Published on 07 November 2019. Downloaded by Macquarie University on 11/26/2019 10:29:32 AM.

Critical review

and invasion.>>> Moreover, microvesicles can be used for
macromolecular drug delivery.>® Protein aggregates (e.g.,
immune complexes) with a similar size to microvesicles®*** play
a vital role in neurodegenerative disease progressions, such as
Alzheimer's disease and prion diseases, making them as targets
for therapeutic treatment.***>  Geometrically encoded
fluorescent barcodes self-assembled from DNA (0.40-0.80 pm)
are used as in situ single-molecule probes, e.g., the tags for
labeling proteins on yeast cell surface.>® Some bacteria in sub-
micrometer range can be either harmful or beneficial to humans
and the environment. For example, Staphylococcus aureus (S.
aureus) is one of the major causes of skin, soft-tissue, bone, joint
and endovascular disorders, while Staphylococcus epidermidis (S.
epidermidis) is beneficial by balancing epithelial microflora with
immune tolerance.*”*® Prochlorococcus (0.50-0.70 pum), the most
abundant photosynthetic organism on the planet, is of global
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significance due to its crucial role in the marine carbon
cycle.**™** Sub-micrometer fluorescent polystyrene (PS) particles
are used as fluorescent probes for diagnosis, imaging and
optical tracking,” as PS is hardly biodegradable and does not
show any short-term cytotoxicity in cellular environment.*® A
study by Rogach et al. showed that sub-micrometer PS particles
can be coated with luminescent crystals, indicating their
potentials for telecommunication applications.*’

A variety of techniques for the focusing of sub-micrometer
particles in microfluidic devices have been developed. These
techniques were previously classified as either 1) sheath flow
focusing which employs sheath fluids to pinch suspending
particles to the center of the channel or 2) sheathless
focusing, where a force driving particles laterally to their
equilibrium positions is applied.>*® To elucidate the various
focusing approaches and their mechanisms, in this review,
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we categorize microfluidic techniques for sub-micrometer
particle focusing into two main groups: active and passive
focusing. The active techniques require an external field such
as electric, acoustic and thermal field to provide a driving
force to focus particles, in contrast, the passive techniques
only rely on the intrinsic properties of fluids within channels.

With a focus on the studies over the past 10 years, this
review mainly summarizes two main groups of microfluidic
techniques for the focusing of sub-micrometer particles: 1)
passive focusing (e.g., inertial, DLD, viscoelastic and
hydrophoretic focusing) and 2) active focusing techniques (e.g.,
dielectrophoresis, DEP, acoustophoresis, thermophoresis and
optical tweezers). Fig. 1 schematically illustrates these
techniques and their focusing performance. For each technique,
we provide a definition and briefly introduce its theoretical
fundamentals. Representative studies on sub-micrometer
particle focusing in microfluidic devices using this technique
are described and typical figures are presented to facilitate the
understanding of focusing mechanisms, dynamic processes
and applications. The advantages and disadvantages of each
focusing technique are discussed. We also talk about main
challenges in sub-micrometer particle focusing and provide
design guidelines of each technique for researchers in both
academia and industry. A table summarizing key characteristics
of each technique, e.g, focusing criteria, methods, typical
samples, merits and demerits, is presented at the end. Given
the importance of sub-micrometer particles for various
biological, biomedical and environmental applications, we aim
to promote the understanding of the development process,
current advances and future prospects of microfluidic
techniques for the focusing of particles at sub-micrometer scale.

2. Passive methods

Passive microfluidic techniques depend on the intrinsic
properties of fluids to achieve particle focusing, and they do
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not rely on external fields to provide driving forces. In this
section, three types of passive microfluidic techniques for the
focusing of sub-micrometer particles are discussed, namely
inertial microfluidics, viscoelastic microfluidics and DLD,
which mainly rely on inertial lift forces, viscoelastic forces
and pillar-induced hydrodynamic forces to achieve the
focusing.

2.1 Inertial microfluidics

Inertial focusing uses the inertial lift forces (e.g., wall lift
force and shear lift force) to drive particles to one or multiple
equilibrium positions in a microchannel (Fig. 1a). In general,
the wall lift force directs the particle away from the wall and
decays with the distance from the wall, while the shear lift
force drives the particle towards the wall and is zero at the
channel centerline.*” In a straight microchannel, the net lift
force (F.) on a particle can be expressed as below,>

m>d*
FL — pv 2
Dy

fe (1)

where p, vy, d, Dy, and f, indicate fluid density, maximum
channel velocity, particle diameter, channel hydraulic
diameter and lift coefficient. As shown in eqn (1), the net lift
force will decrease significantly with small decrease in
particle size due to the fourth-order dependence. To
overcome this effect and achieve focused particle stream,
relatively small cross sections and large velocities are always
required.

Inertial focusing has been widely used for the
manipulation of micrometer particles (e.g., mammalian cells
and microalgae cells),>**> but the focusing of particles at
sub-micrometer scale encounters challenges as the required
minimum length of the microchannel for effective focusing
increases dramatically with the decrease of the particle
size.*>® Only in recent years, inertial focusing devices see
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Fig. 1 Schematic illustration of passive and active microfluidic techniques for the focusing of sub-micrometer particles. Passive methods utilize
intrinsic fluidic properties without the need for external actuation, such as (a) inertial, (b) viscoelastic, (c) deterministic lateral displacement (DLD)
and (d) hydrophoretic focusing; while active methods such as (e) dielectrophoretic, (f) acoustophoretic, (g) thermophoretic and (h) optical focusing,
require external fields.

the advances of focusing resolution from micrometer to sub- In 2017, Wang et al. demonstrated that 0.92 pm PS
micrometer scale. After providing a theoretical approach for  particles can be focused to equilibrium positions at a flow
the design of a curved microchannel, Cruz et al rate of 500 uL min™' in a serpentine microchannel.>® This
experimentally demonstrated label-free, continuous and channel consists of five functional components (Fig. 2a),
high-throughput inertial focusing of 1.0 um PS particles and  namely 1) an inlet to introduce homogeneous suspensions,
sub-micrometer Escherichia coli (E. coli) at a flow rate of 50  2) a filter region to prevent channel clogging by trapping
uL min.>* In this work, the authors firstly analyzed the larger particles, 3) an asymmetric serpentine channel to focus
correlations between scale factors, such as particle size, particles, 4) a separation region to isolate particles of
hydraulic diameter, fluid speed and focus length, secondly  different sizes, and 5) outlets to collect fractions of samples.
scaled down the size of the particles by adjusting these scale = By reducing the dimension of the channel cross section to 10
factors, and lastly provided experimental validations. Further =~ pm x 5.0 pm, the focusing phenomenon was observed for
optimization of channel geometry for focusing is important  0.92 um PS particles (Fig. 2b). This study is significant as it
in inertial microfluidics due to its features such as simplicity =~ enables the investigation of individual microorganisms and
of use and high-throughput performance. subcellular organelles at the downstream.
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Fig. 2 Inertial focusing of sub-micrometer PS particles.>*>° (a) Images showing the design of a serpentine microfluidic channel. Reproduced from
ref. 50 with permission under open license CC BY 4.0. (b) The focusing of 0.92 um PS particles (Green). Reproduced from ref. 50 with permission
under open license CC BY 4.0. (c) A schematic of the bone-shaped microchannel (Hparrow = 10 um, Lnarrow = 250 um, Hyige = 150 um). Reproduced
from ref. 55 with permission under open license CC BY-NC-ND 4.0. (d) Oscillatory inertial focusing of 0.50 um PS particles. Both fluorescent streak
images (left) and full-width half-maximum (FWHM) profiles (right) are presented to show the focusing performance. Reproduced from ref. 55 with
permission under open license CC BY-NC-ND 4.0.
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Besides a waved microchannel, a straight bone-like
microchannel (Fig. 2¢) was used by Mutlu et al. to focus PS
particles as small as 0.50 um (Fig. 2d) and round-shaped
bacteria S. aureus with a nominal size of 0.80 pm.”” In this
design, the oscillatory microchannel switches the direction of
the flow at a high frequency, but the force acting on the
particles preserves its direction due to the symmetry of the
velocity field along the flow axis. This allows indefinite
extension of focusing length in theory, even though the
channel has a short and fixed length. More recently, Cruz
et al. investigated the mechanism of inertial focusing in
curved channels for small (~1.0 um) particles, and achieved
the focusing of 0.50 um PS particles.>® This channel also
realized size-based separation of sub-micrometer bacteria,
e.g., Salmonella typhimurium (S. typhimurium) and Klebsiella
pneumoniae (K. pneumoniae) based on their difference in
lateral equilibrium positions.

Using inertial microfluidics for the focusing of sub-
micrometer particles is still challenging now, as it requires the
increase in channel length and improvement in theory for
effective focusing.” Inertial focusing shows the merits including
high throughput, the simple sample preparation process, easy
operation, no need for sheath flow, etc., but it has its demerits,
e.g., the difficulty in improving focusing resolution.

2.2 Viscoelastic microfluidics

Viscoelastic focusing (Fig. 1b) takes advantage of three main
hydrodynamic forces including inertial lift force (Fy, eqn (2)),
elastic force (Fg, eqn (5)) and viscous drag force (Fp, eqn (6))
to focus particles to equilibrium positions in viscoelastic
fluids, e.g., dilute polymer solutions.’® Inertial lift force,
which is determined by the combination of shear gradient lift

force and wall lift force, can be expressed as follows,**>°
2 74
PeVm°d
Fy :ThgfL(Rcvxc) 2
D
R, = PimZh ®3)
H

where pg, yr and Dy, are fluid density, dynamic viscosity and
hydraulic diameter for the channel, and v,,, d and f;, (R., x.)
are maximum velocity of the channel flow, particle diameter
and lift coefficient of net inertial lift force. R. is Reynolds
number. The particle influenced by elastic effects in
viscoelastic fluids can be characterized by a dimensionless
Weissenberg number W; as below,

A 2Vm
Ay = A— 4
7=, (4)

where 1, ¢, and 7 represent fluid relaxation time,
characteristic time of the channel flow, and average
(characteristic) shear rate, respectively. W; denotes the ratio
of elastic force, Fg, to viscous force.® When W is very small,
Fg, can be formulated as follows,®

Fy = —2Ca d’ny/Vy” (5)
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where C.p, 7, and V respectively refer to non-dimensional
elastic lift coefficient, polymeric contribution to solution
viscosity and gradient operator. The relative importance of
elastic to inertial effects can be defined as El, ratio of W; to
R. (El = Wi/R.). Fp, arises from the difference between fluid
element velocity (v¢) and particle velocity (v,). Assuming that
a spherical particle undergoes uniform Stokes flow, Fp, can be
expressed by the following formulation,**%?

Fp = 3mped(ve — vp) (6)

In viscoelastic fluids, the migration of particles can be
described in viscoelasticity-dominant flow or elasto-inertial
flow based on the relative importance of elastic and inertial
effects.®” Please refer to the review by Squires et al. to get an
in-depth understanding of the dimensionless parameters
such as R., W; and Peclet (Pe).**

In 2012, Kim et al. found that PS particles as small as 0.20
um can be focused at a flow rate of 15 pL h™* under the effect
of viscoelastic flows.®®> Besides, the focusing of flexible DNA
molecules, including A-DNA and T4-DNA with radii of
gyration of around 0.69 um and 1.50 pm, respectively, were
observed to be enhanced using viscoelastic flows. This study
lays the foundation for future development of viscoelastic
focusing devices by demonstrating the importance of
viscoelastic effects and the relative dimension of particle size
to channel height. However, scaling the resolution down
from micrometer to nanometer scale does not simply
correspond to a scaling of dimensions, because new physics
such as diffusion and particle-polymer interaction begin to
dominate and need to be considered.®®

By employing computer  simulations,
Nikoubashman et al. revealed the focusing mechanism of
colloidal particles in a viscoelastic fluid under Poiseuille flow
and further exploited the mechanism to separate and capture
sub-micrometer particles in simple microfluidic devices.®” In
2014, Santo et al. developed a theory that can be applied to
viscoelastic focusing of sub-micrometer particles, which was
confirmed experimentally by focusing 0.20 um PS particles.®®
This work links the particle trapping force caused by the
viscoelasticity of the suspending fluid to a dimensionless
parameter comparing viscoelasticity normal forces and
Brownian forces. This theory can be used to downscale flow
cytometers, and to guide the design of microfluidic devices
for counting, coding and separating sub-micrometer and
even nanometer particles. In addition to PS particles and
DNA molecules, sub-micrometer E. coli was shown to be
focused into a tight streamline by viscoelastic effects in
straight microchannels.®

In 2016, Liu et al. achieved viscoelastic focusing of A-DNA
molecules, 0.10 um PS particles and nanometer DNA
origamis in a double spiral microchannel by systematically
studying the effects of molecular weight, concentration of
polymer, flow speed and particle size on the focusing
performance.”” In this study, aqueous solutions of
polyethylene oxide (PEO) with low molecule weight (M, of

extensive
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0.60 x 10° g mol™) and low concentration (¢ of 0.60 wt%)
were shown to be optimal for focusing 0.10 um PS particles
(Fig. 3a). Additionally, the focusing of DNA origami having
three different shapes including spheres (0.04 um in
diameter), short tubes (0.03 um in diameter and 0.04 pm in
length) and long tubes (0.01 um in diameter and 0.30 pm in
length) were demonstrated (Fig. 3b). Liu et al also
demonstrated the selectively focusing and separation of a
binary mixture of 0.10 and 0.50 um PS particles by
viscoelastic microfluidics in a straight microchannel,”" where
0.50 um PS particles were focused into the center of the
microchannel, while 0.10 pm PS particles were deflected
towards the sidewalls. Both of the particles were collected at
the outlets with a recovery rate of over 90%. The same design
was applied to separate exosomes ranging from 0.03 to 0.20
um using PEO solutions of different concentrations.

More recently, Liu et al reported a A-DNA- and aptamer-
mediated approach for the separation and detection of
subpopulations of extracellular vesicles, including exosomes
(0.03 to 0.2 pm), microvesicles (0.20 to 1.0 pm) and apoptotic
bodies (>1.0 um).”> The focusing behaviors of PS particles with
different sizes (i.e., 0.10, 0.20, 0.30, 0.50 and 2.0 um) and size-
based particle separation were visualized, confirming the
feasibility of separating extracellular vesicles subpopulations.
Moreover, Zhou et al. realized the focusing of large extracellular
vesicles ranging from 0.20 to 1.0 um by a wavy channel using
viscoelastic fluids (Fig. 3c). The focusing of 0.30 and 0.50 um
PS particles at different PEO concentrations (e.g., 0.08%,
0.10%, 0.12%, 0.14% and 0.16%) was investigated (Fig. 3d)
before running experiments with biological samples, which
provides a foundation for the focusing and size-based sorting
of large extracellular vesicles.”

With the improvement in theory and the optimization in
experimental operating conditions, the resolution of
viscoelastic particle focusing has advanced from micrometer
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Fig. 3 Viscoelastic focusing of DNA origami structures,’® large extracellular vesicles and sub-micrometer PS particles.”
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to sub-micrometer and even nanometer scale. Viscoelastic
focusing method is label-free, size-dependent and easy to
operate, but the particle-particle interaction directly impairs
the focusing performance. Thus, it is necessary to establish
theoretical models and perform experiments to fully evaluate
the effects of particle-particle interaction on viscoelastic
microfluidics to improve the focusing performance.®

2.3 Deterministic lateral displacement (DLD)

DLD uses pillar arrays tilted with respect to the average flow
direction to generate unique flow streamlines, which can be
used for focusing particles in a size-dependent manner
(Fig. 1c). For example, particles larger than the critical
diameter (D, eqn (7)), usually considered to be the width of
the first streamline, move forward in a bumping mode, while
particles smaller than D. go laterally in a zig-zag mode
through the pillars. The bumping and zig-zag trajectories are
considered as focusing streamlines. An equation expressing
D, of the DLD device is shown below,”*

D, = 1.4G"*¢ (7)

where G is device gap and ¢ is the slope of the pillar array
(tan @ = ¢), in which 0 is the angle of the pillar array gradient.

In 2004, Huang et al. demonstrated that 0.80, 0.90 and
1.03 um fluorescent particles can be focused and sorted
continuously to different streamlines based on size at a flow
rate of ~400 pm s *.”° In this device, the D, at the inlet was
smaller (ie., <0.80 pm), so that all particles follow the
displacement mode, but the gaps increased at the
downstream, causing smaller particles to follow the zig-zag
mode. This work showed that 0.80 um particles quickly move
in a zig-zag mode, while the 0.90 and 1.03 pm particles
change their flow behaviors in the fourth and eighth

(c)
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(a) Viscoelastic focusing

of 0.10 um PS particles in a double spiral microchannel using PEO solutions (not to scale). Reproduced from ref. 70. Copyright 2016, American
Chemical Society. (b) Viscoelastic focusing of DNA origami with three different structures, i.e., sphere, short and long tube in a waved
microchannel using a PEO solution of M,, = 0.60 x 10° g mol™ and ¢ = 1.80 wt%. Reproduced from ref. 70. Copyright 2016, American Chemical
Society. (c) A schematic for the focusing of large extracellular vesicles ranging from 0.20 to 1.0 um using viscoelastic fluids. Zoom-in experimental
figures showing the lateral migration of large extracellular vesicles from sidewalls to the channel center. Reproduced from ref. 73. Copyright 2019,
American Chemical Society. (d) The focusing of 0.30 and 0.50 um PS particles at the trifurcated outlets using PEO solutions with five different
concentrations of 0.08%, 0.10%, 0.12%, 0.14% and 0.16%. Reproduced from ref. 73. Copyright 2019, American Chemical Society.
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sections, respectively. Further, the focusing and sorting of
two bacterial artificial chromosome DNAs with 61 and 158 kb
in size were demonstrated.

Advances in both theory and experimental conditions were
increasingly seen in DLD, allowing shape-based focusing and
separation of particles at sub-micrometer scale.”® In 2014,
Ranjan et al. found that spherical and non-spherical
bioparticles can be focused to different tight streams using
DLD, allowing the shape-based separation of sub-micrometer
bioparticles.”” More specifically, in the DLD device with an
array of I-shaped pillars, non-spherical E. coli (~0.50 um wide
and ~2.0 pm long) mainly moved forward in a bumping
mode from the inlet (Fig. 4a and b) to the outlet
(Fig. 4b and c) while the spherical S. epidermidis (~0.70 pm
in diameter) followed a different path, resulting in the
separation by shape. Similarly, the non-spherical K
pneumoniae (~0.60 um wide and ~1.80 pum long) and
Pseudomonas aeruginosa (P. aeruginosa, ~0.60 um wide and
~1.60 um long) showed the similar focusing behaviors to
non-spherical E. coli. However, focusing particles smaller
than 0.50 pm was shown to be challenging at that stage, as
the effects such as diffusion and electrostatic forces become
significant for smaller particles.”®”® In 2016, the focusing of
PS particles as small as 0.051 um was achieved using a DLD
device with a large pore of 2.0 um.”* More importantly, the
focusing and size-based separation of exosomes ranging from
0.02 to 0.14 um has been demonstrated using a nanometer
spherical DLD array (Fig. 4d), opening the door for on-chip
sorting and quantification of significant biological
particles.®® Also, this work demonstrated the capability of

=
50 pm
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fabricating DLD device with gaps as small as 0.025 um
(Fig. 4e). By adjusting the gap to 0.235 um, Wunsch et al.
demonstrated the focusing of 0.05 um (yellow) and 0.11 um
(blue) PS particles in a pillar array (Fig. 4f). The detailed
theories of DLD for nanometer particle focusing can be
found in a study by Kim et al,*" where a unified theoretical
framework to predict particle trajectories in the whole pillar
arrays was presented. This theory can be used not only to
explain the unexpected particle trajectories but also to design
DLD arrays for small particle focusing. Predictions from the
theoretical framework were validated experimentally by
focusing 0.05 pm PS particles with carboxylate groups. This
work provides guidelines for modifying the geometry of pillar
arrays to tune the critical diameter as well as the migration
of small particles in an altered zig-zag mode.

The resolution of DLD focusing has advanced from sub-
micrometer scale to nanometer scale to date, enabling
various biomedical and biological applications, e.g.,
separation of exosomes. DLD focusing shows advantages
such as label-free operation, easy operation, and high
focusing resolution. Although the theories of DLD focusing
are improved greatly, its implementation is limited to some
extent by clogging induced by particle-particle or particle-
surface  interactions.”®  Anisotropic  permeability, the
microfluidic array's inherent tendency to induce an
undesired lateral pressure gradient and unpredictable
particle trajectories, becomes severe for arrays with unequal
axial and lateral gaps or with highly asymmetric shapes.®*
Moreover, the fabrication process for DLD devices is quite
complex.
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Fig. 4 Sub-micrometer particle focusing using DLD pillars with two different shapes: spherical and I-shaped.””° (a—c) E. coli (green) in a DLD
device with an array of |-shaped pillars mainly moves from the inlet (a) via a bumping mode (b) to the outlet (c). Reproduced from ref. 77 with
permission from the Royal Society of Chemistry. (d) A schematic of a spherical pillar array. Particles with diameter Dp, below the critical diameter,
Dc, follow a laminar flow in a zig-zag mode (red), whereas larger particles with Dp > D¢ follow maximum angle 6p,x in @ bumping mode (blue).
Reproduced from ref. 80 with permission from Springer Nature. (e) A scanning electron microscope image of an array with 2 = 400 nm and G = 25
nm. Reproduced from ref. 80 with permission from Springer Nature. (f) The focusing of 0.05 (right-most jet, blue) and 0.11 pm (left-most jet,
yellow) PS particles in an array with a gap of 0.235 um. The initially injected mixture of particles splits into two streamlines due to their differences
in lateral displacements. Reproduced from ref. 80 with permission from Springer Nature.
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3. Active methods

Unlike passive techniques, active microfluidic techniques
depend on the external fields to generate driving forces to
direct sub-micrometer particles to their equilibrium
focusing positions. This section discusses three main types
of approaches including dielectrophoresis, acoustophoresis
and thermophoresis, which use electric field, acoustic field
and thermal field, respectively, to focus sub-micrometer
particles.

3.1 Dielectrophoresis

Dielectrophoretic ~ (DEP) focusing arises from the
translational motion of particles by the forces exerted by a
non-uniform electric field on the electric dipoles of
particles (Fig. 1e). If there are electric field non-
uniformities normal to streamlines, particles can be
deflected across the streamlines by DEP force (Fpgp, eqn
(8)), and finally focused to a tight streamline under the
combined effect of DEP and hydrodynamic forces.**** The
magnitude and direction of Fpgp on a spherical particle
depends on electric field strength (E), permittivity of
particle and fluid, and Clausius-Mossotti factor (f), which
are formulated as follows,*®

Fpgpp = 2nemR’ Re(f)VE? (8)
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where ¢, is medium permittivity and R is particle radius. ¢* = ¢
- io/w represents effective complex permittivity, where ¢, o and
o are dielectric permittivity, electric conductivity and angular
frequency of the applied electric field. Subscript “p” and “m
indicate the quantities for particle and medium, respectively.
Particles will be repulsed to the lower electric field when the
real component of the Clausius-Mossotti factor is greater than
zero (Re(f}) < 0), and attracted to the higher electric field when
Re(f) > 0. Here, the attractive (Re(ff) > 0) and repulsive (Re(/)
< 0) processes are defined as positive and negative DEP
focusing, respectively. In addition to metal-electrode based
DEP (eDEP), insulator-based DEP (iDEP) also works for sub-
micrometer particle focusing, where the non-uniform electric
field is induced by insulating structures.®®

In 2010, Kayani et al. designed a microfluidic device
(Fig. 5a) with curved electrodes to focus smaller (<1.0 um)
particles (Fig. 5b and ¢).*” Using deionized water with relative
permittivity of 77.6 and electric conductivity of 2 x 107 S m™,
as the suspending medium, the focusing of 0.23 um silica
particles into a single stream has been demonstrated (Fig. 5d)
at a flow rate of 10 uL min™" (the magnitude and frequency of
the alternating current, AC, field is 15 V and 5.0 MHz,
respectively). Similarly, a narrow focal stream was observed
for 0.45 pum silica particles at a flow rate of 2.0 pL min™
(Fig. 5e). Further, Chrimes et al. demonstrated the focusing of

(f)
-HV(MO)

+HV(1) "V-»‘w(c)

Focused

Fig. 5 DEP devices for the focusing of silica particles®” and PSI crystals.?® (a) A DEP electrode array consists (b) curved electrodes with (c) specific

dimensions. Reproduced from ref. 87 with permission from John Wiley and Sons. DEP focusing of (d) 0.23 and (e) 0.45 um silica particles.
Reproduced from ref. 87 with permission from John Wiley and Sons. (f) A schematic of the entire iDEP focusing and sorting device (without
reservoirs for clarity). The zoom-in schematic shows the constriction region connecting the inlet channel to the outlets (right). Reproduced from
ref. 26. Copyright 2013, American Chemical Society. (g) Larger particles are focused toward the center of the device while the smaller particles are
deflected into the side outlet channels using iDEP. Reproduced from ref. 26. Copyright 2013, American Chemical Society. (h) A fluorescent image
of PSI crystal focusing. Reproduced from ref. 26. Copyright 2013, American Chemical Society.
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~0.22 um PS particles and ~0.08 pm tungsten trioxide (WO3)
particles using a similar electrode design.®® A study by Park
et al. demonstrated the focusing of E. coli by negative DEP at
the upstream channel, which facilitates the separation from
blood cells by positive DEP at the downstream.*”

In 2013, an simulation of iDEP by Abdallah et al. showed
the separation of 0.09 pum particles from 0.90 pm ones by
focusing the larger particles in the center while deflecting the
smaller ones to the side channels.>® The microfluidic device
consists of one inlet for sample injection, where positive
potential is applied, and five outlets with negative potentials
for the collection of the sorted fractions (Fig. 5f). The inlet
channel and outlet channels are connected by a constriction
region, which is used to produce an inhomogeneous electric
field (Fig. 5f, right). When flowing from the inlet to outlets
driven by electroosmosis, larger particles are focused to the
channel centerline by negative DEP force (Fig. 5g). Based on
this mechanism, larger photosystem I (PSI) crystals were
focused into the center of the microchannel, while the
smaller ones of around 0.10 um were deflected to the outlets
closer to the sidewalls (Fig. 5h).

Kim et al. reported that E. coli can be focused under high
flow rate conditions (e.g., 25 uL min') using positive DEP."°
The focused E. coli can be captured by the electrodes to serve
as sensors, showing the potential for the development of
portable and highly sensitive chips that can enable rapid
detection of bacteria in drinking water. In 2017, the focusing
of A-DNA of 48.5 kb was achieved, along with its separation
from plasmid DNA of 10.2 kb.”" Interestingly, Rozynek et al.
showed that conductive particles with diameters ranging
from sub-micrometer to micrometer scale could be focused
using DEP forces and then deposited onto the surface of any
materials, e.g., glass, to form desired conductive patterns,
holding promise for the manufacturing of circuits.”> By
combining with accurate control over the conductivity of sub-
micrometer particles, it may allow the use of microfluidics
for precise particle patterning.

Although DEP focusing shows advantages such as high
focusing resolution, real-time control, etc., it is still limited to
the complicated process for sample preparation and the risk
of sample damage. The main demerit of DEP is the demand
for the sample with low conductivity, such as deionized water
and sucrose solution.”>®" Unfortunately, most clinical
samples and food matrices, e.g., whole human blood and
cow's milk, have high conductivity,”°® making them
unsuitable for use in DEP devices. In summary, as one of the
main pillars of particle manipulation techniques in
microfluidics, DEP is widely used and still catching interests
in the future.”” %

3.2 Acoustophoresis

Acoustophoretic focusing refers to the use of acoustic waves
to induce particle lateral migration towards or away from
pressure nodes or antinodes (Fig. 1f). It depends not only on
the density and compressibility of the suspending medium

This journal is © The Royal Society of Chemistry 2019
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but also on the size, density and compressibility of the
particle. There are two types of acoustic standing waves: 1)
bulk acoustic waves operating at the frequency usually in the
range from 1.0 to 10 MHz, and 2) surface acoustic waves
(SAWSs) which can be further classified into traveling surface
acoustic waves (TSAWSs) and standing surface acoustic waves
(SSAWSs).'°1%% Since the acoustic force is proportional to the
SAW frequency, higher operating frequency (e.g., 636 MHz) is
always used to counterbalance the drag force to focus
particles smaller than 1.0 um.*®*"'%¢ A TSAW arises from an
AC signal applied to interdigitated transducers (IDTs) on
piezoelectric substrates, while an SSAW arises when two
TSAWSs interfere oppositely.'°>'°” In an SSAW, the acoustic
force (F,) can be calculated by the acoustic pressure (p) on a

spherical particle with d in diameter as below,>*"%®
TCZ 2 3
Fa= fzz P Sm( ) (10)
<5pp me B
) (22) o
pr pm

where f, and S, are compressibility of medium and particle,
respectively, py,, and p, are density of medium and particle,
respectively, ¢ is acoustic constant factor, y is the distance
from a pressure node and / is ultrasonic wavelength. When
SSAWs encounter the liquid medium inside the channel,
leakage waves in the longitudinal mode are induced,
resulting in pressure fluctuations in the medium.'® These
pressure fluctuations induce acoustic radiation forces acting
laterally on the particles. Then, the suspended particles will
be directed toward either the pressure nodes or antinodes,
depending on the density and compressibility of the medium
and suspending particles, as well as the size of particles (eqn
(10) and (11)).

Using SSAW-induced acoustophoresis, it demonstrated
that 0.87 um PS particles can be focused along the sidewalls
of the microchannel at flow rates ranging from 0.60 to 2.0 pL
min~".'°® Continuous particle separation and a subsequent
collection at the downstream have been achieved. Also, 0.50
um PS particles are steadily aligned into a focal streamline by
SAWs at a flow rate of 0.20 uL min ".'°" In 2014, Destgeer
et al. designed a cross type particle sorter that could generate
TSAWSs by a focused IDT (Fig. 6a).'°> This device enabled the
separation of 0.71 and 3.0 um PS particles by focusing them
into different streamlines by TSAWs at 200 MHz (Fig. 6b).
Also, a study by Collins et al. showed that 0.50 um PS particles
can be focused using SAWs."'® By taking advantage of the
acoustic streaming induced drag force, Antfolk et al. achieved
the focusing of E. coli and PS particles as small as 0.50 pm
with a recovery rate of over 90% using bulk acoustic waves.>”

In 2015, Lee et al. showed that exosomes are able to be
focused using acoustic forces in an SSAW-based device,®
which consists of a pair of IDT electrodes to produce SSAWs
across the flow, and two side outlets and one center outlet
for collecting larger extracellular vesicles and exosomes,
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Fig. 6 Acoustic focusing of PS particles'®? and extracellular vesicles.?® (a) A schematic showing the cross type acoustic particle separator. The TSAWs
generated by the IDT are coupled with the fluid inside the PDMS microchannel. The particles are collected at separate outlets. Reproduced from ref.
102 with permission from the Royal Society of Chemistry. (b) The focusing of 0.71 and 3.0 um PS particles into different streamlines with TSAWSs. The
plot (top) shows the scattering light intensity from the particles across the width of the microchannel. Reproduced from ref. 102 with permission from
the Royal Society of Chemistry. Schematics of (c) the operation mechanism with SSAWs and (d) the acoustic device. Reproduced from ref. 28.
Copyright 2015, American Chemical Society. (e) Numerical and experimental results showing the focusing of 0.19 um (green) and 1.0 um (red) PS
particles to focal streamlines at different lateral positions using SSAWs. Reproduced from ref. 28. Copyright 2015, American Chemical Society.

respectively (Fig. 6c and d). They also demonstrated the
focusing of 0.19 and 1.0 um PS particles in both numerical
simulations and experiments (Fig. 6e). Then this device was
utilized for selective isolation of exosomes smaller than 0.20
um by displacing the larger extracellular vesicles to nodes of
acoustic pressure region (Fig. 6¢). During this process, the
larger extracellular vesicles move faster compared to smaller
ones due to larger acoustic force that is proportional to the
volume of extracellular vesicles.

In 2018, Gautam et al. reported the use of SAWs for focusing
E. coli and 0.25 pm PS particles by displacing them to different
lateral positions within the microchannel.''' This work is
important as it achieves high-speed (50 uL min™") separation of
micrometer and sub-micrometer particles by displacing
particles to different size-dependent streamlines. Also, the
focusing of E. coli was demonstrated using tilted-angle
SSAWSs.""> More recently, Wu et al. achieved the focusing of
extracellular vesicles and lipoproteins using SSAWs, leading to
continuous particle separation at the downstream.'"® Please
note that these two types of sub-micrometer particles are
similar in size, but their acoustic properties, the tendency to
move to the nodes or antinodes, are different.

Acoustophoretic focusing is potentially useful for health
monitoring, disease diagnosis and personalized medicine. It
shows merits such as non-contact, gentle and label-free
manipulation, making it as a promising technique for sub-
micrometer particle focusing. Although inherently limited by
the attenuation of acoustic waves, the understanding of
acoustic focusing in fluids has greatly advanced in parallel
with development in devices and fundamentals of
piezoelectricity, piezoelectric materials and transducers."**

Lab Chip

3.3 Thermophoresis

Thermophoresis is a process in which suspended particles
are driven towards the lower temperature region in non-
isothermal mixtures. Thermophoretic focusing refers to the
focusing of particles by adjusting thermophoretic force (Fy)
acting on the suspended particles when a temperature
gradient exists (Fig. 1g). For example, the particles can be
equilibrated to the isothermal layer due to Fp (eqn (12))
within a channel. After the discovery of thermophoretic
phenomenon by Maxwell, Epstein quantitated Fr on a
spherical particle in a gas by an equation, which was further
improved by Brock and Talbot et al for more general
predictions.'™ ™ Fr. can be expressed as below,*®

_ 6 dy ke VT

Frp Al
! P s kp + 2ks Ty

(12)

where ¢ is dynamic viscosity of the fluid, d, is particle
diameter, p¢ is fluid density, Cg equals 0.13 for particles on
the order of 1.0 um,"*® k¢ is fluid thermal conductivity, k;, is
particle thermal conductivity, VT is uniform temperature
gradient and T is fluid absolute temperature.
Thermophoretic  behavior is similar to that of
thermodiffusion as the size of the suspended phase is similar
to the one of the molecules, indicating the key role of
thermophoretic force on the particles with the size in the
range of 0.10 to 1.0 pm."*° The simulation by Eslamian et al.
demonstrated that 1.0 um gold particles can be focused to a
streamline close to channel center within a channel having a
20 K difference in temperature between the channel walls (a
velocity of 50 mm s™')."*" By using a similar microchannel
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(Fig. 7a), the focusing of sub-micrometer particles ranging
from 0.10 pm to 1.0 um was achieved by thermophoretic
effects."'® The numerical simulations in this work showed
that 0.10, 0.50 and 1.0 um particles can be focused to
different lateral positions when there is a 10 K temperature
difference between channel walls. Here, the velocity gradient
across the width of the channel is almost constant (Fig. 7b),
while the temperature gradient across the channel width
shows a dramatic decrease, enabling the thermophoretic force
to drive relatively larger particles upwards by
counterbalancing the gravitational force (Fig. 7c). When the
temperature difference between channel walls was changed to
2.0 K, it showed that 0.50 um particles that randomly
distributed at the inlet (Fig. 7d) can be focused at 3.0 mm
downstream (Fig. 7e). It should be noted that both numerical
simulations and experiments have been performed to
demonstrate the successful focusing of sub-micrometer
particles by thermophoresis. Thermophoretic focusing of sub-
micrometer charged PS particles was also observed in
experiment.'>” Zhou et al. demonstrated that 0.74 um charged
PS particles can be focused and then sorted from the 2.0 um
ones in a size-dependent manner using thermophoresis.
Based on the information provided above, we can see that
the resolution in thermophoretic focusing has improved,
indicating the potential of further applications in the

<o
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Fig. 7 The focusing of sub-micrometer particles using thermophoretic effects.
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detection and separation of nanometer particles in a label-

However, thermophoresis may induce
thermophysical changes in bioparticles, e.g., lipid vesicles.'*?

4. Other methods

free manner.

Besides the six main microfluidic methods discussed above,
there are a few more techniques applicable for sub-
micrometer particle focusing, such as hydrophoresis, optical
tweezers, magnetophoresis and electrophoresis.
Hydrophoretic and optical methods have been demonstrated
for focusing particles at sub-micrometer scale, however, we
failed to find any reports on sub-micrometer particle focusing
by either magnetophoresis or electrophoresis.

Hydrophoresis refers to the movement of suspended
particles using rotational flows induced by anisotropic
obstacles (Fig. 1d)."** Geometric parameters such as channel
width and oblique angle of grooves can affect focusing
efficiency."”® By using anisotropic obstacles, 0.52 pum PS
particles were shown to be focused by hydrophoretic effects
at a flow rate of 5.1 mm s ."** The same device was also
used for the separation of DNA molecules of 49 and 115 kb.
Hydrophoresis is simple to operate, but it subjects to high
probability of clogging since the obstacle height needs to be
comparable to the particle size.”
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118140 (3) The microchannel with a temperature difference between

sidewalls for thermophoretic focusing of sub-micrometer particles. Reproduced from ref. 118 with permission from Taylor & Francis. Simulation
results of (b) velocity contours and (c) temperature contours in the microchannel. Reproduced from ref. 118 with permission from Taylor & Francis.
Experimental results showing that 0.50 um PS particles are randomly distributed at the inlet (d) but focused at 3.0 mm downstream (e). The yellow
and red lines represent the center of the channel and the particle focusing streamlines, respectively. Reproduced from ref. 118 with permission
from Taylor & Francis. (f) A schematic of the thermophoretic sorter with an expansion-contraction microchannel. Simulation results of temperature
gradient contours with an expansion-contraction ratio of (9) H,:H, = 1 and (h) H,:H, = 4. Reproduced from ref. 140. Copyright 2019, Elsevier.
Experimental results showing the focusing of 0.50 um (up) and 1.0 um (low) fluorescent particles at the inlet velocity ratio of (i) ua:ug = 4, (j) ua:
ug = 8 and (k) ua:up = 12. Reproduced from ref. 140. Copyright 2019, Elsevier.
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Optical forces can be used to manipulate particles with
size ranging from tens of nanometers to tens of
micrometers."**'?” The underlying mechanism of the optical
focusing technique is identical to that of optical tweezers for
particle trapping (Fig. 1h). Zhao et al. provided a method
based on optical gradient forces to guide and focus particles
in fluid flows by numerical simulations and particles as small
as 0.10 pm were focused close to the center of the
microchannel.’*® This method features non-contact, easy
fabrication and operation, but it is limited by low flow rates
(e.g, 1.0 mm s ™).

Magnetophoresis demonstrates its capability for the
focusing of particles at micrometer scale, e.g,
superparamagnetic and  diamagnetic  particles and
cells,"****> where the forces exerted on the particles are
generated due to the difference in permeability between
particles and the suspending medium. Electrophoresis, in
which a uniform electric field is applied, enables the focusing
of charged particles with different sizes into different
streamlines in a size-dependent manner, and facilitates
downstream separation in microfluidics."*®* A study by
Kawamata et al. demonstrated that 1.0 and 2.1 um particles
are focused into different streamlines by electrophoretic
forces.”** Compared with DEP, electrophoresis is limited to
charged particles.

Hybrid methods, which normally combine active and
passive techniques, are emerging techniques that feature
better performance in terms of stability, versatility and
convenience."*>"*® The integration of 1) DLD with DEP, and
2) inertial microfluidics with thermophoresis have been
demonstrated for the focusing of sub-micrometer particles.
By introducing an electric field to DLD, the focusing of PS
particles and extracellular vesicles was achieved in a tunable
manner."*”"** The integration of DEP with DLD can decrease
the critical size of a DLD chip in a controlled manner,
enabling the focusing not only depends on size but also on
dielectric properties of target particles.*® Also, this hybrid
method shows other benefits, such as the decrease in the
probability of clogging, as the D. can be decreased with the
aid of DEP without the need to reduce the size of the gaps
between the pillars.

The integration of inertial microfluidics and
thermophoresis enables the focusing of sub-micrometer
particles at a relatively low flow rate."*® Wang et al. achieved
the thermophoretic sorting of 0.50 and 1.0 um fluorescent
particles by focusing them into different streamlines in an
expansion-contraction microchannel with the aid of inertial
microfluidics (Fig. 7f). Numerical simulations demonstrated
that the contraction region with an expansion-contraction
ratio of 4 (Fig. 7h) enhances the temperature gradient
compared to the one with an expansion-contraction ratio of
1 (Fig. 7g). The enhanced temperature gradient increases the
magnitude of the thermophoretic force exerted on particles,
leading to the better focusing performance in the expansion
region. Experimental results showed that 0.50 and 1.0 um
fluorescent particles were focused to upper and lower
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streamlines, respectively (Fig. 7i-k) at different inlet velocity
ratios (AT = 5.0 K, ug = 2.0 mm s ', Hy:H, = 4). Hybrid
methods seem to be more promising for particle focusing as
the research is becoming increasingly interdisciplinary.

5. Discussion

Microfluidics is capable of focusing sub-micrometer particles,
such as PS beads, bacteria, exosomes and DNA, which are
significant in biomedical, environmental and industrial
fields. A variety of microfluidic techniques have been
demonstrated for particle focusing with resolution at sub-
micrometer scale, although it is still challenging for a couple
of techniques such as hydrophoresis and inertial
microfluidics to focus the particles as small as 0.10 um. New
physics begin to emerge and need to be considered as
particle size decreases to sub-micrometer scale. In this
section, we firstly talk about four types of particles within
sub-micrometer range, and then the challenges including
diffusion, throughput and resolution are discussed. We also
talk about the ability of each method to integrate with
downstream  separation components. Lastly, design
guidelines for the focusing of sub-micrometer particles using
each technique are presented, which are expected to be
useful for lab-on-a-chip researchers in both academia and
industry.

5.1 Sub-micrometer particles

Polystyrene particles. Sub-micrometer PS particles are
regarded as suitable model particles in research activities
such as diagnosis, imaging and optical tracking,’” because
there are biocompatible, do not degrade in cellular
environment and can be synthesized in a wide range of sizes.
Most of the microfluidic techniques discussed in this review
are applicable to the focusing of sub-micrometer PS particles.

Inertial microfluidics and hydrophoresis do not show high
focusing resolution, as it calls for a significant increase in
minimum channel length for inertial focusing and
comparable obstacle height to particle size for hydrophoresis.
DLD shows better performance in precise particle focusing
and separation, especially for nanometer PS particles, but the
throughput is quite low (e.g., 0.05 uL min'),”* which may
limit its applications. Acoustophoresis is promising for the
focusing of PS particles at sub-micrometer scale due to its
high compatibility and advances in piezoelectric thin
films.'*!

Bacteria. Sub-micrometer bacteria with at least one
dimension less than 1.0 um are of great significance to study.
For example, E. coli, K. pneumoniae and P. aeruginosa are
clinically relevant, and E. coli exists widely in humans,
animals, food and environment."*> The focusing of E. coli
can be achieved using inertial microfluidics, viscoelastic
microfluidics, DLD, DEP and acoustophoresis. Inertial
microfluidics may be the most promising technique due to
its features of high throughput and simple operation.
Acoustophoresis can confine bacteria in a tight streamline at
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a relatively low flow rate by structural improvements, e.g., the
use of 2D bulk acoustic waves”” and an ultra-thin glass
chip.’® The throughput of viscoelastic microfluidics and
DEP is not as high as that of inertial focusing.

DLD device with I-shaped pillars realizes the shape-based
focusing and separation of the bacteria, by focusing the
spherical S. epidermidis into the streamlines different to that
of the rod-shaped bacteria including E. coli, K. pneumoniae
and P. aeruginosa.”” Although inertial microfluidics has been
demonstrated for focusing of particles at micrometer scale by
shape,'**'** there is no report on sub-micrometer particles
yet. Please note that other methods such as
magnetophophoresis’*® and nanofluidics'*” have been
demonstrated for the separation of bacteria.

Exosomes. Exosomes are lipid-bilayer-enclosed
extracellular vesicles containing proteins and nucleic acids,
which are released into extracellular space and enter the
circulation.*®*° Initially, its size range was defined as from
0.05 to 0.10 pum, then the range was increased to include
those with size as small as 0.02 pm and over 0.10 pm (e.g.,
0.15 pm)."*"**> Although the strict definition by size or
biogenesis has not been established yet,">® numerous studies
have focused on this type of extracellular vesicles due to their
significant roles in intercellular communication,"”* drug
delivery,"*® disease diagnostics,"”" etc. Acoustophoresis is
commonly used for extracellular vesicles focusing and sorting
in microfluidics, and shows high compatibility with other
microfluidic components. It is capable for acoustic focusing
of extracellular vesicles ranging from 0.10 to 1.0 um.'®®
However, when it goes down to the minimum exosome size
(i.e., 0.02 pm), this method becomes less effective, as both
exosomes and smaller particles are focused in the same
streamline. This drawback is also seen in viscoelastic
microfluidics. DLD device shows great promise for exosome
analysis with high precision, and the separation of 0.02 pm
exosomes and smaller ones using DLD pillars has been
demonstrated.®” More recently, precise focusing of exosomes
(0.05 to 0.20 um) using electroosmotic flow-driven DLD was
achieved."”” Please note that exosomes may bump into
smaller particles during the operation process. Therefore, it
calls for attention to device design and flow rate selection.
Also, the issues such as scalability, validation and
standardization remain to be solved to allow a practical
clinical applications for exosome diagnosis."*’

DNA. DNA has a size ranging from nanometer to
micrometer, and can construct complex topologies and
secondary structures."®® Microfluidic devices achieved direct
observation and manipulation of DNA, enabling us to elucidate
the relationship between the polymer microstructure and its
rheological properties and to design new platforms for
applications in biophysics and biomedicine.* Conventionally,
gel electrophoresis is used for DNA separation, but it is time
consuming and the process is very complicated.'®® The
focusing of A-DNA, T4-DNA and DNA origami using viscoelastic
microfluidics facilitates the separation at the downstream.®>”°
The focusing of bacterial artificial chromosome DNAs with 61
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and 158 kb was realized using DLD pillars in 2004.”> Besides,
DEP achieves size-based separation of DNA fragments (e.g.,
2.686 and 6.0 kb) by focusing different sized DNA fragments
into different streamlines."®" Both viscoelastic microfluidics
and DLD demonstrated the ability to focus larger DNA
particles, but DLD seems to be more promising for focusing
DNA with smaller sizes in microfluidics.

5.2 Challenges

Diffusion. Diffusion is a physical process where a
concentrated group of particles in a volume spread out over
time by Brownian motion. Peclet (Pe) is used to describe the
time to move a certain distance by radial diffusion and axial
convection, which is formulated as below,®*

vw  diffusion time
Pe= —=——— (13)
D  convection time

where v, w and D are flow velocity, microchannel width and
diffusion coefficient, respectively. For micrometer-sized
particles, the influences of diffusion are usually negligible.
However, diffusivity is increasingly dominant as particle size
decreases. For example, the particle trajectory in DLD devices is
increasingly influenced by diffusion with the decrease in
particle size.”® It is possible to alleviate diffusion by improving
flow velocity, but high velocity may make the fluid flow
unstable in DLD devices. High flow velocity in inertial
microfluidics helps focus sub-micrometer particles and reduce
diffusion effects as well. The viscoelastic properties of
suspending medium in viscoelastic microfluidics can make
diffusion less obvious, hence, improving particle focusing
efficiency. Active methods such as DEP, acoustophoresis and
optical microfluidics also suffer from diffusion. Although the
flow rates are relatively lower in these active techniques than
those in inertial microfluidics, external forces generated by
these techniques dominate over the influence of diffusion on
target particles at sub-micrometer scale, which may make the
focusing less affected by diffusion.

Throughput. Throughput plays an important role in
widening the range of applications of focusing techniques,
for example, practical and industrial applications require
high throughput. When particles scale down to sub-
micrometer, the dimensions of cross channel are always
reduced for effective focusing, making fluidic resistance
increasingly obvious and limiting the improvement in
throughput. The fluid flowing in a channel subjects to an
increase of fluidic resistance as channel dimensions decrease
gradually because of the friction between channel walls and
the fluid body.”® Increasing the ratio of surface to volume
usually results in an increase in fluidic resistance. The
relationship between flow rate (Q) within a microchannel,
pressure difference along the channel (AP) and channel
resistance (R) is given as follows,'®*

=20 (14)

R
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A common strategy to focus small particles is to scale down
the channel dimensions. This usually works for passive
methods due to their dependence on the intrinsic properties of
fluids and channel geometry. For example, the downscaling of
channel cross section contributes to the focusing of 0.92 um PS
particles at a flow rate of 500 uL min".>° The throughput of
viscoelastic microfluidics is generally lower than that of inertial
microfluidics, as the viscoelastic medium causes an increase in
fluidic resistance. The ratio of surface to volume is relatively
high for the fluid flowing in a DLD device, thus increasing
fluidic resistance and contributing to the extremely low
throughput. For example, a study by Wunsch et al. showed that
the flow rate used for the focusing of exosomes (0.02 to 0.14
um) ranges from 0.1 to 0.2 nL min "% Besides, AP will increase
with the increase of surface to volume ratio, resulting in a
higher risk of device damage. Anisotropic obstacles are
employed in hydrophoresis to induce rotational flows to
arrange particles, leading to a relatively high ratio of surface to
volume. Thus, the resultant fluidic resistance is high, which
may be a reason for low throughput in hydrophoretic focusing
of sub-micrometer PS particles.'**

Active methods also encounter fluidic resistance with
respect to the focusing of sub-micrometer particles. Further,
particle focusing is influenced by the combined effects of
hydrodynamic forces and driving forces enabled by external
fields, thus the throughput cannot increase unlimitedly. Kim
et al. achieved the focusing of E. coli using DEP at a moderate
flow rate (25 pL min"),>° which is similar to the flow rate
used in thermophoresis (24 pL min™)."*® The flow rate
applied in acoustophoresis (0.20 to 2.0 uL min™") is not high
in the focusing of sub-micrometer PS particles,>”'%1:102108:110
except the one used by Gautam et al (50 puL min~
Although optical focusing of 0.10 um particles has been
achieved, the throughput is extremely low (0.24 nL min*).**®

Resolution. Improvement of the size resolution of focused
particles is also a challenge toward broadening applications
of the field. It is still difficult to focus particles smaller than
0.50 um for the passive methods such as inertial focusing®>®
and hydrophoresis."** Although inertial focusing features
relatively higher throughput, it calls for smaller channel cross
sections and larger velocities to focus smaller particles.
Viscoelastic microfluidics can achieve the focusing of sub-
micrometer particles in 0.10 to 1.0 um range, however, it is
not able to purely focus exosomes ranging from 0.03 to 0.20
pum, since particles smaller than 0.03 um are also forced to
the same focal streamline.”” DLD is capable of focusing
particles as small as 0.02 pm, allowing the separation of
exosomes ranging from 0.02 to 0.14 um.*® Also, its selective
focusing allows continuous separation of 0.051 and 0.191 pm
particles by size.”* DEP shows to be capable of focusing 0.08
um particles,®® however, the requirement for samples with
low  conductivities®®*  restricts  its  applications.
Acoustophoresis is a mature technique that has been widely
used for various applications, such as the separation of
exosomes and other larger extracellular vesicles by focusing
them to different streamlines.'®® Thermophoresis and optical

1)'111

Lab Chip

View Article Online

Lab on a Chip

focusing have been demonstrated for focusing 0.10 um
particles,"*®'*® and more studies are needed to widen the
sample types and potential applications. More importantly, it
calls for further development in theory and practice to enable
the applications for particles at nanometer scale.

5.3 Capability of integration with downstream separation
components

Various microfluidic focusing techniques, such as inertial
microfluidics,'** DLD,"®® hydrodynamic sheath focusing,®**®”
DEP'® and acoustophoresis’®”'”® have demonstrated the
capability of integrating with downstream sorting components
for the separation of micrometer scale particles (e.g, circulating
tumor cells, microalgae cells, and PS particles). Unfortunately,
there are only a few reports on the integration of upstream
focusing with downstream sorting for applications to sub-
micrometer particles. The challenges, such as fluidic resistance,
diffusion and detection, may be accountable for this.
Hydrodynamic sheath focusing has been integrated with
optical tweezers for the separation of sub-micrometer
microbial cells.”* In 2017, Wu et al. realized the separation
of exosomes directly from whole blood using a microfluidic
device with two sets of acoustic units (Fig. 8)."®® The
upstream unit is responsible for the focusing of apoptotic
bodies, exosomes and microvesicles while deflecting larger
particles including white blood cells, red blood cells and
platelets. Then, the downstream unit achieves the separation
of exosomes, apoptotic bodies and
(Fig. 8a and b). Larger particles are subjected to a larger
acoustic force enabled by the SAW field, and are driven
toward the pressure node (Fig. 8c). This work demonstrates

microvesicles

Whole blood
(a) PBS

PBS.

Unit 1:

Cell- -
removal |\
module”

A - .
Unit 2: Q ol
Exosome- N S R R
isolation jz.‘!f!_"“‘** .
module = e e ROy
. ABs, BRSNS oo
EXOs l MVs —— Pressure node
A\ —— Pressure antinode

Fig. 8 Schematic illustration and mechanisms for isolating exosomes
from blood using an acoustic microfluidic device.*®® (a) RBCs, WBCs,
and PLTs are filtered by the cell-removal module, and then subgroups
of EVs (ABs: apoptotic bodies; EXOs: exosomes; MVs: microvesicles)
are separated. Reproduced from ref. 163. Copyright 2017, National
Academy of Sciences, USA. (b) An optical image of the device. Two
acoustic modules are integrated on a single chip. Reproduced from
ref. 163. Copyright 2017, National Academy of Sciences, USA. (c) Size-
based separation due to the lateral deflection induced by an acoustic
field. The periodic distribution of pressure nodes and antinodes
produces an acoustic radiation force to push larger particles toward
node planes. Reproduced from ref. 163. Copyright 2017, National
Academy of Sciences, USA.
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Table 1 Summary of microfluidic techniques for focusing sub-micrometer particles
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Size
Classification Method Criteria Sample (wum) Throughput Merits Demerits
Inertial focusing®®**>¢  Inertial fluid Size PS patrticles, E. coli, 0.50 30to 500  High throughput Low resolution
S. typhimurium and  to pL min~*
K. pneumoniae 0.92
Viscoelastic Viscoelastic Viscoelasticity PS particles, E. coli, 0.10 0.27 nLto Easy to operate  Particle-particle
microfluidics®>#%7*73  fluid and size A-DNA and T4-DNA, to 25 pL min™* interactions
exosomes, ~1.0
microvesicles
DLD7*7%77:80 DLD pillars Size and shape  PS particles, DNA, E.  0.02 0.10 nL to  High resolution =~ Complex
coli, S. epidermidis, to 0.05 pL and fabrication and
K. pneumoniae 1.50 min™" shape-dependent anisotropic
P. aeruginosa, permeability
exosomes
Hydrophoresis'** Anisotropic Size PS particles and 0.52  0.01 puL Easy control Low throughput
obstacles DNA to min* and clogging
1.10
DEP>¢-87-89.91 Non-uniform Polarizability Silica, PS and WO;  0.08 0.022 to 25 High resolution ~Complicated
electric field and size particles, E. coli, PSI to pL min~* and real-time preparation
crystals, A-DNA 0.90 control process and risk
for sample damage
Acoustophoresis®”'%®%  Acoustic field =~ Compressibility, PS particles, 0.11 0.20to 4.0 Versatile and Attenuation of
acoustic exosomes, E. coli, to uL min™" non-contact acoustic waves
properties, chylomicrons, and 0.87
density and size  lipoproteins
Thermophoresis'*® Non-isothermal Size PS particles 0.10 24 pL min~' Non-contact Risk of changes in
field to (10 mms™) structures
1.0
Optical tweezers'>® Optical field Size N.A. 0.10 0.24 nL No need for Low throughput
to  min" sheath flow and
0.20 simple
fabrication
DEP + DLD"7138 Non-uniform Polarizability Extracellular 0.05 0.30 nL Tuneable critical Low throughput
electric field +  and size vesicles, PS particles to min* diameter
DLD pillars 0.50
Inertial + Inertial fluid +  Size Fluorescent particles 0.50 N.A Non-contact Low throughput
thermophoresis'*® non-isothermal to
field 1.0

the ability of the acoustic focusing technique to integrate
with the downstream separation components. We expect that
this device can further advance exosome-related biomedical
research with potential applications in health monitoring,
disease diagnostics and therapeutics.

5.4 Design guidelines

The mechanisms underlying each technique are different,
thus leading to the difficulties in the development of overall
design guidelines for the focusing of sub-micrometer
particles. Here, we summarize general design guidelines for
each technique based on its operating principles.

In inertial microfluidics, required minimum channel
length and flow rate should be designed to achieve effective
focusing of particles to equilibrium positions in straight
rectangular or continuously curving channels.”” To avoid
trade-off between these two parameters, using a channel with
varying cross sections is a promising method.*> For
viscoelastic microfluidics, precise control of the rheological
properties of the carrier solution is the key.*® Critical
diameter plays an essential role in a DLD device, so its design

This journal is © The Royal Society of Chemistry 2019

should focus on the physics between pillars. Moreover, the
integration of DLD with external fields provides an
alternative approach to promote focusing performance.'*®
Appropriate anisotropic obstacles are used for hydrophoretic
focusing, and the height of the obstacles need to be
comparable to particle size.'>*

Non-uniform distributed electrical field is the key for DEP
focusing, and careful design of electrode arrays within
channels or insulating structures is necessary.'”> A general
approach for effective focusing of small-sized particles by
acoustophoresis is to use high-frequency acoustic radiation.
Also, the layout of piezoelectric films needs to be considered.
Particle focusing using thermophoresis is at a nascent stage,
and several factors, such as temperature gradient, flow rate and
channel geometry can affect thermophoretic focusing. The
mechanism of focusing sub-micrometer particles using optical
force is identical to optical tweezers."*®*'” Please refer to
comprehensive and  in-depth  studies on  inertial
microfluidics,***>°*7*  viscoelastic =~ microfluidics,*®'7>17°
DLD,76,138,177 hydrophoresis,124’125 DEP,172'178
acoustophoresis,'”'*"'7®  thermophoresis and optical

focusing*®'7® to obtain detailed design guidelines.

118,180
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6. Conclusion

Due to the significance of sub-micrometer particles (e.g.,
microvesicles, protein aggregates and E. coli) in various fields
such as biology, biomedicine, chemistry and environment,
the focusing of sub-micrometer particles, a prerequisite step
for downstream detection, separation and manipulation,
draws great interest in microfluidic devices. With
improvements in theoretical fundamentals and fabrication
technology, the focusing resolution has advanced from
micrometer to sub-micrometer and even to nanometer scale.
It also allows the integration of particle focusing techniques
to lab-on-a-chip systems for wider applications.

In this work, eight main microfluidic techniques, either
passive or active, for focusing sub-micrometer particles have
been discussed along with hybrid methods. Their
characteristics are summarized and compared in Table 1.
The selection of the optimum approach usually depends on
the needs of applications. Each microfluidic technique has
its merits and demerits, for example, inertial microfluidics
can achieve high throughput but it is limited by low focusing
resolution. Further, hybrid microfluidics integrates the
strength of each approach, making it attractive for particle
focusing. Although great advances in sub-micrometer particle
focusing have been achieved in microfluidic devices recently,
it calls for further optimization of these techniques to
improve focusing resolution, simplify sample preparation,
reduce the risk of sample damage, enhance throughput, etc.
for practical applications. We expect that better performance
of sub-micrometer particle focusing in terms of accuracy,
throughput and reproducibility can be achieved with future
advances in microfluidic techniques.
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