (Pamme andWilhelm 2006).

In another continuous separation device, the separation of
cells depends not on the labelling of the magnetic material but
on the nature of the cell itself. The device is used to separate
red blood cells from white blood cells in the blood. As shown
in Fig. 8, the ferromagnetic nickel wire is placed in a separa-
tion chamber(Han et al. 2006). Since the white blood cells in
the blood are diamagnetic and the red blood cells are para-
magnetic, when the magnetic field is perpendicular to the
ferromagnetic nickel wire, the red blood cells deviate from
the ferromagnetic nickel wire and flow out from the exits on
both sides. When the magnetic field is parallel to the ferro-
magnetic nickel line, the white blood cells deviate from the
line and flow out of the outlet on either side of the device to
separate the cells. The system is also fabricated on silicon and

glass substrates using microfabrication and stereoscopic
lithography.

In summary, cell separation methods based on a magnetic
field greatly improve the efficiency of cell separation, and
cause little damage to cells. At present, the development of
these methods is restricted by the selection of specific ligands.
Their practical application has been hindered by such factors
as poor preservation of antibodies, harsh reaction conditions,
and high costs. Therefore, the key to moving these methods
forward is to find a specific ligand with strong specificity and
low costs.

2.2.2 Acoustic-based cell separation

Acoustic-based cell separation is to apply a sound field around
a microfluidic chip, so that particles suspended in it are under
the action of an acoustic radiation force and tend to move to
the position of the pressure wave abdomen or pressure wave
nodes. Moreover, ultrasonic wave are well suited for cell ma-
nipulation because they provide rapid and accurate spatial
control within a microfluidic chip without affecting cellular
activity, thereby enabling cell separation through sound
fields(Burguillos et al. 2013; Laurell et al. 2007; Lenshof
et al. 2012). Acoustic-based cell separation methods can be
divided into three categories: bulk standing wave separation,
surface standing wave separation, and traveling wave
separation(Johansson et al. 2009).

The magnitude of the acoustic radiation force produced by
the interaction between the acoustic field and the cell is deter-
mined by the volume, density and compressibility of the cell
and the density of the fluid. JohnWiley and Sons demonstrated
a device that combines a standing wave with split-flow frac-
tionation to separate particles(Kumar et al. 2005). Under the
action of an acoustic field, the particles all move towards the
wave point of the standing wave, but the larger particles move
faster because of the larger acoustic radiation force. Therefore,
the relationship between the current and the channel can be
adjusted to separate large particles from small ones. Kumar
et al. (2005) used this principle to establish a model for
predicting particle trajectories and used it to separate mixed
tumor cells from Lactobacillus rhamnosus cells (Fig. 9).

Using this principle, Dykes et al.(Dykes et al. 2011)s iso-
lated platelets from peripheral blood endothelial cells, and
Yang et al.(Yang and Soh 2012) isolated live cells from dead
cells. By an optimized device, Chen et al. (Dolatmoradi and
El-Zahabs 2016) identified over 85% ofWBCs and RBCs and
recovered over 80% of platelets. This device has an upper inlet
and a lower outlet, and the node of the standing wave is locat-
ed on the wall of the upper channel, which makes it easier for
the particles to move. The buffer flows in from the upper inlet,
causing the cells to move along the channel wall (Fig. 10).
Under the action of a sound field, the red blood cells and white
blood cells rapidly shift upward due to their larger volume

Fig. 6 Magnetic isolation of CTCs labelled with EpCAM functionalized
Fe3O4 magnetic nanoparticles in microfluidic devices. Reproduced with
permission from Lab on a Chip 11.20 (2011). Copyright © 2011, Royal
Society of Chemistry (Great Britain)
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than that of the platelets, and eventually flow out from the
upper outlet, while the platelets flow out from the lower outlet.

In contrast to bulk standing waves, surface standing waves
are formed by placing an interdigital transducer (IDT) around a
microfluidic channel, providing the necessary mechanical dis-
turbance to move the cell along a clear streamline at the top of
the fluid (Shi et al. 2009). This technique provides a wide range
of frequencies that allow for flexible control of single cells as
well as multiple channels for cell separation(He et al. 2012;
Wang and Zhe 2011). Nam et al. used the standing wave sur-
face acoustics (SSAWs) technology to separate cells of differ-
ent sizes(Nam et al. 2011). Themixed cell sample flows in from
the middle air inlet, and a buffer is set on both sides of the air
inlet to concentrate the cells in the channel on the central
streamline (Fig. 11). The pressure nodes are positioned on the
wall and the resistance points are at the center of the channel.
Due to acoustic radiation, the cells begin to move towards the
channel wall on either side, during which the larger cells move

faster and in turn separate from the smaller cells. Later, they
used this method to separate platelets from whole blood and
Escherichia coli from peripheral monocytes in the same
way(Ai et al. 2013).

The difference between the traveling wave(Destgeer et al.
2014, 2016; Ma et al. 2016; Ung et al. 2017) and standing
wave(Park et al. 2017) is the node. The node travels with the
wave, while that of the standing wave does not travel with the
wave. Therefore, the traveling wave is a wave that transmits
energy, while the standing wave can only vibrate in situ. It has
been found that when the wavelength is close to the particle
size, the acoustic radiation force applied to the particle in-
creases nonlinearly. That is, smaller wavelengths can more
precisely control and separate particles or cells, which travel-
ing waves can do(Collins et al. 2016). It can be seen from the
device that IDT does not need to be parallel to the channel
(Fig. 12) (Destgeer et al. 2013). The device has two inlets and
three outlets, and the sample cells enter from the left channel,

Fig. 8 Ferromagnetic wire
operated in diamagnetic mode for
continuous magnetophoretic
separation of suspended cells
(WBC and deoxyhemoglobin
RBC) using their native magnetic
properties. Reproduced with
permission from Proc. Nanotech
1 (2005). Copyright © 2004
American Chemical Society

Fig. 7 On-chip free flow
magnetophoresis. Reproduced
with permission from Analytical
chemistry 76.24 (2004).
Copyright © 2004 American
Chemical Society
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flowing along the channel wall on one side because of the
buffer. After that, the cells are gradually offset by the gradu-
ally increasing acoustic radiation force, making the cells of

different sizes move along the streamline of different posi-
tions. As a result, the cells or particles of different sizes can
be separated with an efficiency of up to 100%. Using this

Fig. 9 The schematic of the
acoustic fractionation concept.
Reproduced with permission
from Biotechnology and
bioengineering 89.2 (2005).
Copyright © 2004 Wiley
Periodicals

Fig. 10 Schematic of acoustic
separation device for separating
platelets from whole blood.
Reproduced with permission
from Lab on a Chip 16.18 (2016).
Copyright © 2016, Royal Society
of Chemistry (Great Britain)
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technique, Wang et al.(Wang et al. 2018)combined SSAW
and TSAW to separate CTCs from blood samples.

In summary, cell separation based on acoustic radiation is
relatively mild, robust and contactless, and therefore holds

great potential for further research and application. However,
due to the small physical difference between cells, the acoustic
radiation force affected by this difference is extremely small,
which leads to low separation efficiency. In addition, cell sep-
aration devices based on an acoustic field are complex and
require a high degree of fabrication. Therefore, more efforts
are called for to study acoustic field based devices with higher
levels of sensitivity and separation efficiency.

2.2.3 Dielectrophoresis-based cell separation

Dielectrophoresis works for cell separation in the following
way: In a non-uniform electric field (Huang et al. 2002; Dürr
et al. 2003), due to the different dielectric properties of differ-
ent cells, the dielectrophoresis force produced by the cells is
different in size and direction, which will make the cells drift
in different directions. In terms of cell isolation, Becker et al. 1
first used a dielectric affinity column to isolate cancer cells. As
shown in Fig. 13, the device is equipped with an array of
microelectrodes(Hughes 2002). Due to the different permittiv-
ity between cells, the voltage and frequency applied to the
electrodes are adjusted to generate a dielectrophoretic force
for the absorption of cancer cells on the electrodes, while other
blood cells flow out of the device along with the fluid. Finally,
the voltage is turned off and the cancer cells on the electrode
are collected. In this way, cancer cells can be separated with an
efficiency of more than 95%.

Fig. 12 Schematic of a travelling
surface acoustic wave-based sep-
aration device. Reproduced with
permission from Lab on a Chip
13.21 (2013). Copyright © 2013,
Royal Society of Chemistry
(Great Britain)

Fig. 11 Schematic of a standing surface acoustic wave device.
Reproduced with permission from Lab on a Chip 8.2 (2008). Copyright
© 2008, Royal Society of Chemistry (Great Britain)
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In addition to setting a microelectrode array, electrodes can
also be set at the bottom of the device, which enables contin-
uous high-throughput separation of cells. Positive
dielectrophoresis and negative dielectrophoresis can be used
to separate active and inactive yeast cells. Due to the different
dielectric properties between active yeast cells and inactive
yeast cells, dielectrophoresis forces in different directions are
produced. The inactive yeast cells experience a negative
dielectrophoresis force and flow from the middle
outlet along the central flow line of the channel, while the
active yeast cells flow from the channel on both sides under
the action of a positive dielectrophoresis force (Fig. 13).

The electrodes in the above devices are all set on a two-
dimensional (2D) plane, while the application of three-
dimensional (3D) electrodes can make cell separation more
efficient. Due to the limitations of 2D electrodes, the height
of the fluid in the channel is very small, which limits the
throughput of the device. To address this problem, some re-
searchers have designed and built 3D electrode devices that
increase both throughput and separation speed. Recently, 3D
carbon electrodes have been developed due to their low cost
and low electrolysis rate (Cheng et al. 2015; Hughes 2016).
Using a 3D carbon electrode, Yildizhan et al. successfully
isolated live and dead U937 monocytes without dissolving
the live cells(Yagmur et al. 2017). In another 3D electrode
device(Ling et al. 2012), a triangular periodic array is arranged
at the bottom of the device and continuous electrodes at the
top, so this is a device with asymmetric electrodes. The device
can be used to obtain pure live cells from NIH-3 T3 live/dead
hybrid cells, and to separate MG-63 cells from red blood cells,
with an efficiency of 80%.

DEP is often combined with other separation methods to
improve cell separation efficiency. For example, multi-orifice
flow fractionation (MOFF) separation is based on cell size
only and cannot separate cells of similar sizes, such as CTCs

andWBCs. This problem can be solved by the combination of
MOFF separation and DEP (Moon et al. 2011). The corre-
sponding device is shown in Fig. 14. In the separation cham-
ber, the MOFF in the first part separates cells with large size
differences. In the second part, the DEP generated by the
electrode can separate cells of similar sizes. This method can
not only separate CTCs from a mixture of cells of similar
sizes, but also deliver an efficiency 94.23% and 99.24% for
the separation of WBCs and RBCs, respectively.

There has also been another method for cell separation
based on DEP named optically-induced dielectrophoresis
(ODEP)(Chiou et al. 2005). The principle of ODEP is similar
to DEP and the only difference is that non-uniform electric
field was no longer generated bymetal-basedmicroelectrodes.
Instead, the optical pattern as virtual electrode projected onto
a-SiH can produce this electric field. Since its emergence, this
technique has attracted researchers’ attention. Liao et al. fab-
ricated an ODEP-basedmicrofluidic device and CTC cells can
be isolated with a high purity(Liao et al. 2018). Huang et al.
combined ODEP with microfluidic technology and generated
six moving light-bar to separate oral cancer cells (OEC-M1)
and prostate cancer cells (PC-3) from the leukocytes(Huang
et al. 2013). The high purity and high recovery rate can be
achieved base on this label-free process. Moreover, after the
separating operation, the survival rate of cells is more than
90%. Furthermore, the separation of tumor cells with different
viabilities can be achieved using ODEP-based microfluidic
technology. Chu et al. succeeded in separating tumor cells
based on the difference of ODEP force generated by cells with
different levels of viability(Chu et al. 2019). Similar to metal-
based DEP, ODEP for cell separation is label-free. But due to
optical pattern replaced metal electrode, ODEP is more flexi-
ble and cost-effective.

Cell separation methods based on the DEP technology
have been widely used in recent years. The DEP technology

Fig. 13 Conceptual view of
hydrodynamic dielectrophoresis
(DEP) process. Reproduced with
permission from Sensors and
Actuators A: Physical 121.1
(2005). Copyright © 2005
Elsevier B.V
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can be easily integrated with other technologies, and re-
searchers have combined it with the field flow fractionation
technology or optical technology to achieve label-free cell
separation. However, this technology offers extremely low
separation efficiency when there is no difference in the size
and dielectric properties of the cells. In addition, the complex
structure of DEP-based cell separation devices and the variety
of samples used limit the practical application of this technol-
ogy. Therefore, further research is required to improve this
technology.

2.3 Biochemical cell separation

There are two kinds of biochemical cell separation methods:
immunoaffinity-based and cell adhesion-based. The
immunoaffinity-based method refers to the use of specific
antibodies or aptamers to modify specific cells to achieve cell
capture. The principle of cell adhesion method is that the ad-
hesive ability of the target cell can be enhanced by changing
the structure of the channel surface, for example, by setting a
micro-nano structure on the channel surface. The cell
adhesion-based method is mainly used to separate tumor cells,
blood cells and plasma in the blood based on the leukocyte
margination and Zweifach–Fung effects.

2.3.1 Immunoaffinity-based cell separation

Immunoaffinity is a common biological cell isolation method
in which antibodies or artificial aptamers are used as affinity
ligands, i.e., some cell types are identified specifically and
attached to the device and the others pass through the device.
When it comes to the separation of tumor cells, the specificity
of such cells is also key to their separation from other cells.
The EpCAM antibody is modified on the microchannel

micropores on the chip to specifically identify cancer cells
and separate them from the blood(Nagrath et al. 2007). In
order to improve the separation efficiency, the research group
went a step further by developing a microturbo herringbone
chip. The well-designed herbivich chip can increase the inter-
action between the target cancer cells and the surface of the
antibody modified microchannel by generating microvortices,
so as to achieve higher cell capture ability in microfluidics.

In addition to traditional antibodies, artificial chemical anti-
bodies with high molecular recognition affinity have been fabri-
cated and named aptamers(Fang and Tan 2010). Aptamers, like
antibodies, are effective in capturing targeted tumor cells specif-
ically, and they can bind tomicrofluidics to efficiently isolate and
identify cancer cells(Shen et al. 2013; Wan et al. 2011). The
device shown in Fig. 15 is a cell-specific aptamer immobilized
in the channel, which can recognize the specific cancer cells
corresponding to the fluid and immobilized in the channel to
separate cancer cells(Xu et al. 2009). To collect and capture
many different tumor cells in the same microfluidic channel,
different specific aptamers can be used to modify the channel
to identify and collect many different types of tumor cells in a
complex sample. In addition, cells can be captured and isolated
using a platform approach that synthesizes biologically-inspired
3D networks of multivalent DNA adaptors in microfluidic
channels(Zhao et al. 2012). This method leads to more efficient
cell capture and higher cell purity. At present, aptamers have
shown a strong potential for application, but they still suffer from
the limited aptamer library and low cell specific aptamer sorting
efficiency, which need to be solved urgently.

2.3.2 Cell adhesion-based cell separation

Cell adhesion-based cell separation is one of the few methods
that do not require labeling and do not depend on cell size

Fig. 14 A combination of MOFF
and DEP, which is used for
separation of breast cancer cells
(MCF-7) from blood samples.
Reproduced with permission
from Lab on a Chip 11.6 (2011).
Copyright © 2011, Royal Society
of Chemistry (Great Britain)
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(Didar and Tabrizian 2010). The separation is achieved by the
interaction of the target cell’s specific adhesion ability with the
surface of the microchannel. Cell adhesion varies with the cell
type, shear stress, and fluid flow rate. The adhesive ability of
the target cell can be enhanced by changing the structure of the
channel surface, for example, by setting a micro-nano struc-
ture on the channel surface. The device shown in Fig. 16 sep-
arates human breast cancer cells from epithelial cells by plac-
ing a micro-nano structure in the microfluidic channel.
Various nanostructures (columnar, vertical and parallel) are
prepared on the PDMS surface by UV-assisted capillary
molding(Kwon et al. 2007). The experiments show that the
adhesion strength of MCF10A cells is higher than that of
MCF7 cells, which is not affected by the surface structure
and culture time of the microchannel, so the cancer cells can
be isolated.

Biological cell isolation is mainly used to separate tumor
cells. There are a variety of specific receptors on tumor cells,
and the combination of specific antibodies or aptamers with
the receptors can achieve highly specific cell separation,
which greatly improves the purity of separation. However, this
approach is limited by antibody and aptamer search. Cell
adhesion-based separation methods do not require labeling,
but they require high fluid flow and shear stress and are diffi-
cult to control, which impedes their development and
application.

3 Conclusion and prospective

Separating cells of interest from a heterogeneous mixture
which can minimize both the presence and effect of unwanted,
background cells, is critical in a variety of biomedical appli-
cations including therapeutics, diagnostics and cell
biology(Rengan et al. 2015; Huang et al. 2019; Wang et al.

2015; Zhang et al. 2017). Blood, for example, is a highly
complex bio-fluid consist of red blood cell, blood platelet,
white blood cell, and circulating tumor cells (CTCs)(Bole
and Manesiotis 2016; Fachin et al. 2017). Isolation of CTCs
from these extremely rich component for accurate analysis are
challenging and time-consuming. However, the previous re-
searches have shown that microfluidic technologies with ad-
vantages of integration, flow control, ease of fabrication and
reduction in the samples needed, provide immeasurable assis-
tance for cellular separation. In this review, the current state-
of-the-art microfluidic technologies for cells separation was
presented. Based on the working principle, cell separation
methods fall into two categories: physical and biological.
Both methods were demonstrated through working principles,
results and the functions for cells separation. However, it is
difficult to rely on a single method for achieving perfect cell
separation. And there is an urgent demand for new device for
new application and new requirements. Therefore, some new
challenges need to be solved in future before the microfluidic-
based cell separation can be used outside the lab.

Continuous improvement and optimization of microfluidic
chip design are required. For both physical and biochemical
approaches, microfluidic chip designs are the basis for realiz-
ing the function and application. For example, hydrodynamic-
based cell separation depends on the different physical prop-
erties of cells that make them behave differently in the laminar
flow(Liu et al. 2019; Yin et al. 2019). When fluid velocity and
number of cells increases, cell blockage occurs most frequent-
ly during cells separation which damages to the cells and
affect the experimental results. Thus, exploring and optimiz-
ing structure of hydrodynamic-based chip is of significant
importance to separate cells. In contrast of physical methods,
the throughput of biochemical is lower and limited by the
interactions between surface coated with antibody and cells.
Therefore, researchers in this field should try best to improve

Fig. 15 Aptamer affinity-based
cell isolation in the microfluidic
device. Reproduced with permis-
sion from Analytical chemistry
81.17 (2009). Copyright © 2009
American Chemical Society

55    Page 12 of 16 Biomed Microdevices (2020) 22: 55



the efficiency of interactions between cells and immune-
coated surface.

Combination of different technologies is the trend of
microfluidic-based cells separation. As we mentioned above,
the hydrodynamic-based techniques is label-free, while it is
easy to clog and make damage to cells. Magnetic-based and
acoustic-based techniques show high specificity and robust.
Although DEP-based technique is label-free, it requires prep-
aration of different mediums. And it is generally known that it
is difficult to separate cells with similar physical properties
for phys ica l labe l - f ree techniques . Meanwhi le ,
immunoaffinity-based method could achieve cell capture by
using specific antibodies or aptamers to modify specific cells.
Thus, combination of physical and biochemical techniques
which integrating the respective advantages of different tech-
nologies, is an ideal solution to separate cells with high purity
and efficiency(Luo et al. 2018). At the same time, the

combination of different techniques with different work
mechanisms both increases the complexity of device design
and bring together inherent drawbacks. Furthermore, various
processes and functions, such as cell mixer, labeling,
counting, separation and analysis, may be integrated in a
portable and inexpensive microfluidic device for improving
efficiency of diagnosis.

In a word, high efficiency, high purity, high throughput and
easy to use are required for future microfluidic-based separa-
tion of cells. And the microfluidic device should be designed
with lower cost, small size and integrated all the necessary
complex processes and functions. Furthermore, these devel-
oped technologies should solve the biomedical challenges and
promote the clinical application. Ultimately, both techniques
and device should accelerate the industrialization and com-
mercialization process of microfluidic-base cell separation
which will bring mankind plenty of profits.

Fig. 16 A scheme of fabrication of microflfluidic channels integrated
with a nanopatterned substrate. a The schematic diagram fabrication
steps of microfluidic chip. b The image of fabricated device with four
branch channels. The SEM image of c flat surface, d pillars array, e

perpendicular lines, f parallel lines. Reproduced with permission from
Lab on a Chip 7.11 (2007). Copyright © 2007, Royal Society of
Chemistry (Great Britain)
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