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ABSTRACT

Massive growth of the microfluidics field has triggered numerous advances in focusing, separating, ordering, concentrating, and mixing of
microparticles. Microfluidic systems capable of performing these functions are rapidly finding applications in industrial, environmental, and
biomedical fields. Passive and label-free methods are one of the major categories of such systems that have received enormous attention
owing to device operational simplicity and low costs. With new platforms continuously being proposed, our aim here is to provide an
updated overview of the state of the art for passive label-free microparticle separation, with emphasis on performance and operational condi-
tions. In addition to the now common separation approaches using Newtonian flows, such as deterministic lateral displacement, pinched
flow fractionation, cross-flow filtration, hydrodynamic filtration, and inertial microfluidics, we also discuss separation approaches using non-
Newtonian, viscoelastic flow. We then highlight the newly emerging approach based on shear-induced diffusion, which enables direct proc-
essing of complex samples such as untreated whole blood. Finally, we hope that an improved understanding of label-free passive sorting
approaches can lead to sophisticated and useful platforms toward automation in industrial, environmental, and biomedical fields.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5120501

I. INTRODUCTION

Particle sorting is a critical step in numerous industrial, research,
and biomedical applications.' * For instance, in mining and petroleum
industries, microparticle separation is strongly associated with the eco-
nomic value of end products.”” Separation of microparticles from cos-
metics is important for quality control and regulation enforcement.” It ! ' s1c oy 5 A
is also an indispensable step in environmental assessment of micro- or :?fse:nal dlffe‘ren?i??g fields. Magnetic, electncalf acous-
plastics and nanoparticles.” * With the emergence of microfluidics, ~ tic  and optical”™ ™~ forces are commonly used for differentiating
increasing interest in biomedical applications'’"” (e.g, diagnostics, particles flowing in a microfluidic channel. Such microfluidic devices

therapeutics, and cell biology) has fueled the development of separa- typically offer precise, on-demand control of particle spatial distribu-
tion of biological microparticles, including cells," bacteria, ' tion and are generally viewed as active methods of particle separation.

This is because control of these forces as well as sophisticated device
architecture is required. Table I lists the most common techniques in
this category.

and suspended particles with remarkable spatial and temporal preci-
sion.”” Precise manipulation of the particle position inside microscale
flow enables highly efficient sorting of particles if differential markers
exist. Both biophysical and biochemical properties of the particles are
widely exploited as markers for generating differentiated spatial distri-
bution of particles inside microfluidic devices by adding either external

extracellular vesicles (EVs),'”'® and even macromolecules such as
deoxyribonucleic acid (DNA)."** In particular, the enormous clinical
implications of circulating tumor cells (CTCs)”"** and circulating EV's

(e.g., exosomes” ") for liquid biopsy in cancer diagnostics and treat-
ment have been driving the burgeoning development of microfluidic
devices for microparticle separation in recent years. In turn, micropar-
ticles are robust surrogates for bioparticles that have been extensively
used for prototyping novel microfluidic devices and improving their
separation performance.

A wide range of devices has been introduced for microfluidic
sorting of microparticles. Owing to their small size and laminar flow
nature, these devices are inherently capable of manipulation of fluid

Conversely, spatial differentiation of particles can be achieved by
taking advantage of hydrodynamic forces due to the physical structure
of the microfluidic channel or the intense interaction between particles
suspended in flow. Since no external force field is necessary, these micro-
fluidic approaches are termed passive separation methods (Table I).
Passive methods are attractive alternatives due to their simplicity and
low cost, with most methods also being label-free. Using these tech-
niques, particles are distinguished and sorted according to their
physical properties (size, density, shape, and deformability), making
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TABLE I. Summary of microfluidic platforms for sorting microparticles.

Active Passive
Acoustophoresis Inertial microfluidics (iMF)
Electrophoresis Pinched flow fractionation (PFF)
Dielectrophoresis Hydrodynamic filtration (HDF)
Magnetophoresis Cross-flow filtration (CFF)
Optical tweezers Deterministic lateral displacement (DLD)
Centrifugation Gravity-driven separation”

Viscoelastic microfluidics
Shear induced diffusion (SID)

*Active method without control, acting like the passive method.

labor-intensive and time-consuming labeling steps (e.g., immunolab-
eling with magnetic beads) unnecessary. Some of the most promi-
nent techniques in this group include inertial microfluidic (iMF)
separation,” ** pinched flow fractionation (PFF),"" hydrodynamic
filtration (HDF),"” crossflow filtration (CFF),"* and deterministic lat-
eral displacement (DLD).*

The purpose of this review is to provide an updated discussion of
the state-of-the-art microfluidic devices developed for passive label-
free particle separation. Due to the fast-growing interest and the still
unmet need of particle separation in industrial, environmental, and
biomedical applications, new microfluidic devices are being developed
at an unprecedented rate. There are multiple reviews covering or
touching upon this topic already. For example, McGrath et al
reviewed the evolvement and application of DLDs. The current under-
standing and applications of inertial microfluidics for separation were
previously reviewed in 2014°”°" and in 2016.”* Discussion of PFF,
CFF, and HDF was partly included in Pamme’s early review.”
Recently, Sajeesh and Sen discussed these label-free microfluidic devi-
ces in a review of both passive and active methods for particle separa-
tion.”* However, most of these label-free methods were reviewed in
the context of bioparticles, such as rare cells, due to the outstanding
interest of separation of cellular components from bodily fluids such
as blood.'”'#°>°° Further, these reviews are focused either narrowly
on specific separation technics or on a broad coverage of common sep-
aration methods. Performance and applications of microfluidic devices
of the same method are generally provided in these reviews, but cross-
comparison among different methods is less detailed and the newly
emerged approaches such as particle separation using shear-induced
diffusion (SID)”"** or viscoelastic flow are either not included or dis-
cussed only briefly.

This review is focused on the label-free separation of particles in
passive microfluidic devices, with emphasis on performance and oper-
ational conditions. As a group, these devices are capable of processing
particles from the macro all the way down to the nanorange, with
throughputs from nanoliters per minute to milliliters per minute or
higher. Figure 1 graphically illustrates the performance range for each
technique in terms of throughput and particle size. For each method,
we first give a brief introduction to its working mechanism, followed
by discussion of its variant designs and performance metrics. In addi-
tion to the now common separation approaches using Newtonian
flows, such as DLD, PFF, CFF, HDF, and iMF, separation employing
non-Newtonian viscoelastic flow will also be discussed. We also
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FIG. 1. The passive label-free sorting methods in terms of volumetric throughput
and microparticle diameter.

include the newly emerged SID method, which is capable of direct
processing complex samples such as untreated whole blood.”””" In the
concluding section, comparison and discussion of the reviewed meth-
ods will be presented along with perspectives on future developments.

Il. SORTING BY INERTIAL MIGRATION

Label-free sorting of microparticles can be accomplished in
microfluidic channels using inertia of fluid surrounding micropar-
ticles. In this approach, inertial effects drive microparticles across flow
streamlines into equilibrium positions. It is well accepted now that
inertial focusing of particles occurs when the particle Reynolds num-
ber Re, > 1 [Re, = Re(a/Dy)2 = pUga2/ uDy, where Re is the channel
Reynolds number, Uy is the average fluid flow velocity, a is the micro-
particle diameter, p is the fluid density, x is the fluid viscosity, and D,
is the hydraulic diameter of the channel]. As particles flow down-
stream, they experience shear-induced lift force F; induced by fluid
shear as well as wall-induced lift force F,, generated by the interaction
of particles and channel walls. These forces scale strongly with the par-
ticle diameter, with the total net lift force F; acting on particles as Fy,
x pU}Zaz/th near the channel center and as F; o< prZaS/Df,1 near the
channel wall.”’ Consequently, microparticles migrate across flow
streamlines toward the equilibrium positions, approximately ~0.2Dy,
away from the channel sidewall, where the two forces balance each
other, and the total net lift force F; becomes zero [Fig. 2(a)].

The number and location of these equilibrium positions are
dependent on the microchannel geometry and its cross-sectional shape
[Figs. 2(b) and 2(c)]. Inertial focusing of microparticles can be accom-
plished in straight, curved, or microvortex channels, as we discuss
below. The microchannel cross section is generally rectangular, with
either a low or high aspect ratio (AR = h/w), although trapezoidal and
triangular cross-sectional channels have also been reported.
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FIG. 2. Inertial focusing in microchannels. (a) Two lift forces orthogonal to the flow direction act to equilibrate microparticles near the wall at Re, > 1. The shear-induced lift
force Fy is directed down the velocity gradient and drives particles toward channel walls. The wall-induced lift force F,, directs particles away from the walls and drives particles
toward the channel centerline. The balance of these two lift forces causes particles to equilibrate. (b) Inertial focusing creates an annulus in cylindrical capillaries and four sym-
metric positions in square channels. In both cases, the equilibrium positions are approximately at ~0.4D;, from the sidewall. (c) In a rectangular channel, there are two pre-
ferred equilibrium positions. A two-stage model describes inertial migration of microparticles first from the channel bulk toward equilibrium positions near long walls under the

influence of F; and F,, and then parallel to channel walls into wall-centered equilibrium positions under the influence of the rotation-induced lift force (Fq).**

Reproduced with

permission from Zhou et al., Lab on a Chip 13, 1121-1132. Copyright 2013 Royal Society of Chemistry.

The ratio of the microparticle diameter to the size of the channel
plays a key role in the focusing behavior. This ratio, sometimes termed
blockage ratio or confinement ratio = a/Dj, is generally expected to
be f > 0.07.”” Earlier work by Chun and Ladd”’ showed preferential
focusing for particles with f > 0.1 and was later confirmed by Di
Carlo et al’"*” and Bhagat et al”” At lower confinement ratios,
microparticles are too small to be significantly impacted by the inertial
lift forces. Focusing behavior is also impacted by the volume fraction
of the particles in the suspension. The volume fraction is generally
restricted to <1%;"°" otherwise, particle-particle interactions disrupt
the focusing. """

In this sorting approach, size differences between microparticles
cause migration to distinct equilibrium positions within the channel
cross section and at different rates (with larger particles migrating
faster). This leads to two general types of devices for sorting of micro-
particles, some that amplify small spatial differences between equilib-
rium positions of differently sized microparticles and others that take
advantage of differences in the migration rate. As Fig. 1 illustrates, col-
lectively, these devices are capable of sorting particles in the microme-
ter to millimeter range, with throughputs from tens of microliters per
minute to tens of milliliters per minute.

A. Straight channels

The simplicity of straight channels makes them an ideal geometry
for investigating the underlying physics of inertial migration and for
sorting particles. The earlier seminal work by Segré and Silberberg””*®
showed that inertial migration causes particles to form an annulus in a
fully symmetrical circular capillary approximately ~0.2D from the
sidewall [Fig. 2(b)]. Later, numerical studies by Chun and Ladd® and
experimental studies by Kim and Yoo®” and our group”” demonstrated
four equilibrium positions in a square channel [Fig. 2(b)], which are
further reduced to two in a rectangular channel at moderate Re. Fluid
inertia surrounding particles is responsible for their cross-stream

migration and predictable equilibration. Inertial forces including
shear-induced lift force (F;) and wall-induced lift force (F,,) are gener-
ally considered to be dominant, dictating particle migration dynamics.
However, the full understanding of such a phenomenon remains to be
achieved.

Our group proposed a two-stage migration model for particle
focusing dynamics in a straight channel [Fig. 2(c)]."” Using a pair of
straight rectangular channels with reciprocal aspect-ratio (AR), we
comprehensively investigated inertial focusing behavior to explain the
occurrence of two equilibrium positions. We showed experimentally
the role of rotational lift force (Fq) in the inertial migration of par-
ticles. In stage I, particles migrate to the top and bottom walls under
the influence of shear gradient lift or negative lift (F; ), whereas in
stage II, particles migrate to the center of the top and bottom channels
under the influence of rotation induced lift or positive lift (F,"). By
combining the expressions of Stokes’ drag (Fp=3nuaU), Shear rate
(G=2Uy/Dy,), and particle lateral migration velocity (U, =4pC;, U}Za/
3nu Dy%), we were able to calculate and experimentally determine the
lift coefficients (Cy), which was previously only possible with numeri-
cal simulations.

This two-stage model of inertial migration is practically useful in
design microchannels for microparticle focusing and separation. The
model offers an expression for calculating the length of migration to

full equilibrium: L = :;{jf[:%

[% + C—”}] , where w is the longer and F is

the shorter channel dimension. The channel length required for first
stage or second stage focusing can be readily calculated and used in
design of separation devices based on either high or low or hybrid
aspect ratio channels (Fig. 3). A number of new designs have emerged
in recent years, with either stage exploited for high-performance sepa-
ration. Devices using stage I are typically high AR straight channels,
permitting fast sample filtration™ """ [Fig. 4(a)]. On the other hand,
filtration and concentration have been achieved using stage II migra-
tion in low AR straight channels*””" [Fig. 4(b)]. Adding a buffer in the
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FIG. 3. Representative design of straight inertial microfluidic devices for microparti-
cle separation. Complete particle separation in the straight channel by switching the
aspect ratio.** Particle positions are also shown in the cross-sectional view.

channel, a separation efficiency of ~100% and a purity >87% were
accomplished in our recent work.”” Changing the channel AR, our
other work™ [Fig. 4(c-i)] readily achieved an efficiency >99% and a
purity >90% without buffer flow. Following the two-stage model, our
group has also successfully demonstrated “single-stream” focusing in
straight channels using a low AR focusing channel followed by a bifur-
cation into additional low AR segments’*[Fig. 4(c-iii)]. By replacing
the second segments with low AR channels, 15 ym and 18 ym particles
were separated with an efﬁciency73 >97% [Fig. 4(c-ii)].

Although channels with a rectangular cross section are commonly
used for inertial focusing, other shapes of the channel cross section
have also been reported. Recently, our group’* has demonstrated the
focusing of particles in channels with a triangular cross section [Fig.
4(d-1)]. We successfully demonstrated single stream particle 3D focus-
ing of 15 um in low-aspect ratio triangular channels. Kim et al.”>"°
have also demonstrated single stream 3D focusing using a combination
of rectangular, semicircular, and triangular channels [Fig. 4(d-ii)].

Other modifications to the channel internal structure and addi-
tional properties of suspended particles have also been explored for
sorting purpose. Amini et al.”” added pillar microstructures within the
straight microchannel, achieving the effect of stream sculpting, which
assisted in the separation of 1 and 10um diameter particles.
Asymmetrical arrangement of the pillars near one side of the channel
was later shown to be beneficial for fast particle migration”® [Fig. 4(e)].
The same group also investigated the effect of the particle shape as well
as particle deformability if cells are concerned for preferential migra-
tion and separation”” ** [Figs. 4(f) and 4(g)]. Masaeli et al.”” reported
separation of spheres from rod shaped particles with aspect ratios of
3:1 and 5:1. Introducing a buffer flow in the middle of a low AR chan-
nel was recently demonstrated in high-purity separation of particles
and high-efficiency isolation of CTCs from blood [Fig. 4(h)].2
Additionally, the concentration of particles may also affect their migra-
tion and focusing in the way of particle-particle interaction dislodging
the already focused particles.”” As a result, generally, the particle con-
centration is adjusted to less than 1% for inertial applications.

Inertial migration of microparticles results in hydrodynamic 3D
confinement, which can be utilized for sheathless flow cytometry. Hur

scitation.org/journal/apb

et al.”” demonstrated an inertial microfluidic device for sheathless flow

cytometry and counting of erythrocytes and leukocytes with nearly
90% specificity. Chung et al.” later designed another device, which
combined inertial effects in a straight channel with the 3D-step induced
helical secondary flows [Fig. 4(i)]. They were able to focus 9.9 um
beads, achieving a focusing efficiency >99% at a throughput of 36 000
particles/s. Particle counting was also reported in other inertial devices
including staged,85 spiral,g(’ bifurcation,”” and triangularw1 channels.

Ultimately, one of the key advantages of the straight channels over
the curvilinear and vortex channels discussed below is that straight
channels can be paralleled to increase throughput tremendously. For
example, a multiplexed array of 256 parallel channels was demonstrated
to offer a throughput of 1.2 ml/min™ and filtration of 10 um particles
from the mixture was achieved using a device with 16 channels.”

B. Curvilinear channels

In a curved microchannel, fluid undergoes centrifugal accelera-
tion directed radially outward, leading to the formation of two
counter-rotating vortices known as Dean vortices.””"’ The magnitude
of Dean flow is given by a nondimensional parameter Dean number

U/D, . .
(De) as De = Re\/% = pr;. I;—ﬁ, where R is the radius of curvature.

Particles flowing near the top or bottom of the channel cross section
are subjected to Dean drag force Fp, while the inertial lift forces are
orthogonal, causing them to migrate with the Dean vortices. Near the
outer wall, the net lift force F; is in the same direction as Fp, and thus,
particles follow the Dean vortices independent of their size. Near the
inner wall, however, inertial and Dean forces act in opposite directions,
leading to a possible force balance for particle focusing into a single
position (Fig. 5).

Spiral is the most frequently used channel geometry to induce
secondary Dean flows (Figs. 5 and 6). This geometry has been effec-
tively used for micromixing applications in the past.”’ In 2008, our
group” "’ first demonstrated the use of spirals for focusing and sorting
of microparticles and cells. We showed successful sorting of 10, 15,
and 20 um diameter microparticles with an efficiency >80% in
Archimedean spiral channels [Fig. 6(a)]. Similar design with low chan-
nel AR was also used by Russom et al.”’ for separation of 3 and 10 um
particles, where little impact of particle density (silica vs polystyrene
particles) was found on the focusing behavior as suggested by the
work of Yoon et al. using glass beads.”” Despite two focusing positions
implied in this work,”" their later work™ reported a single focusing
position similar to our early observations.””” With a redesigned spiral
channel, we recently demonstrated a separation efficiency of ~100%
for particles and blood plasma at throughput up to 3 ml/min.”* A simi-
lar device was later integrated with an active lateral cavity acoustic
transducer (LCAT) unit to achieve size-selective separation and
enrichment of particles and cells” [Fig. 6(d)]. The throughput of the
spiral channel can be further increased by vertical stacking of a single
device,”® and the separation performance can be improved by cascad-
ing multiple spiral devices.””

Various modifications to the spiral channel have since been pro-
posed for enhanced particle sorting performance. Apart from the com-
mon Archimedean spiral device, Fermat’s spiral [Fig. 6(b)] was also
proven to be suitable for high-profile separation.'””'”" A change to the
cross-sectional geometry of the channel from the commonly used rect-
angular/square to trapezoidal [Fig. 6(c)] has been reported to alter the

APL Bioeng. 3, 041504 (2019); doi: 10.1063/1.5120501
© Author(s) 2019

3, 041504-4


https://scitation.org/journal/apb

APL Bioeng. 3, 041504 (2019); doi: 10.1063/1.5120501

1.9um &590nm _ (1)

¥

Monodisperse particles 25um

— e 002000
e - Inlet
Polydisperse particles
o o0 0o B iy (iil) Qi g,

Sphered blood cells g ? Outlet s1
DI e e e e e e c =
PSTSESENPSONONOSSANTSENTSE SO PPN Inlet =2 AR S IWY Outlet p - r F ol HAR channel

Fixed blood cells e “ocusing in the presented device “ocusing in a norm annel
o 52 -] -] -} © -]

e e M B S it 22 R B \°°

d i) rag _— e it
. .
T
- - - I L g —(_
(19pm Beads,
Re=0.167)
)

y_ l-: L'y

= = e, —

Hela cells 19um PS Spheres

Asymmetric velocity profile - - - f i) HMW > 1.5, L=4.5cm
R ——— e
.
- - :, Bl S ?IX
w = ————4————+——-¢——-
= TE, 7™

(iii) ——_ (iv)
q

°

2 o ,Fs © doo¢

XY ——

25T . . )

I_ (. el
PN

e B e lé.

g Flow direction - @
_— .
Fv B
W @ : -
Fi 4. ) [CRR 2,
F, : inertial lift force o o,

Fy : viscoelasticity induced force
Xeq : lateral equilibrium position

B
o
Deformability Fluidic Resistors o topand!
Measurement InertalFocusing +
Flow direction s [

[0} A
Single-stream ™ e
Focusing (>99%)

H/W=2,L=45cm

Inlet Focusing Region Separation Region

FIG. 4. Inertial m|croﬂU|d|cs for particle separation in straight channels. (a) High aspect-ratio (AR) straight channels employing Stage-I migration used for particle separation® (i)
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sion from Mukherjee et al., Lab on a Chip 19(1), 147-157 (2019).”* Copyright 2019 Royal Somety of Chemlstry Reproduced with permission from Kim et al.,, Lab on a Chip 16,
992-1001 (2016). Copyright Royal Society of Chemistry. Effects of channel microstructures’® (e), particle shage (f), and particle deformability*” (g) on inertial focusing have also
been investigated. Reproduced with permission from Chung et al., Lab on a Chip 13(15), 2942—2949 (2013)."” Copyright 2013 Royal Society of Chemistry. Reproduced with per-
mission from Hur et al., Lab on a Chip 11(5), 912-920 (2011).° Copyright 2013 Royal Society of Chemlstry Reproduced with permission from Hur et al., Appl. Phys. Lett. 99(4),
044101 (2011). Copyright 2011 AIP Publishing.** (h) Particle and circulating tumor cell (CTC) separation achieved in an inertial coflow channel.”® Reproduced with permission
from Zhou et al., Microsyst. Nanoeng. 5(1), 8 (2019). Copyright 2019 Authors licensed under a CC BY 4.0." (i) Secondary flow induced by the obstacles used for single stream
particle focusing in a straight channel.” Reproduced with permission from Chung et al., Small 9(5), 685-690 (2013). Copyright 2013 John Wiley and Sons.
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FIG. 5. Schematic of spiral inertial microchannels. Spiral channel inducing counter-rotating
secondary flows for particle separation.** Distinct focusing positions have been proposed
for channels with trapezoid'**"* and rectangular cross sections.”**”

positions of the recirculating vortices for particle separation.'””'%” The
change in the focusing position of particles from the inner wall to the
outer wall was observed by Guan et al.'”” in their trapezoid spiral chan-
nel with a particle separation efficiency up to 92% and a flow rate up to
7.5 ml/min (Fig. 5). The shift of the focusing position at a high flow rate
was also reported by Al-Halhouli ef al.'* when they were separating 5
and 15 pum particles. Recently, 3D spiral or helix channels were demon-
strated by winding soft microtubular channels [Figs. 6(e) and 6(f)],
enabling the convenient reconfiguration of microfluidic designs for par-
ticle focusing and separation.””'"” Additionally, multiple Dean vortices
were observed in curved channels, which can also be utilized for manip-
ulation of particle and focusing with high Dean flow (De > 29).77108

In addition to spiral channel geometry, serpentine channels can
also be used to separate microparticles due to the presence of two
cross-sectional Dean vortices.'”” DiCarlo et al.®" used this principle to
separate 10 um particles from a mixture of 10 and 2 um particles [Fig.
6(g)]. Zhang et al."'? later used a modified serpentine channel with
sharp corners and achieved an efficiency > 90% in separation of simi-
lar binary mixtures [Fig. 6(i)]. Other variants of the serpentine channel
were also reported for sorting particles and cytometry applica-
tions®™""" [Fig. 6(h)].

C. Vortex channels

Counter-rotating vortices induced in spiral microchannels are
continuously utilized for particle separation with high throughput
(milliliter per minute). However, vortices can also be induced in chan-
nels without using the curvature (Fig. 7). While introducing the
herring-bone structure on the channel roof allows to generate vortices
in the channel cross-section for density-based particle separation,''”
the use of planar or laminar vortices is more common in particle
separation.

In 2003, laminar vortices in a microchannel were reported by
Lim et al.'"” when they observed recirculation of 1 um microbeads in
diamond shaped microcavities attached to channel sidewalls. These

scitation.org/journal/apb

vortices were due to the formation of high velocity gradients and high
surface-to-volume ratios.""” Later, we''* and Di Carlo et al.'"” con-
firmed that trapping of particles in the vortices was size-dependent
and subsequently developed various microchannels with side cham-
bers [Fig. 7(a)] to take advantage of the laminar vortices for label-free
particle trapping and separation [Figs. 8(a) and 8(b)].

Selective trapping of particles in the microvortices is size-dependent
due to the disruption of the balance of inertial forces in the chamber
regions of the microchannel.'”* A microchannel for particle trapping
generally consists of a high AR straight segment for prefocusing particles
to positions near sidewalls and a downstream segment with expansions
for trapping particles into the vortices in the chambers.'*'"* Prefocused
particles experience zero net force laterally due to the balance of two iner-
tial forces: shear-induced lift force and wall-induced lift force. However,
the balance is disrupted when particles enter the expansion region with
chambers where the vicinity of the channel wall suddenly disappears. As
a result, wall-induced lift force is no longer present and shear-induced lift
force drives particles into the side chambers where they are trapped in
the vortices.''* Since the shear-induced lift force is strongly size-
dependent, the trapping of particles is also size-selective in nature.

The throughput of vortex-based microchannels is generally very
high (up to milliliter per minute) with moderate/poor efficiency and
purity as large flow velocity is necessary to generate microvortices in
side chambers. In our early work, a flow rate more than 300 ul/min
was used to isolate 20 um particles from 15 um particles.''* Owing to
the simplicity of the channel design, the throughput can be easily
scaled up by massive parallelization. Hur et al. showed a vortex device
with 8 channels working concurrently, offering sample throughput up
to 4ml/min when capturing 10 um particles and HeLa cells.'”
Nevertheless, the trapping efficiency of such devices is generally far
from satisfactory (10%-50%)."">"'° When biological samples are con-
cerned, for example, isolation of rare cells," "' the efficiency can be
even lower. The purity of isolated particles/cells varied from 10% to
80% depending on samples in these devices. However, due to the small
volume of the chambers, their performance in terms of enrichment
ratio and volume reduction rate can be very good. For example, the
concentration was increased 100000 times in our vortex-channel'"*
and an enrichment ratio up to 7 was reported.'"”

Due to the trapping mechanism, the separation in vortex-based
channels is discontinuous due to the finite capacity of the side chambers
for retaining particles, which in fact compromises effectively when proc-
essing large sample volumes. To overcome such limitations, we intro-
duced a modified trapping channel [Figs. 7(b) and 8(0)],"”"*" which
included “siphoning channels” added to the side chambers to continu-
ously extract trapped particles away and thus process samples continu-
ously without the hassle of “flush and release.”'"”'"” Separation
efficiency and purity were also enhanced in our design (both > 90%)."”’
In follow-on work, different pairs of side chambers were cascaded to
demonstrate functions of low-pass, high-pass, and bandpass filters in
separating particles [Figs. 7(b) and 8(d)]."*"** The separation perfor-
mance of these devices was essentially aided by the vortices in the side
chambers, despite the fact that similar channel geometries were used for
separation without generating vortices'*>'** [Fig. 8(f)].

lll. SORTING BY PINCHED FLOW FRACTIONATION

Continuous sorting of microparticles based on the size can also
be accomplished using pinched flow fractionation (PFF). It was first

APL Bioeng. 3, 041504 (2019); doi: 10.1063/1.5120501
© Author(s) 2019

3, 041504-6


https://scitation.org/journal/apb

APL Bioengineering REVIEW scitation.org/journallapb

inner
Outlet

mmmmm

@ 120 soira I

@ /ljmet e Outlet
IaTaVaVaVaVaVeVe v
A

ﬁ‘ ) Outiet
et L

Inlet Outlet

F?rﬂ

/

FIG. 6. Inertial microfluidic separation using curvilinear channels. (a) Separation of 10 um, 15 um, and 20 um diameter particles in a spiral microchannel.® Reproduced with

permission from Kuntaegowdanahalli et al., Lab on a Chip 9(20), 2973-2980 (2009). Copyright 2009 Royal Society of Chemistry. (b) Fermat's spiral (double-spiral) channel
used for tumor cell separation.’”’ Reproduced with permission from Sun et al., Lab on a Chip 12(20), 3952-3960 (2012). Copyright 2012 Royal Society of Chemistry. () Blood
cell and particle separation in a spiral channel with a trapezoid cross section.'”” Reproduced with permission from Wu et al., Anal. Chem. 84(21), 9324-9331 (2012).
Copyright 2012 Amencan Chemical Society. (d) A cascaded spiral microchannel” and a spiral combining with an active lateral cavity acoustic transducer (LCAT) unit for blood
cell separatlon Reproduced with permission from Abdulla et al., Anal. Chem. 90(7), 4397-4405 (2018). Copynght 2018 American Chemical Somety Reproduced with per-
mission from Nivedita et al., Analyst 142(14) 2558-2569 (2017). Copyright 2017 Royal Society of Chemistry.” (e) A low-cost spiral channel by winding a square silica capillary
into a helical form for particle focusmg Reproduced with permission from Wang et al., Biomicrofluidics 11(1), 014107 (2017). Copyright 2017 AIP Publishing. (f) Different cur-
vilinear channels formed by winding soft Polydimethylsiloxane (PDMS) channels.’”” Reproduced with permission from Xi et al., Proc. Natl. Acad. Sci. U. S. A. 114(40),
10590-10595 $2017). Copyright 2017 Authors licensed under a CC BY 4.0. Different forms of curved channels (g)—(i) other than spiral have also been developed for particle
focusing.”"""*""" Reproduced with permission from Di Carlo et al., Proc. Natl. Acad. Sci. U. S. A. 104(48), 1889218897 (2007). Copyright 2007 National Academy of
Sciences. Reproduced with permission from Zhang et al., Sci. Rep. 4, 4527 (2014). Copyright 2014 Authors licensed under a CC BY 4.0. Reproduced with permission from
Ozbey et al., Sci. Rep. 6, 38809 (2016). Copyright 2016 Authors licensed under a CC BY 4.0.

reported by Yamada et al.*® in 2004 as a passive alternative to split- Many variants of the PFF approach have been proposed and
flow thin (SPLITT) fractionation, which requires an external force demonstrated for separations based on particle physical properties
field. The microfluidic PFF channel design is rather simple: a short including the size and shape. Following the first demonstration of PFF
(e.g., 100 um) and narrow (e.g., 50 um) microchannel as the pinched for size-based separation,’ the same group proposed an asymmetrical
channel segment with one end having two input-branch channels and PFF device where the last of its five output channels was either shorter
the other end with a large expansion for particle differentiation or wider (smaller flow resistance than other outputs), permitting high-
(Fig. 9). Microparticle sample flow injected into one branch channel is resolution separation of 1 and 2 um particles'*" [Fig. 10(c)]. With the
pinched down to a thin layer near one sidewall of the narrow channel assistance of the pressure-controlled valve at the outlet, the device can
by introducing a much faster particle-free buffer flow into the other achieve a separation efficiency >97% for the same particle mixture

branch channel. Due to the pinch effect, all particles are aligned to one and an efficiency of 90% for separation of 0.5um particles'* [Fig.
sidewall, whereas their lateral positions are differentiated depending 10(b)]. A similar device was later used for deformable droplet separa-

on their diameter, with smaller particles closer to the wall tion.'” Separation of submicron particles was also achieved in an
Subsequently, the differentiated lateral positions are amplified and par- enhanced PFF device with an embedded second stage PFF structure'*’
ticles are separated when entering the expansion attributed to the lam- [Fig. 10(d)]. Using lipid vesicles with continuous size distribution,
inar characteristics of microflow [Fig. 10(a)]. Srivastav et al. found a larger flow ratio of buffer and sample, which
APL Bioeng. 3, 041504 (2019); doi: 10.1063/1.5120501 3, 041504-7
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FIG. 7. Schematic of vortex-based inertial microchannels. (a) Vortex channel by
adding side chambers to a straight high AR channel for particle trapping and sort-
ing.""" (b) Modified vortex channel with branch-channels attached to side chambers
for continuous particle sorting.'**'*'

was preferred for high-quality separation, and the monodispersity
quality was significantly improved in their PFF device with 30 out-
lets."”* Apart from/in addition to the flow rate ratio, the surface rough-
ness of the channel sidewall was found to be critical for separation of
small particles.'”” Recently, a group from Korea reported separation
of disk-shaped and spherical particles in their more complex version
of PFF device [Fig. 10(f)] with tilted sidewalls and vertical focusing
channels (termed t-PFF-v)."” Separation of platelets and red blood
cells (RBCs) was achieved, and the separation resolution was better in
the t-PFF-v device than previous classic PFF microchannels.

Apart from geometry modification, PFF can be coupled with
many other effects for enhanced performance, due to its simplicity.
Before PFF was demonstrated in microfluidic devices, similar concepts
were already coupled with SPLITT in mesoscale devices for improved
particle separation based on the size."*""1*? Later, on the microscale, a
modified PFF device was developed to combine the effect of sedimen-
tation at the cost of complex centrifugal force fields'” [Fig. 10(e)].
Particles were subsequently separated efficiently according to their size
and density. Similarly, the separation gap between two particles in the
PFF device can be further amplified by adding a dielectrophoretic field,
which was demonstrated in a recent work for the separation of 1.5 and
6 um particles.””* Although inertial force is usually unflavored in
PFE,"° Lu and Xuan'” showed that the separation gap between par-
ticles was increased as inertia became stronger in their modified PFF
device with an extensively elongated pinched segment (2cm), and

scitation.org/journal/apb

thus, better separation was achieved. Alongside the inertial effect, the
same channel was used to separate 3 and 10 um particles in viscoelas-
tic flow, where the elastic force serves to not only further enhance the
separation quality'”® but also enable the separation according to the
particle shape."”” While most of the PFF devices employ single pinch-
ing segment, microfluidic devices with a repetitive pinching unit (also
known as the contraction-expansion device) were developed to com-
bine the effects of PFF and inertial migration for size-based separation
of particles and cells."**'*’

PFF has been widely employed for separation of various particu-
late samples. While most of the works in the literature are focused on
separation of rigid spherical particles, size-based sorting of bubbles, *’
droplets,'* and biocolloids' " using PFF has been reported. In recent
years, separation of cells of interest has attracted increasing attention
owing to its unmet need in biomedical applications.'>"* For example,
all white blood cells (WBCs) were recovered from 10-fold diluted
blood samples, while 87% of red blood cells (RBCs) were removed
using a PFF device with two outlets'*' [Fig. 10(g)]. A separation effi-
ciency of 90% was also achieved in isolating cancer cells from WBCs
using a three-outlet PFF device'* [Fig. 10(h)]. Overall, PFF devices
show quite good separation efficiency (up to 100%'*") and resolution
(down to 1um'**). However, its throughput is typically lower than
other separation methods, such as inertial filtration. Additionally, its
requirement of high buffer flow rate is inconvenient.

IV. SORTING BY HYDRODYNAMIC FILTRATION

In 2005, Yamada and Seki"” pioneered a method for particle sort-
ing, termed “hydrodynamic filtration.” Similar to pinched flow frac-
tionation, the laminar nature of microflow was employed in this
method for manipulation of particle trajectories inside a multiple-
branched microchannel [Figs. 11 and 12(a)]. When a particle suspen-
sion was introduced into their device, a small portion of the volume in
the main channel was constantly siphoned into the 50 small branch
channels, leading to the volume reduction and removal of particles
with the size smaller than a critical diameter. Particles larger than this
diameter were excluded from entering the branch channels due to the
presence of the channel wall. Despite the seeming similarity of this
method to conventional membrane filtration, the working mecha-
nisms and key dimensions are different. The sizes of side branch chan-
nels (5x 5 um®) in hydrodynamic filtration are larger than particle
sizes (1-3 um), while the pore size of the conventional filtration mem-
brane must be smaller than that of the largest particles in the suspen-
sion. A recovery rate of ~60% was achieved for separation of 3 um
particles from a mixture of 1, 2, and 3 um particles in the pioneering
work."”

Since the seminal work,"” modified hydrodynamic filtration devi-
ces have been proposed for focusing and separation of particles and
cells (Fig. 12). Hydrodynamic focusing'*" is the key element of the
widely used benchtop flow cytometry'** and its microscale counter-
parts,"*” where sheath flow is required to focus sample flow into a thin
stream for downstream analysis. In 2009, Aoki et al. ingeniously
achieved hydrodynamic focusing without additional sheath flow using
a hydrodynamic filtration device'** [Fig. 12(b)]. In their modified
device, side channels were looped back to the main channel. Thus, the
particle-free liquid, which was drawn from upstream of the main
channel, was repurposed as sheath flow when it flowed back into
downstream of the main channel, leading to successful hydrodynamic
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FIG. 8. Inertial microfluidics for particle separation in vortex-based channels. (a) Separation of 15 um (yellow) and 20 um (green or blue) diameter particles in a vortex chan-
nel.""* Reproduced with permission from Zhou et al., Microfluid. Nanofluid. 15, 611-623 (2013). Copyright 2013 Springer Nature. (b) Multiplexed vortex-based channels for cell
separation.''® Reproduced from Hur et al., Biomicrofiuidics 5(2), 022206 (2011). Copyright 2011 AIP Publishing. (c) Modified vortex chambers with side output channels for
continuous particle separation.'”” Reproduced from Wang et al., Biomicrofluidics 7(4), 044119 (2013). Copyright 2013 AIP Publishing. (d) Cascaded side chambers for multi-
modal particle separation.”** Reproduced with permission from Wang and Papautsky, Lab on a Chip 15(5), 1350-1359 (2015). Copyright 2015 Royal Society of Chemistry. (e)
Particle separation based on density using vertical vortices generated by the grooved channel inner wall.""* Reproduced with permission from Hsu et al., Lab on a Chip §(12),
2128-2134 (2008). Copyright 2008 Royal Society of Chemistry. (f) Focusing of particles in a vortex-based channel without trapping.'“* Reproduced with permission from Park

et al., Lab on a Chip 9(7), 939-948 (2009). Copyright 2009 Royal Society of Chemistry.

focusing of particles at the end of the channel. ~100% focusing of
5 pum particles was achieved in their channel without external sheath
flow. Nevertheless, the same group later introduced an external sheath
flow into an asymmetrical hydrodynamic filtration device where sub-
populations of leukocytes were separated based on the size."*” Similar
designs were also used for size-based cell-cycle synchronization, **
shape-based differentiation of single and clustered cells'*”'"*" [Figs.
12(c) and 12(d)], and deformability-based sorting of droplets.151 With
the critical diameter set to 320 nm, Fouet et al. showed extraction of
100 nm beads from a complex mixture of particles.'”

Hydrodynamic filtration has proven to be an excellent approach
for manipulation and separation of small particles inside a membrane-
less microchannel. It has been used for sorting near-micro’” and sub-
microparticles'”” as well as cell classifications.'”” While the resolution

o ——» Small particles
Mixture

@® —> Large particles

FIG. 9. Microparticle sorting by pinched flow fractionation (PFF). Particles are
pushed against the wall in the pinched segment by the buffer flow and are sorted
by size in the channel broadening segment due to laminar nature of microflows.

is quite high and the device is flexible, as it can be easily modified for
sorting different sample, its separation performance in terms of effi-
ciency and purity remains to be improved. Furthermore, in order to
take advantage of laminar flow, the throughput of such a system is
generally limited (e.g., 1-25 ul/min*”"*") to avoid the potential influ-
ence of inertia, and thus, it is not suitable for processing a large volume
of sample. The employment of tens of side channels also complicates
channel design and practical operation.

V. SORTING BY CROSS-FLOW FILTRATION

Cross-flow filtration (CFF) is one of the microfiltration methods
that separate particles mainly based on their size by transmembrane
pressure.”” Unlike the conventional filtration using dead-end filters,
sample solution flows tangentially across the membrane in a cross-
flow filtration device and the permeable solution flows laterally rather
than orthogonally through the membrane (Fig. 13)."” With trans-
membrane pressure, particles with sizes smaller than the pores or gaps
on the filter pass through the filter, while all others are washed
away, ™ effectively eliminating clogging issues commonly observed in
dead-end filters."”” This approach extends the performance range of
microfluidic sorters into the 100 nm range, with throughputs as high
as 100 ul/min (Fig. 1).

The CFF devices can be roughly categorized based on filter
designs including membrane filter, pillar filter [Fig. 13(a)], and weir fil-
ter [Fig. 13(b)]."”” Membranes filters can be made of various materials,
and their geometry is quite versatile, such as flat, tubular, multitubular,
hollow-fiber, capillaries, or spiral-wound.l’% Cross-flow devices using
these membrane filters offer extended fields of applications in
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FIG. 10. Pinched flow fractionation (PFF) for particle separation. (a) Separation of 15 um and 30 um diameter particles observed in a PFF device.”®

Reproduced with permis-

sion from Yamada et al., Anal. Chem. 76(18), 5465-5471 (2004) Copyright 2004 American Chemical Society. (b) Separation of 1 um and 2.1 um diameter particles in a PFF

channel with the PDMS membrane valve for flow control.'*®

Reproduced with permission from Sai et al., J. Chromatogr. A 1127(1-2), 214-220 (2006). Copyright 2006

Elsevier. (c) Separation in an asymmetrical PFF device.'** Reproduced with permission from Takagi et al., Lab on a Chip 5(7), 778-84 (2005). Copyright 2005 Royal Society
of Chemistry. (d) Comparison of a normal PFF device and an enhanced PFF device.””” Reproduced with permission from Vl%and Kristensen, Appl. Phys. Lett. 93(20), 203507

(2008). Copyright 2008 AIP publishing. (e) Particle separation based on the size and density in a sedimentation PFF device.

° Reproduced with permission from Morijiri et al.,

Microfluid. Nanofluid. 11(1), 105—110 (2011). Copyright 2011 Springer Nature. (f) Separation of red blood cells and platelets in a PFF device with a tilted sidewall and vertical

focusing channels (t-PFF-v)."”

’ Reproduced with permission from Nho et al., Sens. Actuators, B: Chem. 249, 131-141 (2017). Copyright 2017 Elsevier. (g) Two channel and

flow configurations for separation of leukocytes and erythrocytes.'*' Reproduced with permission from Cupelll et al., Microfluid. Nanofluid. 14(3-4), 551-563 (2013). Copyright

2013 Springer Nature. (h) A PFF device fabricated by injection molding for cancer cell separation.'

15(24), 4598-4606 (2015). Copyright 2015 Authors, licensed under a CC BY 3.0.

industrial processes,'”” from pharmaceutical fractionation'* to blood
preprocessing~” (Fig. 14). Pillar filters consist of rows of pillarlike cyl-
inders with critical cut-off dimensions.'*’ Higher flow velocity and
more uniform flow profiles were observed in cross-flow devices with
slanted pillar filter'®” despite the fact that black flow issues may occur
in such devices.”’ The last group of devices with weir filter features
long microbarriers to only allow small particles to go through.”*'®!
Such devices overcome the backflow issues™ with trade-off of poten-
tially decreased separation efficiency.'®’

Cross-flow microfiltration has a wide range of applications, such
as separation on nano-'"’ and microscales,’”’ enrichment,”" and

% Reproduced with permission from Podenphant et al., Lab on a Chip

isolation of extracellular vesicles'** and CTCs'®" from complex bio-
samples. Yoon et al.'*" utilized weir filters to continuously separate
CTCs from whole blood, achieving a separation efficiency of 97% [Fig.
14(g)]. They took account of the size and deformability of CTCs
(300-350 pm?). Similarly, Chen et al.'® developed an integrated
device for cell separation, cell lysis, and DNA purification. 91.2%
RBCs were removed by the weir-type chip with the gap of 3.5 um
from a diluted blood.'" Ji et al. compared four types of cross-flow
devices and concluded that pillar-type microfilters were best for on-
chip genomic analysis'®’ [Fig. 14(c)]. Generally, lower permeation effi-
ciency is inevitable with the reducing transmembrane pressure caused
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FIG. 11. Microparticle sorting by hydrodynamic filtration (HDF). When particle sus-
pension is introduced into the device, a small portion of the volume in the main
channel is constantly siphoned into the small branch channels, leading to volume
reduction and removal of particles with the size smaller than a critical diameter.

by the increasing permeate viscosity during the process. Fortunately,
this issue can be mitigated by widening side channels gradually.
Gifford et al." developed a pillar-type incremental filtration device
that precisely controlled the amount of fluid diverted at each filtration
gap. It separated 1um particles at a flow rate of 500 ul/min and
achieved an ~3x enrichment of platelets with 80%-85% yield."*” In

addition to the pillars and weirs, membrane microfilters are also used
widely in filtration. Cheng et al.'® reported a hybrid device with a
microporous membrane (3 um pore size) for separating binary
microbeads and WBCs from whole blood [Fig. 14(e)]. This device
integrates both dead-end and cross-flow filters with a bidirectional
micropump, offering a recovery rate of ~72% at a throughput of
~38 ul/min.'*®

So far, the main application of cross-flow filtration is sample pre-
treatment of whole blood, including plasma,w 199 RBC/
WBC,™ 90103197170 and CTC separations.'®' Despite high-throughput
and clogging-free separation, particle attachment to the filters can
induce the issue of channel blocking."® Additionally, deformation of
the particles can affect the performance of microfilters.'”' Although
such a disadvantage can be used for cell sorting by stiffness,"”” this lim-
itation needs to be considered during device development.

VI. SORTING BY DETERMINISTIC LATERAL MIGRATION

Deterministic lateral displacement (DLD) is another size-based
method for continuous particle separation. It has been extensively
investigated and widely adopted for various applications since its first
demonstration by Huang et al. in 2004.">'”” It is compatible with a
similarly wide, 3-orders of magnitude range of particle sizes as inertial
microfluidics discussed earlier (from tens of nanometers to tens of
micrometers), while offering the broadest range of throughput from
nanoliter per minute to microliter per minute (Fig. 1). The key func-
tional component of the DLD device is its carefully arranged postarray,
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FIG. 12. Hydrodynamic filtration (HDF) for
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from Yamada and Seki, Lab on a Chip
5(11), 1233-1239 (2005). Copyright 2005
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FIG. 13. Microparticle sorting by cross-flow filtration (CFF). Sample solution flows
tangentially across the filter structure in a CFF device, and the permeable solution
flows laterally rather than vertically through the membrane. Particles with sizes
smaller than the pores or gaps on the filter pass through the filter, and all other
larger ones are washed away. The filter structure is typically micropostlike (a), but
slanted weir structure (b) can also be used.

where each row of the posts is laterally shifted from its preceding row
by a certain distance (Fig. 15). The misaligned posts continuously
divide the flow inside the DLD device and create separate streamlines.
Under laminar flow conditions, particles smaller than a critical size fol-
low their initial streamline in the flow and those larger are displaced
into adjacent streamlines due to particle-micropost interaction. As a
result, particles can be conveniently separated based on their size.
Various modifications from original DLD design have been
reported for improved performance in terms of less clogging, hydro-
static pressure requirements, and displacement characteristic range.
Apart from the typical circular posts used by Huang et al”’
[Fig. 16(a)], a variety of micropost geometries have been reported
[Figs. 16(c)-16(g)]. These include triangular I-shaped [Fig.
16(e)],7417° rectangular,‘w’173 and airfoil-shaped posts [Fig. 16(H)].}¢
By adopting triangular micropost arrays [Fig. 16(g)], clogging issues in
the DLD device were significantly mitigated as a result of the larger
working gap size between triangular microposts. Zeming et al.'”*'”
developed a DLD device with I-shaped pillars, permitting effective sep-
aration of nonspherical bioparticles undergoing rotational movements.
In their work, RBCs were effectively filtered from the blood sample.
To avoid generation of vortex and compressed streamlines, low
“Reflow” and thus low throughput are generally necessary.'”’
Nevertheless, a much higher throughput has been achieved in a DLD

scitation.org/journal/apb
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device with symmetric airfoil pillars in a recent work. "” Vortices were

not observed at Re up to 100, and 20 um diameter particles were suc-
cessfully separated from 10 um and 15 um particle mixtures with an
efficiency of ~100%."”

DLD devices can be adapted for separation of particles with a
wide size range, from the millimeter-scale'”® down to tens of nano-
meters.'”” Inglis et al. demonstrated a 99% recovery for separating
4.2 ym particles from 2.1 yum and 5.7 um particles using the slightly
tilted column of circular posts. With a shift fraction of only 0.006 and
a 16.5 um gap, clogging was not observed in their design.'*’ Similarly,
triangular posts show fewer clogging issues. Loutherback et al. used tri-
angular posts to successfully separate 15-30 um large CTCs from
blood with a recovery rate of 85% and a flow rate up to 10 ml/min."*'
While most of the DLD devices were developed for microparticle sepa-
ration, DLD can also be tuned for macroscale'®” and nanoscale'”” sep-
arations. In 2012, water drops with the diameter ranging from 3.7 mm
to 10.2 mm were successfully separated in a gravity-driven DLD device
made from LEGO® pegs and boards [Fig. 16(i)]."** The same group
later extruded their 2D device into a 3D gravity-driven DLD [Fig.
16(h)] for separating 3.16 mm particles from smaller particles (1.59
and 2.38mm) with an efficiency of 100%."* On the other hand,
Wunsch et al.'”” demonstrated a nano-DLD array with a 25 nm gap
[Fig. 16(b)] for fractionating colloids with diameters down to 20 nm
even at Pe>4. The same group built a phenomenological model to
analyze the size separation cutoff qualitatively by controlling the gap
size, flow velocity, and length of arrays. Their design recovered over
75% of the 2.0kb DNA fragment and threefold concentration from
HindIII digested lambda phage DNA with a gap size of 238 nm at
~200 um/s.”’

In general, DLD is a flexible and versatile method that can easily
be modified for various applications despite some limitations. Since
most bioparticles (e.g., cells) are a few micrometers in diameter, DLD
devices have been widely used in biomedical applications such as isola-
tion of CTCs from blood,*"'*"'®" separation of WBCs and
RBCs, "' separation of exosomes and colloids, ”* and isolating par-
asites in microfluidics.*”'* Even a paper microfluidic based design
has been demonstrated”*’ [Fig. 16(j)]. Nevertheless, DLD is not with-
out limitations, with diffusion and fluidic resistance being its two main
challenges.'”*'*” Diffusion in DLD devices is generally unfavored, as
the random Brownian motion of particles disturbs the otherwise static
laminar flow and tends to cause particle mixing, leading to downgrad-
ing separation performance especially for submicrometer particles.'””
Similarly, for separation of submicrometer particles, the gap between
microposts has to be reduced accordingly, causing significantly
increased fluid resistance.'”’ Excessive resistance requires extremely
large pressure, which may not be easily accessible."”" Additionally, the
exceedingly large surface area to volume ratio due to numerous micro/
nanoposts may result in particle binding to the channel surface and
thus device clogging.'”

VIl. GRAVITY-BASED SORTING

Gravity is frequently incorporated into microfluidic devices for
particle separation due to its ubiquitous presence and coupling sim-
plicity."” Since no artificial force field and its control units are required,
we also discuss separation microsystems taking advantage of gravity
(Fig. 17). These systems might be deemed as quasipassive label-free
separation technologies, which are based on particle properties such as
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FIG. 15. Microparticle sorting by deterministic lateral migration (DLD). Each row
of the posts in the array is laterally shifted from the preceding row by a certain
distance, continuously dividing the flow inside the DLD device to create separate
streamlines. Under laminar flow conditions, particles smaller than the critical
size follow their initial streamline in the flow, while those larger are displaced
into adjacent streamlines (dashed lines in the FIG) due to particle-micropost
interactions.

density. Among these technologies are centrifugation,"”” field-flow
fractionation (FFF),'’ and split-flow thin (SPLITT) fractionation.'””
Various and efficient microsystems of these kinds have emerged for
separating particles with different masses and sizes utilizing natural or
artificial gravity.'”*

These gravity-based systems are popular for their high separation
performance. Owing to their controllability over artificial gravity mag-
nitude, numerous centrifugal microfluidic platforms have been pro-
posed'”” by using rotating disks. Most of them are relevant to blood
sample preparation, ”° cell-based assays,'”” and DNA extraction.'”® On
the other hand, natural gravity-driven microfluidic systems can also
deliver high separation efficiency with specified channel designs. Huh
et al."” reported a device with hydrodynamic separation amplification
[Fig. 18(a)]. The key of this device is a flow pattern where fluid streams
spread progressively into the widening of the separation channel, lead-
ing to reduced flow velocity. As a result, more time is available for grav-
ity to take effect and cause sedimentation of particles. This method can
separate particles that are larger than a diameter of 6 yum from the
smaller ones with 99.9% high-purity at a flow rate of 1 ml/h."””
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FIG. 16. Deterministic lateral displacement (DLD) for particle separation. (a) A DLD device first reported, capable of submicrometer particle separation.® Reproduced with per-
mission from Huang et al., Science 304(5673), 987-990 (2004). Copyright 2004 American Association for the Advancement of Science. (b) Separation of 50 and 100 nm diam-
eter particles in a nano-DLD device.'”® Reproduced with permission from Wunsch et al., Nat. Nanotechnol. 11, 936-940 (2016). Copyright 2016 Springer Nature. (c) DLD
device using different postarray gaps.'”® Reproduced with permission from Zeming et al., Sci. Rep. 6, 22934 (2016). Copyright 2016 Authors licensed under a CC BY 4.0. (d)
DLD device using asymmetrical pillar arrays.'* Reproduced with permission from Au et al., Sci. Rep. 7(1), 2433 (2017). Copyright 2017 Authors licensed under a CC BY 4.0.
(e) DLD device using square and I-shaped pillar arrays.'”* Reproduced with permission from Zeming et al., Nat. Commun. 4, 1625 (2013). Copyright 2013 Springer Nature. (f)
DLD device using airfoil pillar arrays.'”® Reproduced with permission from Dincau et al., Microfluid. Nanofluid. 22(12), 137, (2018). Copyright 2018 Springer Nature. (g) DLD
device using triangular pillar arrays.'®' Reproduced with permission from Loutherback et al., AIP Adv. 2(4), 042107 (2012). Copyright 2017 Authors licensed under a CC BY
3.0. (h) A 3D-DLD device used for particle separation driven by gravity.'®* Reproduced with permission from Du and Drazer, Sci. Rep. 6, 31428 (2016). Copyright 2016
Authors licensed under a CC BY 4.0. (i) A force-driven DLD array made from LEGO board and pegs for water droplet separation.'® Reproduced with permission from Drazer
et al., Lab on a Chip 12(16), 2903-2908 (2012). Copyright 2012 Royal Society of Chemistry. (j) An open-DLD device driven by the paper pump for bead separation.”*®
Reproduced with permission from Tran et al., Lab on a Chip 17, 3592-3600 (2017). Copyright 2017 Authors licensed under a CC BY 3.0.

Coupling of gravity force with other separation techniques like separation of particles with different densities (1.05g/cm® and 2g/
PFF, FFF, and SPLITT offers effective separation of particles. In 2011, cm?) and sizes (3 and 5 um). Barman et al."”” continuously and rapidly
Morijiri et al.'** presented microfluidic systems combining size-based separated particles of two different densities by employing the sink-
sorting technique PFF with centrifugal microfluidics, achieving float phenomenon in split-flow thin (SPLITT) cells using both
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FIG. 17. A representative design of gravity-based sorting. Particle mixture is first
focused into a thin stream by hydrodynamic focusing in a vertical channel segment.
Thereafter, once the focused particles reach the horizontal channel with vertical
expansion, they are separated by particle mass/size undergoing the sedimentation
effect.

centrifugal and gravitational fields [Fig. 18(b)]. Their separation effi-
ciencies were 60%-98% for 0.586, 0.822, 5, and 15 um beads.'””
Natural and artificial gravity-driven separation methods are flexi-
ble and easy to be coupled with other functional microfluidic compo-
nents, permitting high resolution, pump-free separation within a closed
fluidic system.”” As a result, these separations have been widely used
for in vitro diagnostic testing at the point-of-care.'’ However, it has a
few drawbacks as well. Due to the diffusion and fluid dynamic Rayleigh-
Taylor-like instability,”* small particles are always in the trend of mix-
ing and chaos, which is unfavored and can be mitigated by using a den-
sity gradient to counteract the instabilities and inert molecules. More
importantly, artificial gravity-driven systems do not require a continu-
ous separation method, ** which extensively limits their throughput.

VIII. VISCOELASTIC SEPARATION

Microparticle sorting methods discussed so far are based on
manipulating hydrodynamic forces in Newtonian fluids. However,
biological fluids, such as blood,”” saliva,””" and cytoplasm,””* are non-
Newtonian fluids, which can impact the effectiveness of the aforemen-
tioned methods for particle separation. These biofluids are generally
viscoelastic in nature, making separation of particulate elements within
them challenging.”” Fortunately, the fluid viscoelasticity offers unique
opportunities to focus particles into different cross-sectional locations
in a microchannel, depending on their size as particles suspended in
such flows are subjected to an elastic lift force (Fig. 19).2°2%* Such vis-
coelastic focusing of particles is especially advantageous in forming a
single-stream 3D-focusing in square microchannels”**”” and in
entrainment of submicrometer particles,””*”’” which is generally chal-
lenging in other microfluidic systems such as inertial microfluidic
devices (Fig. 1).

REVIEW scitation.org/journal/apb

Typical macromolecules used for enhancing fluid elasticity
include hyaluronic acid (HA),™ poly(ethylene oxide) (PEO),”"” deox-
yribonucleic acid (DNA),”'? and poly(vinylpyrrolidone) (PVP).*'" The
rheological properties of such viscoelastic flow can be assessed by the
nondimensional Weissenberg number (Wi= 17, where Z is the fluid
relaxation time and j is the shear rate), which compares elastic force
with viscous force acting on suspended particles.””” For a rectangular
channel, Wi can be expressed as Wi = % where Q is the flow rate.
Another useful parameter is the elasticity number (EI),”"> which indi-
cates the relative importance of elastic and inertial forces in a shear

213 wi _ Apu(htw)
. Re = ph*w

dent of flow conditions with constant viscosity since both Wi and Re
are proportional to the flow rate.

Elastic lift force dominates particle migration in such flows when
fluid inertia is negligible (Re <1 and EI >1).”">""* In this case, par-
ticles migrate laterally into low shear rate regions, which determine
focusing positions of particles flowing in a microchannel. As a result,
particles tend to focus into a single position (3D-focusing) located in
the channel central axis of a circular microchannel where the shear
rate is the lowest [Fig. 19(a)],>™ despite the fact that the focusing qual-
ity could vary depending on different elastic molecules used. In a
square microchannel, due to the asymmetric distribution of shear,
regions near the four corners also exhibit a stable equilibrium position
in addition to the channel central axis [Fig. 19(b)] 2% Thus, five focus-
ing positions can be observed in such channels as shown by Yang
etal’” and Seo et al”'* Ina rectangular microchannel, as first demon-
strated by Leshansky et al. in 2007,”'" particles migrate toward the
central plane of a low aspect ratio channel, where a broad, particle-
dense band forms. Particle separation was demonstrated using elastic
force in a device consisting of both circular and square channel seg-
ments [Fig. 20(d)], but throughput was low (<0.05 pl/min).”"”

Introducing inertial force into a viscoelastic flow system offers
twofold benefits in terms of particle focusing and separation. On one
hand, non-negligible inertia means a higher flow rate and thus higher
processing throughput. On the other hand, the interaction of inertial
and elastic forces determines the focusing pattern of particles and
therefore provides distinct particle focusing behaviors that can be use-
ful for separation (elastoinertial focusing and separation).””> One of
the most pronounced differences between inertialess and inertial visco-
elastic flows on particle migration is in square channels where single-
file 3D focusing can be achieved with the assistance of inertial forces
[Fig. 19(0)].2**% Due to the wall induced lift force, particles near the
four corners of a square channel are pushed toward the channel center,
leading to the elimination of the four focusing positions and entrain-
ment of all particles in the channel axis (3D-focusing).

Since both inertial and elastic forces are highly size-dependent,
elastoinertial flow systems have been successfully used for passive par-
ticle and cell separations (Fig. 19). Ahn et al.”” took advantage of the
centripetal migration behavior of particles in a square microchannel
for separating 2.3 and 4.5 um particles. PEO solution was used to
induce viscoelasticity of the medium, and their flow rate was up to
80 ul/min where inertial force acted simultaneously with elastic force
to drive particles toward their equilibrium positions in the channel cen-
tral axis. As smaller particles move slower due to weaker driving forces,
larger 4.5 um particles reached the channel center ahead of 2.3 um par-
ticles, leading to good separation with 96% recovery for larger particles.

flow.

For a rectangular channel, El = and is indepen-
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The synergetic interaction of elastic and inertial forces can also
lead to distinct focusing positions of different particles in a rectangular
microchannel, which can be readily employed for sheathless particle
and cell separation. Liu et al. showed focusing of 15 yum particles into
two streams flanking the central focused stream of 5 um particles in a
rectangular microchannel with an aspect ratio of 2.””* Such a size-
based focusing pattern was then utilized for separation of MCEF-7 cells
from red blood cells with an efficiency of 91%. The same scheme with
a smaller channel (10 um height) was also used for separation of E.
Coli from RBCs in PEO solution with a throughput of ~2 ul/min.
Nam et al.”'® demonstrated a coflow microfluidic device [Fig. 20(a)]
achieving a recovery rate >99% for both 1 um and 5 um particles at
an optimal flow rate of 4.5 ul/min. In this device, PEO flow was
injected into the channel and fractured the sample flow into two
streams near sidewalls. In this flow configuration, the faster migration
of larger particles crossed the flow interface into the clean buffer

APL Bioeng. 3, 041504 (2019); doi: 10.1063/1.5120501
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stream, leading to the clean separation of the two particles. Separation
with a recovery rate of 99% was also demonstrated in separation of
platelets from highly diluted blood.”' Later, the same coflow configu-
ration was used by Tian et al.”'’ to achieve a high-resolution separa-
tion of 1um and 2um particles and MCE-7 cells.”*® Such
elastoinertial effects have also been coupled with pinched flow frac-
tionation (PFF) for enhanced particle separation lately'*”*'" [Fig.
20(c)]. Additional demonstrations include the use of viscoelastic flow
for particle filtration in square microchannels™”” as well as sheathless
separation of particles™** and measurements of cell deformability.”*’
In addition to microparticles and cells, smaller biomolecules can be
separated and focused as well. For example, Nam et al.”"’ reported
separation of malaria parasites from WBCs in a two-segment channel,
while Kim et al.”” reported DNA focusing in a rectangular channel.
While most viscoelastic work has been done in straight channels,
curved channels introduce Dean force and thus provide an additional
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FIG. 19. Viscoelastic focusing and sorting of particles. (a) Viscoelastic focusing cre-
ates a single equilibrium position along the central axis of a circular capillary. In
square channels, there are (b) five focusing positions when flow is elasticity domi-
nant and (c) a single position at the centerline when flow is elastoinertial. (d) Size-
based sorting of particles using elasticity dominant flow in a device with a combina-
tion of circular and square cross sections.

force for the particle migration dynamics. In 2013, Lee et al.”'® first
showed focusing and separation of particles suspended in PEO solu-
tion flowing in a spiral microchannel. They observed focusing near the
outer wall for 10 um particles and close to the centerline for 1.5 um
particles. Dean force and elastic force were considered responsible for
the displacement of focusing positions outward as compared to inertial
focusing.” The exact physics underlying such a phenomenon remains
unclear despite a recent effort proposing a six-stage focusing model.”"”
A complete separation of these two particles was readily demonstrated
in this device by adding four outlets. Similar to straight channels, spiral
channels with viscoelastic flows are found to be preferable for manipu-
lating small particles with sizes down to ~100 nm as demonstrated in
a double-spiral channel where a mixture of 100 nm and 2 um particles
was separated with an efficiency >95%.”"

In summary, focusing and separation in viscoelastic flows is an
important addition to the existing inventory of particle separation
methods. Viscoelastic manipulation in microchannels is of great inter-
est considering the universally non-Newtonian property of bodily flu-
ids that are critical in healthcare management. The ability of 3D
focusing, which is generally difficult to achieve in other passive micro-
fluidic systems, is especially useful in cytometry applications. More
importantly, size-based focusing due to elastic force remains effective
for particles with sizes down to a few hundreds of nanometers,”’**"”
suggesting promising applications in separation of macromolecules
such as DNA [Fig. 20(i)] and extra-small bioparticulates such as exo-
some. It is advantageous over inertial separation, which is preferred
for microscale particle manipulation, and over PFF*® whose through-
put is roughly a magnitude of order smaller than viscoelastic systems,
despite the general requirement of elasticity enhancement, which con-
taminates sensitive samples.

REVIEW scitation.org/journal/apb

IX. SORTING BY SHEAR INDUCED DIFFUSION

While most of the developed microfluidic systems have been
designed for separation from diluted samples, separation of particles
from highly concentrated suspensions (e.g., whole blood) is preferred
in real-world applications. For example, isolation of target cells directly
from whole blood™ is favored as throughput can be tremendously
enhanced and sample preparation is minimal. Due to the complex
physics such as strong particle-particle interaction, most of the current
microfluidic approaches (e.g., inertial devices) are not applicable for
separation in the concentrated sample. Filtration based on porous
membranes, including classical membrane filtration”” and crossflow
filtration,”” is one of the few microsystems that can handle the con-
centrated sample like whole blood despite their poor recovery rate
(<50%) and low throughput. As a result, separation of particles/cells
from a highly concentrated biosample remains challenging in the field
of microfluidic separation science.

The phenomenon of shear induced diffusion (SID) sheds light on
addressing the aforesaid challenge. Migration due to SID was first
observed by Gadala-Maria and Acrivos.””" It arises from the collision
of particles in concentrated suspensions in sheared flows,”””*** and it
is different from Brownian diffusion.””" The strong particle-particle
interaction, which is adverse and avoided in inertial microfluidics,**’
is the very driving source of net deterministic migration of particles
observed in sheared flow of concentrated suspensions.””””*” The net
migration of particles due to SID is down the concentration gradient
and the shear gradient.222 Thus, in a microchannel, the migration is
directed away from the wall toward the channel center. Such an effect
contributes to the pronounced phenomenon of margination in blood
microvasculature where red blood cells (RBCs) migrate toward the
vascular center leaving the cell-free layer near the vascular wall.”°
Similarly, SID also leads to resuspension of particles in crossflow filtra-
tion systems”***”” and defocusing of cells in some microfluidic flow
systems.””***

However, SID holds the promise of label-free separation of par-
ticles and/or cells from whole blood and other high-concentration
samples. Theoretical works™****"*** have suggested the particle size
segregation in highly concentrated suspensions as the down-gradient
migration of particles scales with the square of particle size (~a®).
Tirumkudulu et al.”** observed particle segregation of monodisperse
suspension in a sheared flow. Particle segregation in the binary mixture
was successfully demonstrated experimentally in macro- and micro-
channels,”>**® where larger particles were found to be enriched in the
channel center. Although very few experimental works have been
reported in the literature, separation of platelets from RBCs was possi-
ble using the SID effect in microvasculature-sized channels.”””**’

Recently, our group is the first to successfully demonstrate isola-
tion of particles and circulating tumor cells directly from untreated
whole blood using the SID effect (Figs. 21 and 22)."””% We engineered
the flow configuration inside a microfluidic channel where a
Newtonian buffer flow was flanked by two whole blood streams. Such
a multiflow configuration generates a concentration gradient across
the flow interfaces between blood and buffer. The concentration gradi-
ent was coherent with the shear gradient, so that the effect of SID was
tremendously enhanced. Particles and cells were found to rapidly
migrate away from blood stream toward the buffer. Due to the strong
size-dependence of SID, larger particles and cells (e.g., CTCs) migrated
faster than smaller RBCs, and thus, cell separation was achieved in a
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FIG. 20. Viscoelastic microfluidics for particle sorting and other applications. (a) Separation of 1 um and 5 um diameter particles (or platelets and blood cells) in a square
coflow microchannel using viscoelastic flow. Reproduced with permission from Nam et al,, Lab on a Chip 12(7), 1347-1354 (2012). Copyright 2012 Royal Society of
Chemistry.”'® (b) Three coflow channels used for separation of 500 and 100 nm diameter particles,”” 1 um and 2 um diameter particles,”'” and MCF-7 and blood cells.**®
Reproduced with permission from Liu et al. ACS Nano 11(7), 6968-6976 (2017). Copyright 2017 American Chemical Society.””® Reproduced with permission from Tian et al.,
Lab on a Chip 17(18), 3078-3085 (2017). Copyright 2017 Royal Society of Chemistry.”'” Reproduced with permission from Tian et al., Lab on a Chip 18(22) 3436-3445
(2018). Copyright 2018 Royal Society of Chemistry.*® (c) Combination of viscoelastic flow and pinched flow fractionation (PFF) for size-based'*® and shape-based '’ particle
separation. Reproduced with permission from Lu and Xuan, Anal. Chem. 87(12), 6389-6396 Copyright 2015 American Chemical Society.'*® Reproduced with permission from
Anal. Chem. 87(22), 11523-11530 (2015). Copyright 2015 American Chemical Society.*” (d) Sheathless separation of particles in viscoelastic flow using a microchannel with
round and square cross sections. Reproduced with permission from Nam et al., J. Chromatogr. A 1406, 244-250 (2015). Copyright 2015 Elsevier.”'® (e) Separation of malaria
parasites from WBCs in a two-segment channel with a high aspect-ratio cross section.”*” Reproduced with permission from Nam et al., Lab on a Chip 16(11), 2086-2092
(2016). Copyright 2016 Royal Society of Chemistry.**’ (f) Particle filtration in a square microchannel using elastic and inertial forces.””* Reproduced with permission from Ahn
et al., Chem. Eng. Sci. 126(14), 237-243 (2015). Copyright 2014 Elsevier. (g) Sheathless separation of particles and cells in viscoelastic flow.”*® Reproduced from Nam et al.,
Sci. Rep. 9(1), 3067 (2019). Copyright 2019 Authors licensed under a CC BY 4.0.° (h) Measurements of monitoring cell deformability usin29 viscoelastic single-stream focus-
ing.**° Reproduced with permission from Cha et al., Anal. Chem. 84(23), 10471-10477 (2012). Copyright 2012 American Chemical Society.” (i) DNA focusing in a rectangu-
lar channel based on elastic force and flexibility-induced force.”*® Reproduced with permission from Kim et al., Lab on a Chip 12(16), 28072814 (2012). Copyright 2012 Royal
Society of Chemistry.”*’
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FIG. 21. Sorting by shear-induced diffusion (SID). Flow of highly concentrated sam-
ples (e.g., whole blood) is split by a faster moving buffer flow in the middle inside a
microchannel, giving rise to the effect of shear-induced diffusion for faster toward-
center migration of larger particles inside the concentrated side flows.””

1-cm channel [Fig. 22(b)]. The performance of our label-free separa-
tion is superior with an efficiency of ~90% at extreme high throughput
(10°-107 cells/s).”” The results are very promising in clinical applica-
tions such as rare cell separation despite the fact that much work is
required to suppress RBC diffusion. Considering the size variations of
RBCs and WBCs, preferential migration of WBCs is possible under the
SID effect as recently demonstrated in our other work”*” where enrich-
ment of larger WBCs was achieved directly in the flow of unprocessed
whole blood. Although the size and throughput (volumetric flow rate)
ranges for this technique are eclipsed by inertial microfluidics (Fig. 1),
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FIG. 22. Separation by shear-induced diffusion (SID). (a) 18.7 um diameter par-
ticles (green) migrating away from the blood side-stream (red) and being focused in
the middle of the microchannel.”” (b) Circulating hepatocarcinoma cell (HCCg and

white blood cell (WBC) separated from patient blood using the SID effect.”” Al
images are reproduced from Zhou et al., Sci. Rep. 8(1), 9411(2018). Copyright
2018 Authors licensed under a CC BY 4.0.”’
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the ability to work with unprocessed highly concentrated samples
rather than diluted samples is a significant advantage.

X. CONCLUSIONS AND PERSPECTIVES

With significant attention being paid to the development of
microfluidic systems for sorting of microparticles, it is important to
understand progress made and the persisting challenges. The passive,
label-free methods of particle separation are versatile in mechanism
and flexible in particle size range and offer a wide range of through-
puts. These critical aspects make passive sorting systems competitive
with their active counterparts; yet, they are generally simpler in struc-
ture, easier to fabricate, and lower in cost and do not demand skillful
operators. This is attributed to the nature of separation mechanisms,
which include interactions of particles with flow (e.g., inertial micro-
fluidics), with channel walls or structures (e.g, DLD), with fluid (e.g.,
viscoelastic flow), and with other particles (e.g., SID) or their combina-
tions (e.g., PFF, HDF, and CFF). Passive label-free devices are capable
of processing macro-, micro-, and nanoparticles, with throughputs
from nanoliter per minute to milliliter per minute or higher (Fig. 1).
Often, a flow injection device is the only one needed for the operation
of the passive microfluidic chips, making them particularly favorable in
resource-limited regions or circumstances. Simple structures of these
devices also enable them to be readily integrated with either upstream
sample pretreatment or downstream analysis microfluidic components.
All these intriguing traits make the passive label-free devices one of the
indispensable building-blocks of lab-on-a-chip systems.

A wide range of methods for passive label-free sorting has been
developed for particles with dissimilar physical properties such as size,
density, shape, and deformability. The size difference is the most com-
mon physical marker used in these methods. Although different meth-
ods have their own target range of particle size, together they cover
almost the entire spectrum of common particle sizes, from nanometers
to millimeters, meeting the need of a wide range of applications. For
example, inertial focusing was first discovered in separation of
millimeter-sized silica particles,””*° but has since been adapted and
widely explored for sorting microparticles, cells, and bacteria. SID,
CFF, and HF also work well in this size range. In the past few years,
DLD, PFF, and viscoelastic flow-based separation methods have
shown their capability of separation of particles down to 20 nm.'””
Bioparticles such as exosomes have now, too, been successfully sepa-
rated from other particulate components using these passive
methods.™”

Performance of these passive devices is very promising in terms
of throughput, efficiency/recovery, and purity. The throughput spans
from nanoliter per minute to microliter per minute or higher depend-
ing on the separation mechanism, generally increasing as the target
particle size becomes larger (Fig. 1). A smaller channel is necessitated
to differentiate smaller particles. For examples, devices based on the
principles of PFF, HDF, and CFF are designed for sorting of micropar-
ticles of a few microns and typically operate with flow rates in the
nanoliter per minute to microliter per minute range, while the inertial
and SID devices are capable of operating at more than 100-fold higher
flow rates for separating particles above 10 um in diameter. Most of
these label-free devices are able to offer high separation efficiency/
recovery (>90%) with some tradeoffs such as lower throughput,
requirement of buffer flow, and addition of elasticity enhancer.
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Among them, high-purity (>90%) separations have also been
achieved in inertial, DLD, and viscoelastic devices.

While passive particle separation methods offer excellent perfor-
mance, they are not without limitations. When compared to their
active counterparts, such as acoustic separation,z’11 these methods are
less flexible in terms of on-demand activation of separation and tun-
ability of the separation parameters, such as the cut-off size. Since pas-
sive devices are free of external force and controls, separation generally
begins when proper flow conditions are reached, and thus, on-
demand control is not available in these approaches. On the other
hand, variation of the separation cut-off size is, in fact, possible by tun-
ing flow conditions in some of the passive methods, such as PFF and
HDF, where the change in the flow rate ratio of the sample and buffer
flows may provide some degree of flexibility in adjusting the cut-off
size.">"” The cut-off size in other techniques is usually dictated by the
channel designs, with new devices needed if a different cut-off size is
desired. In this regard, a combination of passive and active methods to
achieve separation in a complex circumstance is one of the future
directions in meeting the real-world needs. For example, a hybrid
device consisting of DLD fractionation, inertial focusing, and
magnetic-activated sorting components was developed for successful
separation of CTCs from the patient blood sample.””” A better funda-
mental understanding of these systems will be necessary to enable inte-
gration into more sophisticated and useful platforms.

While new devices are continuously being developed for particle
separation, much effort has been made to adapt particle separation
platforms for manipulation and separation of bioparticles, including
cells,” bacteria,”” exosomes,””* and even macromolecules such as
DNA.”"? Polymer microparticles can be wonderful surrogates for bio-
particles since they are easily available commercially, free from
requirements of cell culture, and typically homogeneous in physical
properties. As a result, they are widely used for developing and charac-
terizing new sorting devices. However, they are not bioparticles that
are flexible and highly heterogeneous. Translating particle separation
platforms into cell manipulation devices can require a tremendous
amount of effort in taking consideration of properties of biological
samples. Developing new particles that better mimic bioparticles can
be very helpful. On the other hand, in addition to the size and density,
particle shape, deformability, and even surface roughness might be fur-
ther exploited for developing new label-free passive devices to tackle
challenges of novel applications in biomedicine, industry, and beyond.
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