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Cell separation has consistently been a pivotal technology of sample preparation in biomedical research.
Compared with conventional bulky cell separation technologies applied in the clinic, cell separation
based on microfluidics can accurately manipulate the displacement of liquid or cells at the microscale,
which has great potential in point-of-care testing (POCT) applications due to small device size, low cost,
low sample consumption, and high operating accuracy. Among various microfluidic cell separation
technologies, inertial microfluidics has attracted great attention due to its simple structure and high
throughput. In recent years, many researchers have explored the principles and applications of inertial
microfluidics and developed different channel structures, including straight channels, curved channels,
and multistage channels. However, the recently developed multistage channels have not been discussed
and classified in detail compared with more widely discussed straight and curved channels. Therefore, in
this review, a comprehensive and detailed review of recent progress in the multistage channel is pre-
sented. According to the channel structure, the inertial microfluidic separation technology is divided into
(i) straight channel, (ii) curved channel, (iii) composite channel, and (iv) integrated device. The structural
development of straight and curved channels is discussed in detail. And based on straight and curved
channels, the multistage cell separation structures are reviewed, with a special focus on a variety of latest
structures and related innovations of composite and integrated channels. Finally, the future prospects for
the existing challenges in the development of inertial microfluidic cell separation technology are
presented.

humans, with only 1-100 CTCs in 1 mL of blood. CTCs are
considered an early sign of tumor metastasis in clinical prac-

Cell separation is a pivotal technology for bio-sample prepa-
ration that aims to obtain and purify target cells and reduce
cell-to-cell interactions, thus simplifying downstream ana-
lysis." Isolated target cells often have unique biological charac-
teristics and functions, which can be used for biomedical
research and clinical diagnosis, such as white blood cells
(WBCs) and circulating tumor cells (CTCs). WBCs account for
only 0.1% of human blood, yet play a key role in the immune
response to pathogens.”” The activation and functional evalu-
ation of WBCs can provide treatment strategies for septicemia
and inflammatory diseases.” CTCs are much less abundant in
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tice, which is of important clinical significance in the diagno-
sis, staging, formulation of treatment methods, and evaluation
of cancer rehabilitation.” Advances in cell separation have also
made stem cell research,®’ disease diagnosis,® and drug
screening’ possible. Therefore, it is especially important to
separate the target cells from the heterogeneous background
of a large number of cells, which is why cell separation techno-
logy has been a hotspot in biomedical research.

After years of development, conventional cell separation
technologies tend to mature and have served in clinical diag-
nosis. The commonly used conventional cell separation
technologies include density gradient centrifugation, fluo-
rescence-activated cell separation (FACS), and magnetic-acti-
vated cell separation (MACS)."”'" However, these techniques
often require complex preparatory work and large systems,
which limit their POCT applications."**®

The microfluidic technology developed in recent decades
can accurately control the displacement of droplets or cells on
a microscale."®>* With the small device size, low sample con-

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/analyst
http://orcid.org/0000-0002-2364-0479
http://orcid.org/0000-0003-2659-3150
http://orcid.org/0000-0003-4585-8732
http://crossmark.crossref.org/dialog/?doi=10.1039/d1an01160j&domain=pdf&date_stamp=2021-11-16
https://doi.org/10.1039/d1an01160j
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN146023

Published on 04 2021. Downloaded on 09.01.26 6:54:23.

Analyst

sumption, and high operating accuracy, it has great potential
in the application of cell separation. Current microfluidic sep-
aration technology can be divided into active separation and
passive separation according to whether there is an external
force field. Active separation technologies separate cells under
the action of external fields such as electrical, magnetic, acous-
tic, and optical. The corresponding separation methods are
dielectrophoresis ~ (DEP),**  magnetophoresis,”  acoustic
separation,®® % and optical separation.>® Due to the existence
of the external force field, active separation technologies
usually have high separation purity but low throughput.
However, the additional components needed to generate exter-
nal forces are difficult to be integrated into a single chip,
which impedes the miniaturization of the device.

On the other hand, passive separation technologies mainly
depend on channel structures to separate cells, which can be
divided into microstructure separation, deterministic lateral
displacement (DLD),>** biomimetic separation,’’ pinch flow
fractionation (PFF),** hydrodynamic separation,*** cross-flow
filtration,**® and inertial separation. The passive separation
technologies have the advantages of simple structure, high
throughput, and label-free performance, but low precision.
Among them, microstructure separation and DLD are prone to
blockage; biomimetic separation is only aimed at specific cell
separation; cross-flow filtration, PFF, and hydrodynamic separ-
ation often need more inlets or sheath flows. In contrast, iner-
tial separation technologies use pure fluid dynamics to manip-
ulate particles or cells at a high flow rate according to size,
which are promising for miniaturized and real-time on-site
diagnosis.

Over the years, many researches were carried out in inertial
microfluidic separation and rapid developments have been
made. Some early reviews summarized the development of the
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principle of inertial focusing and Dean flow.*” For example, Di
Carlo et al. elaborated the principle of inertial focusing and
the Dean flow, and summarized the corresponding appli-
cations.®® Martel et al. reviewed the principle of inertial focus-
ing with a focus on the theoretical development of inertial
microfluidics.>® More recent reviews of inertial microfluidic
technology have been presented with different emphases. For
example, Liu et al. comprehensively described the principle
and application of spiral inertial microfluidics.*® Volpe et al.
reviewed the work related to inertial focusing and laminar vor-
tices.! Zhao et al focused on Dean flow and classified
different channel structures.*” Bazaz et al reviewed the
numerical calculation of inertial microfluidics and discussed
the theoretical development based on calculation methods.*?
Tang et al. reviewed the innovation of channel structures in
recent years.’* In addition, many other researchers have
expounded the phenomena of inertial focusing and Dean flow
and summarized the principle, application, and innovation of
inertial microfluidics."**>" Besides the innovation of
channel structures, more and more multistage channels have
been develop, which not only can meet the requirements of
separation purity and efficiency, but also play an important
role in miniaturized real-time detection. However, the recently
developed multistage channels have not been discussed and
classified in detail compared with more widely discussed
straight and curved channels.

Therefore, in this paper, we make a complete review of
different channel structures with special attention to the mul-
tistage channels. According to the channel structure, we cat-
egorize the inertial microfluidic cell separation technologies
into (i) straight channel, (ii) curved channel, (iii) composite
channel, and (iv) integrated device, as shown in Fig. 1. The
straight channel includes the ones with obstacle or groove
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Fig. 1 Categories of inertial microfluidic separation devices.
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array and contraction-expansion array. The curved channel
includes the serpentine channel and spiral channel. Based on
straight and curved channels, the composite channel cascades
the single channel in series or parallel or combines with other
technologies such as membrane filtration, DLD, and magneto-
phoresis, to improve the throughput and separation efficiency.
Thus, the composite channel includes the single-technology cas-
cading channel and the multi-technology composite channel.
Furthermore, the integrated device integrates downstream detec-
tion and analysis or removes the external pumps and sample pre-
processing (lysis, labelling) to achieve miniaturized medical
devices. Hence, the integrated device includes the channel with
cell detection or the channel with simplified external devices.

In the remainder of this review, the principle of
inertial microfluidics and the development of inertial
microfluidic channel structures are first introduced. Then,
various new structures and related innovations of composite
channels and integrated devices are discussed. Finally, future
prospects based on existing challenges in the development of
inertial microfluidic cell separation technology are proposed.

Theory of inertial microfluidic
separation

The inertial focusing effect was first discovered by Segré and
Silberberg in 1961.°*"* Particles (~1 mm diameter) in a cylind-
rical pipe would migrate to an annulus with a mean radius of
~0.6 times the radius of the pipe between the center line and
the wall of the pipe. This phenomenon was known as the
tubular pinch effect.*® Subsequently, Magnus force rising from
a rotating object in the fluid was tried to explain this phenom-
enon. But it failed as it was always pointing to the center of the
channel. Saffman lift force based on the hysteresis velocity
independent of the particle rotation also could not explain the
equilibrium position of the neutral suspended particles. Then,
shear gradient lift force in proportion to the shear rate and
pointing to the channel wall together with repulsive force
caused by the wall interaction accurately predicted the equili-
brium position of the particles. Thus, the inertial migration of
particles was explained. As Magnus force and Saffman lift
force are much smaller than the shear gradient lift force, these
two forces are usually negligible in common inertial focusing
applications and numerical simulations.

With these, a lot of numerical analyses and experimental
investigations have been performed on the inertial focusing,
thus obtained the theoretical bases of inertial migration of
particles in micro-channel. From the Stokes formula, it can be
seen that the fluid flow includes the action of an inertia force
and a viscous force, which is usually expressed by the Reynolds
number (R.) in the channel. R. is a dimensionless quantity of
the ratio of inertia force to viscosity, indicating the degree of
confusion of the fluid,

_ pUmDn

R. (1)

"
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where p is the density of the fluid, Uy, is the maximum fluidic
flow rate (U, = 2U;, Ur is the average flow rate), Dy, is the
hydraulic diameter of the channel (D, = 44/p, A is the cross-
section area of the channel, p is the perimeter), and y is the
dynamic viscosity of the fluid. Conventional microfluidic chips
have a very low Reynolds number (107°-10"), so the inertia
term can be ignored and the fluid can be regarded as stokes
flow. The inertial microfluidic channel has a higher Reynolds
number (1-100) than the conventional microfluidic channel,
so the nonlinear inertia term cannot be ignored. The inertia
force is proportional to the length of the channel and flow
rate. The particle motion in the channel flow can be estimated
by the particle Reynolds number R,,,
2
Rp =Rc Da_hz (2)

where a represents the particle size. In 2007, Di Carlo pro-
posed that only when the particle Reynolds number is greater
than 1 can the particle focus be guaranteed. Now we know that
when R, > 1, the inertial force plays a leading role in driving
the transverse migration of particles in the streamline, while
when R, < 1, the viscous force plays a leading role in promot-
ing the longitudinal migration of longitudinal particles.

Further investigation into the movement and force of par-
ticles in the fluid shows that the fluid flow in the channel is
viscous laminar flow, which is similar to the Poiseuille flow,>*
and the velocity along the profile of the flow direction is
approximately parabolic (the velocity is low near the wall and
the velocity in the center is high). Due to the existence of this
velocity gradient, when particles near the center are pushed
forward by the fluid, they will be pushed away from the center
of the channel by the shear-induced lift force (Fg;) of the fluid.
When the particle is close to the channel wall, the interaction
between the particle and the channel wall will cause the par-
ticle to lag behind the fluid flow, and the upper and lower
walls will produce a force on the particle that keeps the particle
away from the wall, which is called wall-induced lift force
(Fwy), as shown in Fig. 2(a). Fyw;, and Fg; can be collectively
referred to as net inertial lift force (Fy),

pUn2a*
F, = 5;12 Si(Re, x) (3)
pUna®
Fg, = mh fo1(Re, X) (4)
pUn2a®
Fwi, = Lzlfwl(Rcvx) (5)
Dy

where fi (R, x) is the lift coefficient that depends on the posi-
tion x of the particles in the channel and R. of the channel.
Matel’s group has carried out experimental analysis to this
value.?® Under the action of Fg; and Fyy, the particles dis-
persed at the entrance of the cylindrical pipe will gradually
move to the equilibrium position with a mean radius of ~0.6
times the radius of the pipe.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Forces on particles in the straight channel. (b) Different equili-
brium positions in the different aspect ratios (AR = H/W, AR ~ 1, AR < 1
and AR > 1). (c) Forces on particles in the curved channel.

Different from the cylindrical channel, the rotation-induced
lift force (Fg) caused by the rotation of particles in the square
or rectangular channel acts as a pivotal part in the balance of
the particles. Zhou et al. explained the inertial focusing in the
rectangular channel in detail.”> As Fg, is an order of magnitude
smaller than Fs;, and Fyy, it is negligible near the center of the
channel, but plays a leading role in particle movement near
the wall. Therefore, in a square or rectangular channel, the
process of particle migration to the equilibrium position can
be divided into two stages. In the first stage, Fg;, and Fy,, are
dominant, and particles move near the wall. In the second
stage, Fqo is dominant, and particles move to the equilibrium
position at the center of the wall. Different aspect ratios (AR =
H/W, H and W is the height and width of the channel) of the
channel will lead to different equilibrium positions. In the
case of AR ~ 1, the particles gather in four equilibrium posi-
tions, that is, when AR < 1, the particles gather in the center of
the upper and lower wall, and when AR > 1, the particles
gather near the center of the wall in the vertical direction, as
shown in Fig. 2(b). It can be seen that the particles tend to
gather in the equilibrium position at the center of the longer
edges.

In straight channel, the inertial focusing caused by Fy,
cannot well realize the size-based separation, so it is necessary
to introduce Dean flow to increase the lateral motion of par-
ticles. The generation of Dean flow is mainly due to the
addition of curvature. The obstacle array, contraction and
expansion, and curved channel structure are commonly used
to increase the curvature in the channel to produce Dean flow.

When the fluid flows through the curved channel, as the
velocity in the center of the channel is greater than that near
the wall, the fluid tends to move toward the wall. Due to the
centrifugal force, the fluid in the closed curved channel will
move to the outer wall. Consequently, the fluid in the center of

This journal is © The Royal Society of Chemistry 2021
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the channel will move to the outer wall. And because of the
conservation of mass, there are two reverse vortices at the
bottom and top of the channel, which is called Dean flow or
secondary flow, as shown in Fig. 2(c). The amplitude of the
flow can be expressed by the dimensionless Dean number (D.),

D
De _RM/Z—; (6)

The viscous force on particles in secondary flow can be
expressed by Dean drag force (Fp),>°

Fp = 3muUpa = 3nu(1.8 x 107*DL%)a (7)

where R is the radius of curvature and Up is the average vel-
ocity of Dean flow (Up = 1.8 x 10~* DL6%),

To characterize the inertial focusing phenomenon, Di Carlo
et al. proposed an important parameter Ry,

2
T (®)
It is generally believed that when R; >0.04 or a/Dy, >0.07, par-
ticles in curved channels will reach the equilibrium positions
and focus at a certain velocity due to the balance of F;, and Fp,.
For particles or cells of different sizes, their equilibrium
positions depend on their sizes. Larger particles will be sub-
jected to stronger F;, and gather closer to the inner wall, while
smaller particles will be located near the center of the Dean

flow far from the inner wall, thus achieving the separation.

Inertial microfluidic-based cell
separation

Inertial microfluidic-based cell separation exerts forces on
cells/particles through channel structure and hydrodynamics,
and realizes the separation of cells/particles according to
different cell sizes. In this review, according to the channel
structure, the inertial separation technology is categorized into
the straight channel, curved channel, composite channel, and
integrated device. In this section, the development, structural
innovation, and challenges of straight and curved channels are
first described. To meet the needs of POCT, composite chan-
nels and integrated devices are then discussed in detail.

Straight channel

The straight channel has a simple structure and is often used
to explore the principle of inertial migration effect and the
focusing and mixing of cells/particles. However, in the straight
channel, the particles have multiple equilibrium positions,
and the equilibrium positions of particles of different sizes are
similar. Hence, it is not easy to separate them, and the appli-
cation in cell separation is less.””

For example, Bhagat et al. explored the focusing behavior of
particles in square and rectangular cross-section straight chan-
nels, and pointed out that filtration for 1.9 pm particles in
straight channel can be realized, as shown in Fig. 3(a).®" But
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Fig. 3 Straight channel (a) straight channel for exploring inertial migration. Reproduced from ref. 61 with permission from American Institute of
Physics, copyright 2008. (b) Straight channel using different viscosity sheath flows. Reproduced from ref. 60 with permission from Springer Berlin
Heidelberg, copyright 2016. (c) Contraction-expansion channel with siphoning outlets. Reproduced from ref. 67 with permission from Royal Society
of Chemistry, copyright 2015. (d) Stretchable straight channel. Reproduced from ref. 72 with permission from Royal Society of Chemistry, copyright

2020.

the separation of particles cannot be achieved because their
equilibrium positions are too close. Therefore, Xu et al. further
increased the interval distance of the particle separation by
introducing sheath flow with different viscosity to form the
asymmetric focusing of the sample particle flow, as shown in
Fig. 3(b), thus improving the separation efficiency.

The straight channel has been proved to be able to manip-
ulate the particles in the lateral direction, but it needs a long
distance to reach the equilibrium position. Moreover, the sep-
aration distances of different-sized particles are still not
obvious, as it depends only on the inertial lift force.

To expand the distance of separation, researchers have
introduced a secondary flow induced by obstacle or groove
array and contraction-expansion array (CEA).°*"®” When
obstacle or groove arrays are added into the straight channel, a
transverse pressure gradient will be generated near these struc-
tures, which will generate a transverse flow, so that particles or
cells will move along the transverse flow and further increase
the interval distance of particles with different sizes.®®”° In
addition, in a straight channel with CEA, when particles enter
the expanding cavity from the contracting cavity or enter the
contracting cavity from the expanding cavity, they are sub-
jected to inertial lift force and Dean drag force to reach the
equilibrium position quickly.

For example, in 2008, Park et al. developed a continuous
and easy-to-operate symmetrical contraction-expansion
channel combined inertial focusing and Dean flow to explore
the relationship between particle Reynolds number and par-
ticle separation distribution. Using the symmetrical contrac-

7074 | Analyst, 2021,146, 7070-7086

tion-expansion channel, this group has found that the focus-
ing of particles is controlled by the particle Reynolds number,
channel length, and volume fraction of particles in the suspen-
sion. At low Reynolds number, the particles focus near both
sidewalls, and in the higher Reynolds number, the particles
focus near the centerline.®® However, in the conventional sym-
metrical contraction-expansion channel, large particles will be
captured in the expansion region due to vortex and inertial
effects. But the capacity of the expansion region is limited, so
it is difficult to deal with a large number of samples.
Consequently, Wang et al. proposed a contraction-expan-
sion channel with siphoning outlets for continuous particle
separation, as shown in Fig. 3(c). Using this channel, the sep-
aration cutoff size can be tuned by modulating the input flow
and channel resistance ratio /R, where r is the resistance of a
side outlet channel and R is the resistance of the main outlet.
The designed channel can achieve the separation of three
different particles with high throughput (~0.5 mL min™"), and
the separation efficiencies of 21 pm, 18.5 pm, and 15 pm par-
ticles at the three outlets are 89.4%, 80.7%, and 95.9% separ-
ately.”” The high tunability of separation cutoff diameters
makes it possible for biological particles or cells with wide size
distribution to separate. Besides, Fallahi et al. put forward a
size-tunable straight channel as shown in Fig. 3(d) that can be
stretched.”"”? By stretching the channel along the longitudinal
direction, the height and width of the rectangular cross-
section are reduced, but the aspect ratio remains constant,
and the cutoff size decreases slightly and continuously. Using
this device, T47D cancer cells can be separated from whole

This journal is © The Royal Society of Chemistry 2021
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blood with a recovery rate of 98.6% and a purity of 90%. At
present, most channel structures cannot be changed after fab-
rication, which cannot meet the particles separation and
manipulation of a broad range of sizes. The size-tunable
channel not only has a flexible separation threshold but also
saves the time of repeat design, manufacturing, testing, and
optimization of new channels. Therefore, the size-tunable or
stretchable microfluidic structure is considered to be a future
trend for high flexibility in straight inertial microfluidic
channel.

Curved channel

By combining inertial focusing and Dean flow, the curved iner-
tial microfluidic channel can be used for passive focusing and
sorting of particles. The curved channel mainly includes ser-
pentine and spiral channels. Serpentine channels involve the
serpentine channels with different degrees of curvature,®””*”*
square wave channels,”>’® and triangular wave channels. And
spiral channels consist of single spiral and double spiral
according to the whole channel structure, and can also be
classified into the rectangular cross-section channel, trapezoi-
dal cross-section channel, or triangular cross-section channel
according to the shape of cross-section.

Serpentine channel. Initially, the serpentine channel was
usually used for mixing or reaction of solutions. In 2007, Di
Carlo et al. started to explore the effects on particles focusing
using the asymmetric serpentine channel. From their experi-
ment and theoretical analysis, the condition of particle focus-
ing and migration in a curved channel was a/Dy, < 0.07.%”

In addition to the asymmetric serpentine structure, Zhang
et al. proposed a new concept of inertial focusing using the
symmetric serpentine square channel, as shown in Fig. 4(a).”
Particle focusing only depends on centrifugal force and Dean
drag force, but independent of the inertial lift force. Three
different particle focusing pattern has been found in their ser-
pentine channel: (1) Inertial lift force dominated region with
two-sided focusing streaks, (2) transition region with a wide
single central focusing band, and (3) Dean drag force and cen-
trifugal force dominated region with a single focusing streak at
the channel center.”® These regions mainly depend on the par-
ticle size and flow rate. For particles with different sizes,
smaller particles are in the first region and larger particles are
in the third region, thus particle separation is obtained. Using
these structures, some cell sorting has been realized, such as
WBCs from whole blood cells’® and neurons and glial cells
from dissected brain tissues.”®

The successful application of serpentine structure in cell
separation and focusing urges people to explore the underlying
physics.”® In 2018, Arzu et al. explored the effects of curvatures
(280, 230, 180°), channel height (90, 75, and 60 pm), and
Reynolds number (400-2700 pL, min~") on particle focusing, as
shown in Fig. 4(b). The 90 pm-high channel with a curvature
angle of 280° at the Reynolds number of 144 in the transition
region (intersection of the turns) was the optimum condition
for the separation of 20 and 15 um particles, while the 10 pm
particles cannot be separated in any channels due to domi-

This journal is © The Royal Society of Chemistry 2021
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nated Fp.”> From these cases, serpentine channels have been
proved to be able to separate various particles or cells, but
various design conditions need to be confirmed which
increases the difficulty of channel design.

Spiral channel. As mentioned above, by introducing trans-
verse Dean flows in curved channels, spiral channels have
been widely employed in cell sorting as an application of iner-
tial microfluidics. The Dean flow affected by flow rate and
channel geometries will influence the cutoff size and distance
between heterogeneous cells. Hence, researchers have pro-
posed a variety of spiral structures. According to the overall
structure, the spiral channel can be divided into single spiral
channel and double spiral channel.>®*®According to the
cross-section shape of the spiral channels, they can be divided
into spiral channels with rectangular cross-section,®* % trape-
zoidal cross-section,”®*®* and triangular cross-section.
Therefore, in this section, we will introduce rectangular single
spiral channels, rectangular double spiral channels, and non-
rectangular cross-section spiral channels.

Rectangular single spiral channels. It has been known that
particles subjected to the inertial lift force and Dean drag force
in the curved channel will focus in the equilibrium position,
but the effects of flow rate and channel geometries on the
motion of different particles are not clear. Using the rectangu-
lar single spiral channel, Kuntaegowdanahalli et al. pointed
out that with the increase of flow velocity, the equilibrium
position of the particles that have reached the inertial focusing
condition is close to the center of the channel.*® However,
using the homologous structure, Xiang et al. found that with
the increasing flow rate, the equilibrium position of the par-
ticles that had met the inertial focusing condition would move
to the side walls.”®

The reason for the difference in the two discussions is that
they only explored the change of focusing effect in a certain
range of flow rate. For a complete flow rate range, the particles
that meet the focusing condition in a rectangular single spiral
channel move to the inner wall first and then to the center
with the increase of flow rate. Subsequently, Xiang et al.
summed up the five-stage model in which the particle equili-
brium position varies with the flow rate.’® Except flow rate,
Martel et al. explored the dynamics of inertial focusing and
particle behavior in a low aspect ratio (h/w ~1/1 to 1/8) rec-
tangular single spiral channel.”” They described that particles
migrate towards the equilibrium position more efficiently with
an aspect ratio of 1:2 or 1:4. In addition, the wider the width
of the channel, the larger the flow velocity needs to meet the
inertial focusing.

After understanding the mechanism of particle focusing
and influencing factors, rectangular single spiral channels can
be designed to achieve focusing. Based on this, cell or particle
separation can be achieved when they are focused in different
positions in a rectangular single spiral channel. However, in
spite of high throughput, it is not an efficient way for cell sep-
aration because the separation distance is inapparent.

Dean Flow Fractionation (DFF) is another special and
effective technique in a rectangular single spiral channe.”®*
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Fig. 4 Curved channels (a) asymmetric serpentine channel. Reproduced from ref. 77 with permission from Springer Berlin Heidelberg, copyright
2014. (b) Serpentine channel with different curvature angles, channel heights, and Reynolds number. Reproduced from ref. 73 with permission from
Springer Berlin Heidelberg, part of Springer Nature, copyright 2018. (c) The HiDFF device and the separation mechanism of small particles ((a/Dy, <
0.07). Reproduced from ref. 100 with permission from Springer Nature, copyright 2017. (d) Multi-dimensional double spiral (MDDS) channel with a
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Society of Chemistry, copyright 2020. (e) Spiral channel with a triangular cross-section. Reproduced from ref. 107 with permission from Springer
Nature, copyright 2020. (f) Spiral channel with a stair-like cross-section. Reproduced from ref. 108 with permission from Springer Berlin Heidelberg,

copyright 2017.

In DFF channel, large particles meet the focusing condition,
hence they are focused near the inner wall, while small par-
ticles cannot meet the focusing condition, hence they move
along with Dean flows. By specially design an optimal channel
length, small particles can move to the outer wall at the outlet
of the DFF channel, thus the separation is obtained. For
example, Bhagat et.al realized a complete separation of 1.9 pm
and 7.32 um particles using the DFF channel with a sheath
flow.'> The 7.32 um particles (a/Dy, > 0.07) migrated to inner
wall by inertial lit force and Dean drag force, while 1.9 pm par-
ticles (a/Dy, < 0.07) were transposed towards the outer wall.
Although DFF channel can effectively separate particles satis-
fied with different focusing conditions, smaller particles, such
as (1 um and 2 um), cannot be separated.

Therefore, a new separation phenomenon has been used to
separate smaller particles in DFF channel, in which the particles
transient innermost distance (Djnner) varies with size during
Dean vortices-induced migration, as shown in Fig. 4(c). When
small particles (a/Dy, < 0.07) migrate to inner wall by Fp, the Fyy,
push particles away from the wall to flow at different fluid
streamline. In that way, the phenomenon can be explained.

Tay et al. termed this as high-resolution Dean flow fraction-

ation (HiDFF) for separation sub-micrometer particles
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(1-3 pm)."®° Recently, this group further developed a similar
DFF channel termed as exoDFF to isolate the extracellular vesi-
cles (exosomes, 50 to 200 nm; microvesicles, 200 nm to 1 pm)
from blood for vascular risk profiling in type 2 diabetes melli-
tus.'® Although DFF can achieve efficient separation, a sheath
flow must be introduced for DFF devices to meet the high sep-
aration efficiency and purity, which often leads to tedious
operation.

Rectangular double spiral channels. The rectangular double
spiral channel is an extension of the single spiral channel,
which can be used for -centrifugal-driven and liquid
104,195 The advantages of double spiral channels over
single spiral channels in cell separation are from two aspects.
First, the separation recovery and purity of the double spiral
are higher than those of the single spiral channel. Second, the
double spiral channel with the same length costs less area
than the single spiral channel. In 2007, Seo et al. proposed a
rectangular double spiral channel and pointed out that par-
ticle migration in the spiral channel is mainly caused by the
tubular pinch effect, centrifugal force, and Dean flow. Using
the channel, the concentration ratio of 10 pm particles at the
two outlets is 660 times at the flow rate of 92 mm s "% In
2012, Sun et al. proposed a rectangular double spiral channel

delivery.
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with one inlet and three outlets, which can separate MCF-7 or
HeLa cells from the diluted blood cells (hematocrit values of
1.25%) at the optimal flow rate of 20 mL h™'. And 96.77% of
tumor cells and 92.28% of blood cells were collected at the
middle and inner outlet, respectively.®’ Sun et al then
improved the double spiral by increasing the channel height
(50 pm to 85 pm).*> From the two cases, it has been proved
that increasing the height of the channels within a certain
range will improve the separation performance. Recently, Jeon
et al. proposed a new type of double spiral channel, as shown
in Fig. 4(d), which used the rectangular cross-section channel
in the first-stage to focus particles, and the trapezoidal cross-
section channel in the second-stage to realize the particles sep-
aration of different sizes.> By using the structure of the check
valve and three cycles of separation, the recovery rate of leuko-
cytes is more than 80% and the purity is more than 85% at a
flow rate of 2.3 mL min™".

Compared with the single spiral channel, the inlet and
outlets of the double spiral channel are at the outside of the
channel, which are easier to be integrated with other channels.
The compact structure used by the double spiral is composed
of three sections of channels. The first section is used for
focusing. After the “S” connection, the second section separ-
ates the cells, which improves the separation performance.
However, because the influence of the internal “S” connection
structure of the double spiral on the separation and focusing
of particles has not been thoroughly studied, there are not
many separation applications of the double spiral.

Non-rectangular cross-section spiral channels. Because of the
standard soft lithography technique,'®® rectangular spiral
channels are widely used. For spiral channels with non-rec-
tangular cross-sections, different fabrication methods such as
micro-milling and 3D printing are required. From the working
principle, the use of different non-rectangular cross-section
channels is to change the Dean flow and increase the separ-
ation distance between particles of different sizes so that a
higher separation resolution can be achieved. For instance, the
trapezoidal spiral channel adopts a trapezoidal cross-section
with the channel height from low (at the inner wall) to high (at
the outer wall). That section induces that the center of the
Dean flow moves towards the outer wall, resulting in the equili-
brium position of small particles moves near the center of the
flow while large particles still gather at the inner wall.

Additionally, focused particles in trapezoidal spiral chan-
nels will sharply convert the equilibrium positions from the
inner half to the outer half of the channel at a size-dependent
critical flow rate.’® Therefore, the spiral channel with a trape-
zoidal cross-section further increases the distances between
the particles of different sizes, getting a higher resolution of
separation. In 2012, a trapezoidal spiral channel has been pro-
posed to separate leukocytes from whole blood without
sample-labeling and sheath flow with a high throughput of mL
min~"! and with a recovery rate of more than 90%.%° After that,
Warkiani et al. also used a similar trapezoidal spiral channel
to separate CTCs from the whole blood cells with a recovery
rate of more than 80% and clinical detection of 100%.°" So far,

This journal is © The Royal Society of Chemistry 2021

View Article Online

Critical Review

the trapezoidal spiral actually shows better performance than
the rectangular spiral.

Thanks to the vigorous development of 3D printing techno-
logy, Lee et al. used 3D printing technology to fabricate a 3D
trapezoidal cross-section spiral channel, which can be used to
isolate magnetic nanoparticle clusters (MNCs) and MNCs-
binding E. coli (EC) in milk.”> With the development of 3D
printing and micro-milling technology technologies, various
spiral channels with different structures can be realized, which
greatly promotes the development of inertial microfluidics.
Recently, Razavi et al. proposed a new method of 3D printing
to fabricate a spiral channel with a triangular cross-section as
shown in Fig. 4(e), which cannot be realized by conventional
lithography theoretically.'®” With this approach, inertial micro-
fluidic devices can be manufactured on a large scale, which
provides great potential for industrial production.

Furthermore, Ghadami et al. proposed a spiral channel
with a stair-like cross-section, as shown in Fig. 4(f). And
numerical simulations and experiments showed that the stair-
like cross-section will produce two vortices, and the large par-
ticles need a higher flow rate to move to the outer wall, so
different flow rate thresholds can be set to separate the par-
ticles of different sizes.'®® In brief, the non-rectangular cross-
section spiral channels have high throughput and high per-
formance apparently while high requirements for manufactur-
ing are needed and it is difficult to be produced on a large
scale.

Composite Channel

Although the inertial microfluidic channel with a single struc-
ture has high separation efficiency and continuous innovation,
it cannot meet the increasing requirements for throughput
and purity. So, the emergence of the composite channel is
inevitable. In this section, composite channels can be divided
into single-technology cascading channels'®™""? and multi-
technology composite channels."**™2°

Single-technology cascading channel. Based on structures
mentioned above, the single-technology cascading channel
simply cascades a single channel in series or parallel that can
effectively improve the purity or throughput. In 2017, Zhang
et al. separated 10 um particles from the mixed solution of
10 um and 3 pm particles in serial connected serpentine
channel and increased the purity from 0.1% to 80.3%.
Compared to the primary purification of 10.59%, the purity
can be greatly improved.”® Jeon et al. increased the throughput
of the original 2.3 mL min™" to 18.4 mL min~" by paralleling
double spiral channels.” Similarly, the single spiral channel
can also be connected in parallel through the design of the
inlet and outlets. In 2015, Warkiani et al. connected the trape-
zoidal single spiral in parallel, as shown in Fig. 5(a) to obtain
an extremely high throughput of 500 mL min~" and separate
CHO cells (10-20 um) and yeast cells (3-5 pm)."*°

In addition to a simple parallel or serial connection in one
2D-plane, Khoo et al. proposed an enhanced, high-throughput
3D-stacked structure such as Fig. 5(b). Using the 3D-stack of
three spiral channels to process 7.5 mL blood samples in
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Fig. 5 Single-technology cascading channel (a) parallel connection of trapezoidal spiral channels. Reproduced from ref. 110 with permission from
Springer Nature, copyright 2015. (b) Stacked rectangular spiral channel. Reproduced from ref. 109 with permission from Public Library of Science
(PLOS), copyright 2014. (c) Multiplexing serpentine channels. Reproduced from ref. 121 with permission from Elsevier, copyright 2021. (d) Multilayer
polymer-film inertial microfluidic (MPIM). Reproduced from ref. 112 with permission from American Chemical Society, copyright 2019.

5 minutes, with a clinical detection rate of 100% (n = 56).'°°

The 3D-stacked inertial microfluidic channel greatly reduces
the area and improves the throughput simultaneously.

Compared with spiral channels, serpentine channels are
easier to be connected in parallel because of the simple distri-
bution of inlets and outlets. In 2021, Ren et al. reported a
device with parallel serpentine channels for the separation of
tumor cells from malignant pleural effusion, as shown in
Fig. 5(c)."””" These channels are 3D-stacked by multiple layers
of thin polymer films, which can be horizontally or vertically
connected in parallel. For example, Xiang et al. also proposed
a type of multilayer polymer film inertial microfluidic device
(MPIM), as shown in Fig. 5(d). The first layer of the structure is
the superposition of 12 single serpentine channels, the third
layer is the waste liquid collection outlet, and the fifth layer is
the concentrated sample solution collection outlet. This struc-
ture can concentrate various particles under the high through-
put of 8 mL min~", and concentrate microalgae and tumor
cells from the background of large cells.''> These single-
technology cascading channels can be improved unilaterally in
terms of throughput or purity through the cascade of a single
channel or technology.

Multi-technology composite channel. Because of the
inherent structural limitations, the single-technology cascad-
ing channel cannot achieve a great improvement in both
throughput and separation purity at the same time. Therefore,
to overcome the low purity of inertial microfluidic and further
improve the separation efficiency, inertial channels tend to be
combined with other technologies.

For example, Wang et al. proposed a two-stage microfluidic
cell sorter integrated with a double spiral channel and a mem-
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brane filter. The membrane filter of 8 pm is integrated at the
tumor cell collection outlet (middle outlet) of the double
spiral, which can separate metastatic lung cancer cells and leu-
kocytes. The spiral channel can separate the target sample
under high throughput, while simple membrane filtration can
greatly enhance the separation purity.''® The tumor cells left
on the membrane can be directly used for mRNA extraction to
achieve cancer monitoring. Likewise, Guzniczak et al. used a
spiral channel combined with membrane filtration to increase
the separation purity to 99%."'® As a simple passive separation
method, membrane filtration with independent flowrate is
only based on cell sizes and is easy to connect with the inertial
channel.

In addition to membrane filtration, the deterministic
lateral displacement (DLD) in passive methods is often inte-
grated with inertial methods to achieve high-purity cell
sorting. In 2019, Xiang et al. proposed a two-stage microfluidic
channel with a rectangular single spiral and a DLD channel, as
shown in Fig. 6(a). In the first stage, CTCs were separated by a
rectangular single spiral channel; In the second stage, WBCs
were separated and purified by DLD channel. The separation
efficiency and purity of CTCs were 99.77% and 13.99%,
respectively, at the flow rate of 400 pL min~"."*® They used the
acellular solution at the outlet of the single spiral as the
sheath flow to introduce the DLD section so that the sheath
flow was not needed at the entrance of the DLD channel.
Recently, the same group proposed a composite channel with
the rectangular spiral channel, serpentine channel, and mag-
netic separation, which can separate breast cancer and lung
cancer cells from whole blood at a flow rate of 200 pL min™",
with a purity of 4.39-51.47% and separation efficiency of
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Fig. 6 Multi-technology composite channel. (a) A rectangular single spiral with DLD. Reproduced from ref. 118 with permission from American
Chemical Society, copyright 2019. (b) A device with DLD, serpentine channel and magnetophoresis. Reproduced from ref. 120 with permission from
American Association for the Advancement of Science, copyright 2013. (c) A serpentine channel integrated with grooves or obstacles and suction
channels. Reproduced from ref. 115 with permission from MDPI, copyright 2020. (d) A rectangular single spiral channel integrated with cross-flow
filtration. Reproduced from ref. 114 with permission from American Chemical Society, copyright 2020.

93.84%.'" Due to high throughput of inertial separation
technology, when cascaded with other low-throughput techno-
logy, such as DLD or active separation technology, it is necess-
ary to match the flow rate so that the target sample can be sep-
arated at the optimal flow rate. In that case, it is possible to
sacrifice some of the throughput of inertial separation, and
the purity can be enhanced by cascading other
technologies."”*">*

In 2013, Ozkumur et al. also designed a three-stage sorting
platform as shown in Fig. 6(b). In the first stage, DLD was used to
remove red blood cells (RBCs) and platelets to obtain WBCs and
CTCs. In the second stage, the asymmetric serpentine channel
was used to gather cells. In the third stage, magnetic separation
was used to separate CTCs and WBCs labeled with magnetic
beads."”® As the first stage is a DLD structure, the throughput of
the total channel is low. However, the throughput can reach 8 mL
h™" through a multi-channel parallel connection.

In addition to the cascade of inertia and other techno-
logies, many researchers have integrated certain technologies
into a relatively new single-channel so as to save the channel
area and improve the efficiency and purity of separation. For
example, Gou et al. proposed a rectangular spiral channel inte-

This journal is © The Royal Society of Chemistry 2021

grated contraction-expansion channel, and explored the
optimal structure and flow rate of the channel by CFD simu-
lation.""” The separation efficiency and purity of MCF-7, HelLa,
and A549 cells were 93.5%, 89.5% and 88.6%, 35.2%, 26.8%

~1. For

and 25.6%, respectively, at the flow rate of 750 pL min
this composite channel, the main channel is a single spiral
channel. By adding expansion cavities, the equilibrium posi-
tion of smaller particles is close to the inner and outer walls
which significantly enhanced the stability and separation
resolution. In 2021, Lombodorj et al. designed a sinusoidal
flow channel in which they set grooves and siphon channels at
each peak and trough to separate RBCs from the whole blood
in advance.'"® The whole channel can be seen as the compos-
ing of three different technologies, such as Fig. 6(c). The
straight channel is used for the focusing and separation of
RBCs and WBCs. The serpentine channel is the main channel
and further separates the WBCs from the solution. The
grooves or obstacles at the wave crest and valley induce the
RBCs to enter the siphon channel, thus achieving 93.2% WBC
recovery and 4-log RBC depletion at the flow rate of 250 pL s .

Most of the composite channels with multiple technologies
take spiral, serpentine, or contraction-expansion channels as
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the main channel, and integrate other technologies so that the
target samples with high purity and high recovery can be
obtained. However, the concentration of the target sample is
very low, which cannot meet the requirements of a direct
observation experiment or downstream analysis. Therefore, the
separation and concentration of large-volume samples is a
necessary step in cell detection. For example, Xiang et al.
designed a spiral channel integrated with cross-flow filtration,
which can be used for the enrichment of rare CTCs isolated
from blood and the separation of very high concentrations of
WBCs from highly diluted whole blood, as shown in
Fig. 6(d)."™* A variety of technologies have been integrated into
the main channel that is serpentine or spiral, which provides
more probability for the performance enhancement and down-
stream rapid analysis of microfluidic devices.

Integrated device

The integrated device can be divided into two types, namely
the inertial channel integrated with downstream detection and
the inertial channel with simplified external devices. From the
development of composite channels, it can be seen that the
ultimate goal of improving recovery rate and purity is to facili-
tate downstream analysis. Therefore, inertial microfluidic sep-
aration technology with integrated cell detection has become a
promising trend to reduce cross-contamination and achieve
single-cell analysis,">>"*° timely diagnosis and treatment.

Currently, the commonly used detection methods are
electroanalytical methods, optical methods, Raman spec-
troscopy, and mass spectrometry (MS), etc."””'*® At present,
only gold, silver, and copper have a strong SERS effect in
Raman Spectroscopy which limit the use of SERS. In contrast,
electroanalytical methods'*® and MS are commonly used to
integrate with inertial microfluidics. MS can quantify elements
in single cells for further analysis. Huang et al. used a spiral
channel for cell focusing and separation, isolated single cells
from cell suspension (10> cells per mL) at 28 pL min~", and
identified cell subsets by electrospray ionization mass spec-
trometry (ESI-MS)."*° Zhang et al. also use spiral channels to
obtain focused cell sampling into time-resolved inductively
coupled plasma mass spectrometry (TRA-ICP-MS), as shown in
Fig. 7(a), which can be used for real-time quantitative analysis
of target elements at the single-cell level.'*! Among the above-
mentioned examples, the inertial channels in these devices are
mostly used for cell focusing with a low flow rate, which is con-
venient for the acquisition of detection data and real-time
quantitative analysis.

To separate and detect single cells more efficiently,
Petchakup et al. reported a multistage platform for cell separ-
ation, focusing, and impedance detection."*” In the first stage,
neutrophils, and monocytes were isolated by DFF with a rela-
tively high throughput. The second stage is to match the flow
rate and use serpentine channels to focus the isolated cells.
The third stage is impedance detection by the single-cell flow.
Comparing with the impedance signals measured by healthy
and glucose-treated neutrophil extracellular capture (NETs), it
can be concluded that this platform can be used for the pre-
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vention and evaluation of diabetes. Recently, this group
explored label-free quantitative lymphocyte activation profiling
using a similar integrated platform, as shown in Fig. 7(b).
When close to the coplanar electrodes, the sample achieves
separation and a single cell focusing stream by spiral channel
and serpentine channel. In this way, the platform can achieve
a significant enrichment of larger activated T-lymphocytes
(~11.7-fold) and electrically detect low levels of lymphocyte
activation (<5%)."*?

MS and impedance methods can only obtain specific
sample parameters, but some details will be lost. Therefore,
the image analysis method that can process more details are
necessary. Rogers et al. proposed an image analysis system
with a vortex-actuated cell separation (VACS) device, as shown
in Fig. 7(c)."*»'** First, the target samples are arranged in a
serpentine channel. After the arrangement, the vortex is gener-
ated instantaneously through the interaction between the fast-
electronic actuator and the channel geometry to deflect the
single-cell and achieve separation. The system uses Field
Programmable Gate Array (FPGA) to realize the deflection
control program for the required sample. Through the objec-
tive lens and high-speed camera, the data can be directly
obtained and processed on the FPGA development board,
which can play a role in practical application.

To realize the integration and miniaturization of the micro-
fluidic system and meet the needs of POCT, except the internal
integration of the separation chip and cell detection, the exter-
nal challenges such as sample pre-processing (lysis and label-
ing), precision microfluidic pump, etc., also need to be solved.
To solve the challenge of sample pre-processing, such as the
lysis of the RBCs, Ramachandraia et al. used the hypotonic
buffer to remove RBCs and increase the size of nucleated cells
in the first stage. WBC subsets and CTCs could be separated
by a rectangular double spiral channel. Granulocytes with a
purity of 86%, monocytes with a purity of 43%, and lympho-
cytes with a purity of 91% could be obtained by a three-
outlet.*® Zhu et al. also designed an inertial microfluidic (IM)
cube (Fig. 7d) that integrates lysis, storage, and extraction
modules, and can be used to lyse RBCs and automatically
extract WBCs from the lysed background."”” The cube can
obtain a high recovery rate and high cell activity, which is
expected to be an alternative method of extracting WBCs from
whole blood. By introducing buffer flows to remove non-target
cells in a continuous flow, the possibility of sample treatment
and sample contamination can be eliminated.

However, the introduction of sheath flow requires a pre-
cision syringe pump to control the flow rate and keep the flow
rate stable. The high price and relatively large volume of the
precision syringe pump limit the development of microfluidics
in real-time diagnosis, treatment, and miniaturization. In this
case, optimizing the inertial microfluidic devices of the exter-
nal syringe pump is another trend of innovation and develop-
ment. Shamloo et al. proposed a microfluidic device driven by
centrifugal force, as shown in Fig. 7(e). The centrifugal force
generated by the rotation of the turntable pumps the sample
from the chamber into the separation channel. The designed
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right 2021.

contraction-expansion channel can separate MCF7 at a
rotation speed of 2100 rpm, with a separation efficiency of
76%. The recovery rate of MCF7 can increase to 85% at 1200
rpm by using the integrated magnetic separation channel in
the contraction-expansion channel.”® Although this device
still requires a turntable to provide driving force, the precision
syringe pump and tubing are no longer needed.

There are several ways to replace the microfluidic pumps,
but people always want to use the most convenient method,
that is, to complete the microfluidic operation by hand power.
Han et al. designed and manufactured a plasma separation
device integrated with a spiral channel and a conventional
syringe, as shown in Fig. 7(f)."*° The device integrates the DFF
device into the conventional syringe and simplifies the exter-
nal equipment such as syringe pump and sample processing,
etc. Through blood extraction, dilution, and separation in the
syringe, the separation of plasma and cells is realized. This not
only reduces the possibility of sample contamination, but also
supports manual operation to meet the real-time diagnosis
and treatment, and a simple process is more capable of assur-
ing scaled production.

This journal is © The Royal Society of Chemistry 2021

So far, most microfluidic devices cannot be practically used
without external auxiliary laboratory equipment, such as
syringe pumps or microscopic detectors. Therefore, how to
realize the integration of external devices in an inertial
channel and apply it to POCT still deserves more attention.

Conclusions

In this review, we present the inertial microfluidic separation
principle and the development of channel structures.
According to the structure of the channel, the inertial micro-
fluidic cell separation technology is divided into the straight
channel, curved channel, composite channel, and integrated
device, as summarized in Table 1. The straight channel does
not apply Dean flow or merely induces Dean flow, and the
target sample deflection is small, so it is mostly used for focus-
ing and mixing. The curved channel makes full use of the iner-
tial focusing and Dean flow, which has a high recovery rate
and throughput but low purity. Although the composite
channel improves the purity and recovery rate compared to the
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Table 1 Summary of different inertial microfluidic-based cell separation devices

Detection
Structure Sample Throughput Separation results integrated  Ref.
Straight Straight T47D cancer from 10 pL min~" Recovery: 98.6%, purity: 90% N 71
channel whole blood and
72
1.0 pm and 9.9 pm ps 16 puL min™" N/A N 60
Obstructions Diluted blood 150 pL min™" Recovery: 80% N 69
Contraction-expansion 21 pm, 18.5 pm and 500 pL min~* Recovery: 78%, 87% and 99% N 67
15 pm ps
Curved Serpentine (1/20) diluted blood 600 pL min™" (Re Purity: 48.1%, recovery: >90% N 76
channel =120)
Neuron and glial cells 550 pL min™" Purity: 92 + 1.5% for neurons 81+ N 75
1.4% for glial cells
Spiral Rectangular MCF-7, WBCs 550 pL min~" Recovery: 86.76% N 84
Rare sperm 0.5 mL min~" Recovery: 95.6%% N 88
MCF7 in diluted blood 1.2 mL min™" Recovery: 77.1% N 87
DFF MCF-7, MDA-MB-231, 100 pL min~* Recovery: >85% N 101
HeLa
Stem cells 3 mL min~" Recovery: >93% N 99
Trapezoidal Ret, Nuc, and Eb 800 pL min~" Purity: 80%, recovery: 73.2% for N 94
reticulocyte
(1/200) diluted blood ~ 800 pL min~" (Re Recovery: >80% N 89
= 46.52)
T24, MCF-7 and 1700 pL min™"  Recovery: >80% N 91
MDA-MB-231
3D trapezoidal E. coli bacteria with 5 mL min~" N/A N 92
MNCs
Double spiral MCF-7 and HeLa 3.33x107 cells  Recovery: 88.5% N 81
per min
HelLa cells 2.5 x 10° cells per Recovery: 90.54% + 3.41% N 82
min (60 mL h™")
(1/500) diluted blood 2.3 mL min™" Purity: > 85%, recovery: ~80% N 2
Composite  Single technology  Stacked rectangular Breast and lung ~mL min~" N/A N 109
channel multiplexed cancers
channel MPIM MCF7 and diluted 8 mL min~" Recovery: ~85% N 112
blood
Multiplexed trapezoidal CHO and yeast cells 500 mL min~" Recovery: 95% N 110
Multi-technology ~ Serpentine with Suction WBC from diluted 1% 10% cells per ~ Recovery: 93.2% N 115
Composite channel blood sec (250 pL sec™ )
Channel Spiral with membrane ~ RBC from nucleated 1 mL min™" Purity: 99% recovery: >90% N 116
filtration cells and nuclei
Double spiral + A549 in whole blood 25 mLh™* Recovery: 74.4% N 119
membrane filtration
Spiral + Breast and lung 200 pL min™" Purity: 4.39-51.47%, recovery: N 113
magnetospheres cancer cells from 93.84%
blood
Spiral with CEA MCF-7, HeLa and 750 pL min™" Purity: 93.5% for MCF-7 89.5% for N 117
A549 cells from (1/ HeLa 88.6% for A549, recovery:
100) diluted blood 35.2%, 26.8%, and 25.6%
Integrated  Integrated DFF + asymmetric Neutrophil isolation 10 cells per min Purity: >80% Y 132
device downstream serpentine + impedance from diluted blood
analysis and detection
detection Asymmetric serpentine  MCF-7 and WBCs Detection N/A Y 129
+impedance detection throughput
~5000 cells per s
Spiral + TRA-ICP-MS MCF7 and bEnd3 cells 100-800 pL N/A Y 131
min~!
Serpentine + electronic  Peripheral blood 2 x10° cells per s N/A Y 134
actuator + image mononuclear cells
analysis (PBMCs).
Curved + serpentine + S. epidermidis, 1 mL min™" N/A Y 140
Raman spectroscopy M. luteus, E. hirae,
B. subtilis, and E. coli.
Simplified external Selective cell lysis + A549, SH-SY5Y and 1 mL min™" Purity: 86%, 91%, 41% for N 136
devices double spiral MCF7 from whole granulocytes, lymphocytes,
blood monocytes recovery: 99% for
leukocytes 88% for spiked cancer
cells
DFF with syringe (1/25) diluted blood. 150 pL min™" Recovery: 97% N 139
Mixed cracking, storage, Diluted blood 720 pL min™" Recovery: 83.9% N 137
spiral
hydrodynamic and MCF-7 and L929cells 2100 rpm Recovery: 76% N 138
magnetophoretic
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single technology channel, the introduction of other techno-
logies will increase the area and cost. The integrated device is
mainly to simplify the miscellaneous microfluidic system and
remove the external devices in the downstream detection and
analysis, which can realize the on-site timely diagnosis. All in
all, inertial microfluidic-based cell separation has been proved
to be a promising technology in POCT because of the obvious
advantages such as high throughput, label-free properties, and
easy integration.

Future perspectives

Based on the review of recent work, there are still some chal-
lenges that have to be solved. First, due to the wide size distri-
bution of biological samples, most current devices are only
suitable for a narrow range of applications. Therefore, the sep-
aration of a new sample often requires complicated design,
manufacturing, verification, and optimization, which limits
the application of inertial microfluidics. Second, from the
existing work, we can learn that when the single structure
cannot meet the required performance, the multi-stage struc-
ture will be a good choice. However, the high throughput of
inertial microfluidics leads to a large difference in the separ-
ation flow rate between these devices and other separation
technologies. Therefore, how to balance throughput, purity,
and recovery rate is a challenge. Third, the microfluidic separ-
ation channel cannot directly obtain the detection and analysis
result, and the process of moving the separated sample into
the detection devices may lead to cross-contamination. Fourth,
at present, most of the microfluidic chip applications rely on
external devices such as precision syringe pumps and optical
microscopes, which are relatively discrete and not suitable for
the miniaturization of inertial devices. Finally, in the manufac-
turing of the inertial microfluidic channel, the cross-section
shapes vary from rectangle to trapezoid to triangle, which
reflects the diversity and creativity of cell separation technology
based on inertial microfluidic structure. But it is also a severe
test of the manufacturing process, which required thinking
about how to mass manufacture microfluidic devices for com-
mercial production.

To address these challenges, some future prospects for cell
separation technologies based on inertial microfluidic are pro-
posed: (1) To achieve inertial microfluidic devices with tunable
cut-off sizes, the flow rate, and outlet settings can be changed,
and a stretchable and adjustable channel structure can be
used. (2) To improve the purity and efficiency of separation, it
is particularly important to combine inertial technology with
active or passive separation technology, but the problem of
flow rate mismatch between inertial microfluidic and other
technologies needs to be solved by matching the resistance of
the outflow or sacrificing part of the throughput to meet the
separation purity and recovery rate of the separation. (3) To
reduce cross-contamination of samples and achieve rapid diag-
nosis and treatment, downstream cell detection is integrated
into the channel, which is conducive to high-throughput real-

This journal is © The Royal Society of Chemistry 2021
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time single-cell analysis. (4) To solve the discretization chal-
lenge of external devices in the microfluidic system, the separ-
ation structure and external devices should be integrated to
achieve miniaturization and real-time diagnosis. (5) To over-
come the challenge of mass manufacturing in the commercia-
lization of microfluidic devices, low-cost and stable materials
for microfluidic chips and standard fabrication methods
should be found.

In the future, with the deepening of the related research, we
hope that the inertial microfluidic device that integrates
sample collection, separation, and detection can be efficiently
and practically applied in POCT health monitoring.
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