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Research Article

Investigation of viscoelastic focusing of
particles and cells in a zigzag microchannel
Microﬂuidic particle focusing has been a vital prerequisite step in sample preparation for
downstream particle separation, counting, detection, or analysis, and has attracted broad
applications in biomedical and chemical areas. Besides all the active and passive focusing methods in Newtonian ﬂuids, particle focusing in viscoelastic ﬂuids has been attracting increasing interest because of its advantages induced by intrinsic ﬂuid property. However, to achieve a well-deﬁned focusing position, there is a need to extend channel lengths
when focusing micrometer-sized or sub-microsized particles, which would result in the
size increase of the microﬂuidic devices. This work investigated the sheathless viscoelastic focusing of particles and cells in a zigzag microﬂuidic channel. Beneﬁt from the zigzag
structure of the channel, the channel length and the footprint of the device can be reduced
without sacriﬁcing the focusing performance. In this work, the viscoelastic focusing, including the focusing of 10 μm polystyrene particles, 5 μm polystyrene particles, 5 μm
magnetic particles, white blood cells (WBCs), red blood cells (RBCs), and cancer cells,
were all demonstrated. Moreover, magnetophoretic separation of magnetic and nonmagnetic particles after viscoelastic pre-focusing was shown. This focusing technique has the
potential to be used in a range of biomedical applications.
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1 Introduction
Microﬂuidic devices have the advantages of reduced sample volume needed, lower cost, relatively high eﬃciency,
and accuracy [1–6]. Because of these advantages, they have
been proven as promising platforms for the manipulation
of both biological and synthetic particles in a broad range
of ﬁelds including biology, chemistry and medical science
[7–10]. Among all kinds of particle manipulation, microﬂuidic particle focusing always serves as a prerequisite step for
downstream particle separation [11–13], counting [14], detection, or analysis [15–17]. Moreover, the ability to position particles in a tightly focused stream is essential for various ﬂow
cytometry [18], such as imaging ﬂow cytometry [15,19,20], Raman ﬂow cytometry [21], and deformability cytometry [22,23].
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Particle focusing in a Newtonian ﬂuid has been extensively studied using both active and passive methods [11,24–
26]. Active methods are based on the external force ﬁelds,
such as dielectrophoresis [27,28], magnetophoresis [29,30],
acoustophoresis [31], and optical tweezers [32]. Passive methods rely on intrinsic hydrodynamic forces which are induced
by specialized designed channel geometry or structures [33–
35], such as pinched ﬂow fractionation (PFF) [36], deterministic lateral displacement (DLD) [37], hydrodynamic ﬁltration
[38], and inertial microﬂuidics [24,39,40].
The microﬂuidic particle focusing methods mentioned
above are all performed in Newtonian ﬂuids, while particle manipulation methods utilizing viscoelastic ﬂuids have
been increasingly attracting interest from the research community. Particles suspended in a viscoelastic ﬂuid would
experience ﬂow-induced elastic lift force, inertial lift force,
and drag force. Particle trajectories and equilibrium positions are tuned by the competition of these forces. Based
on the intrinsic elastic properties of viscoelastic ﬂuids, the
need for external force ﬁelds or complex channel geometries for eﬃcient particle focusing can be eliminated [41–47].
The advantages of viscoelastic ﬂuids allow the fast growth of
Color online: See article online to view Figs. 1–6 in color.
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microﬂuidic techniques and applications for particle focusing. The viscoelastic particle focusing has been investigated
extensively in straight channels with cylindrical [48–50] and
rectangular cross-sections [51–54], spiral microchannels [55–
57], straight channels with sidewalls [12,58], and symmetric
serpentine microchannels [59]. However, to achieve a welldeﬁned focusing position, there is a need to extend channel
length when focusing micrometer-sized or sub-microsized
particles [59–61], which would result in the size increase of
the microﬂuidic devices.
To address the above problem, this work investigated the
sheathless focusing of particles and cells in viscoelastic ﬂuids in a zigzag microﬂuidic channel and particle separation
combined with positive magnetophoresis. Beneﬁt from the
zigzag structure, the channel length and the footprint of the
device can be reduced without sacriﬁcing the focusing performance. In this work, the viscoelastic focusing for a variety of particles and cells, including 10 μm polystyrene particles, 5 μm polystyrene particles, 5 μm magnetic particles,
white blood cells (WBCs), red blood cells (RBCs), and cancer cells was evaluated. Moreover, magnetophoretic separation of magnetic and nonmagnetic particles after viscoelastic
pre-focusing was performed as well. This focusing technique
can serve as a pre-ordering unit in ﬂow cytometry or other cell
counting, sorting, and analysis systems.

2 Materials and methods
2.1 Design and fabrication of the microfluidic device
The microﬂuidic device consists of three zigzag periods for
particle viscoelastic focusing and an expanded channel for
magnetic deﬂection, as shown in Fig. 1A. The width of the
zigzag microchannel is 50 μm. The lengths of long and short
zigzag sides are 5 and 0.6 mm, respectively. At the end of the
zigzag section, the width of the microchannel expands from
50 to 600 μm. A permanent neodymium magnet with a dimension of 4 × 5 × 10 mm (height × width × length) is
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located 1 mm away from the expanded channel. The height
of all microchannels is uniform as 50 μm. The microﬂuidic device was fabricated by standard photolithography and
PDMS soft lithography techniques [62,63]. The photo of the
fabricated device was shown in Fig. 1C. The dimensions of
the PDMS channel part are approximately 50 × 10 × 5 mm
(length × width × height). The PDMS channel slab was
bonded to a microscope glass slide (length × width = 76 ×
25 mm).

2.2 Preparation of PEO solution and particles
For viscoelastic focusing, poly(ethylene oxide) (PEO, Mw =
600 000 Da, Sigma-Aldrich) was dissolved in PBS (Thermo
Fisher Scientiﬁc, Product No.10010023) with a concentration of 1000 ppm to form the viscoelastic ﬂuid. As referenced in the previous work [64], the properties of prepared
PEO solutions are listed in Supporting Information Table
1. The eﬀective relaxation times of prepared PEO solutions
λ were estimated from previous ones measured with capillary breakup extension rheometry (CaBER) [65]. λ can be
deﬁned as λ = 18λz (c/c∗ )0.65 , where c is polymer concentration, and c∗ = 0.77/[η] is the polymer overlap concentration (the intrinsic viscosity [η] = 0.072MW 0.65 ) [66]. λz =
f[η](Mw )ηs /RT is the relaxation time predicted by Zimm theory [66,67], where f (= 0.463) is the prefactor dependent
upon the solvent quality, ηs (= 1 × 10–3 Pa·s) is the solvent viscosity, R (= 8.314 J/mol•K) is the gas constant, and T
(= 293 K) is the absolute temperature. The dynamic viscosity μ f = ηs + ηp = ηs + 0.072cηs MW 0.65 , ηp is the polymeric
contribution to the solution viscosity and can be expressed as
[η]cηs = 0.072cηs MW 0.65 .
Nonmagnetic polystyrene microbeads with diameters of
5 μm (Thermo Fisher Scientiﬁc, Product No. G0500, CV5%),
and 10 μm (Thermo Fisher Scientiﬁc, Product No. G1000,
CV5%) and magnetic particles (Sigma-Aldrich, Product No.
39 689) were respectively dispersed in the 1000 ppm PEO solution at a concentration from 105 to 106 counts/mL. Tween
20 (Sigma-Aldrich, Product No. P9416) with 0.1% w/v was
added to prevent particles from aggregation.

2.3 Preparation of blood cells

Figure 1. (A) Diagram of microchannel structure and dimension.
(B) Particle migration at the U-turn of the zigzag channel. (C) The
photo of fabricated microfluidic device.

© 2021 Wiley-VCH GmbH

Human whole blood was provided by the Australian Red
Cross Lifeblood (Brisbane, Australia) under the Material Supply Deed number 20-02QLD-11. The ethics approval was
obtained from Griﬃth University/University of Queensland
(Approval number: 2020/233 and 2 015 001 037). WBCs were
isolated based on the protocol provided by the company by
centrifugation using a density gradient medium (Leuko Spin
Medium, pluriSelect Life Science UG and Co. KG). In brief,
the double volume of PBS was added to the blood sample for
dilution. Then, the blood sample was carefully layered on top
of the density gradient medium and centrifuged at 1000 × g
for 30 min. Subsequently, the WBCs fraction was removed
www.electrophoresis-journal.com
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from the medium and washed twice. The RBCs were collected from the bottom of the centrifuge tube and washed
twice using PBS. Finally, WBCs and RBCs were suspended
in the prepared viscoelastic PEO solution.

istic) shear rate γ̇ , which is 2Um /w or 2λQ/hw2 in a rectangular channel with w and h the width and height of the channel
cross-section.
Elasticity number, El, is deﬁned as the ratio of Weissenberg number Wi to Reynolds number Rc

2.4 Experimental setup

El =

An inverted microscope (Nikon, Eclipse TS100) was used for
observation of the microﬂuidic device. Particle and cell suspensions were infused into the microﬂuidic device at speciﬁc ﬂow rates by a syringe pump (Cetoni GmbH, neMESYS
290N). A high-speed CCD camera (Photron, FASTCAM SA3)
was mounted on the microscope and captured the movement
videos of single particles at an ultra-short (∼20 μs) exposure
time. The open-source software ImageJ (National Institutes
of Health USA) was used to analyze the captured videos. The
single-particle images were stacked so that the statistical distribution of particles per cells can be visualized.

λμ f (w + h )
Wi
=
Rc
ρ f w2 h

(4)

In viscoelastic ﬂuids, both the ﬁrst normal stress N1
(= τxx − τyy ) and the second normal stress N2 (= τyy − τzz )
contribute to particle migration. τxx , τyy , and τzz are normal
stresses exerted along the main ﬂow, the velocity gradient,
and vorticity direction, respectively. However, the eﬀects of
N2 can be neglected in diluted polyethylene oxide (PEO) solutions [69,70], because N1 is much larger than N2 . The elastic
force FE , which originates from an imbalance in the distribution of N1 over the size of the particle, can be expressed as
[43]:


FE = CeL a3 ∇N1 = CeL a3 ∇τxx − ∇τyy

3 Theory

= −2CeL a3 ηp λ∇ γ̇ 2

(5)

3.1 Inertial lift force
In a Newtonian ﬂuid, the particle migration is governed by
inertial lift force FL . The inertial lift force is the sum of two
lift forces: shear gradient lift force (FLS ) and wall-repulsion
force (FLW ). The inertial lift forcecan be expressed as [39,68]:
ρf Um2 a4
fL (Rc, xc )
FL =
D2h
Rc =

ρf Um Dh
2ρf Q
=
μf
μf (w + h )

(1)

(2)

where ρf , Um , and μf are the ﬂuid density, mean velocity, and
dynamic viscosity, respectively; a is the spherical diameter of
the particles; Dh = 2wh/(w + h) is the hydraulic diameter for a
rectangular channel with w and h the width and height of the
channel cross-section. Q is the volumetric ﬂow rate. The lift
coeﬃcient of the net inertial lift force fL (Rc, xc ) is a function
of the position of the particles within the cross-section of the
channel xc and the channel Reynolds number Rc [39].

In a viscoelastic ﬂuid, an additional elastic force induced by
polymer is applied on particles. The elastic eﬀects of the viscoelastic ﬂuids are characterized by Weissenberg number Wi
[52]:
2Um
2λQ
λ
= λγ̇ = λ
=
tf
w
hw2

(3)

where λ is the relaxation time of the ﬂuid, tf is the characteristic time of the channel ﬂow. The characteristic time is
approximately equal to the inverse of the average (character© 2021 Wiley-VCH GmbH

3.3 Drag force
A drag force arises when an object moves through a ﬂuid or
when the ﬂuid ﬂows past an object, due to a velocity diﬀerence
between particle and ﬂuid, and it is expressed as [24,39]


FD = 3π μf a v f − v p

(6)

where v f and v p are the velocities of the ﬂuid element and
particles, respectively.

3.4 Magnetophoretic force
Magnetophoretic force can alter the motion of a magnetic particle in a viscous medium under the inﬂuence of an external
magnetic ﬁeld, which can be expressed as [71]:

3.2 Elastic force

Wi =

where CeL is the nondimensional elastic lift coeﬃcient. ηp is
the polymeric contribution to the solution viscosity.

Fmag = μ0Vp




Mp − Mf ∗ ∇ H

(7)

where μ0 is the permeability of free space (4π ×
10−7 H/m−1 ), Vp is the volume of the particle, Mp is the
magnetization of the magnetized particle, Mf is the magnetization of the ﬂuid, and H is the magnetic ﬁeld at the center of
the particle. The dimensionless group Rc, Wi, and El under
diﬀerent ﬂow rates have been calculated and summarized in
Supporting Information Table 2.
www.electrophoresis-journal.com
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4 Results and discussion
4.1 Particle migration in zigzag channel
When particles ﬂow in a zigzag channel in viscoelastic ﬂuids,
the particles would experience three diﬀerent kinds of forces:
inertial lift force FL , which consists of the shear-gradient lift
force (FLS ) and wall-repulsion force (FLW ); elastic force FE , resulting from the nature of the viscoelastic medium, and the
Dean drag force FD , induced by the bent structure at each
turning point. When particles ﬂow in a straight channel instead of a zigzag channel in viscoelastic ﬂuids, the particles
will experience inertial and elastic forces, Fig. 1B. The shear
gradient lift force pushes particles away from the centerline
of the channel, while the wall lift force drives particles away
from the channel wall. At the same time, the viscoelastic force
directs away from the wall and declining with increasing distance from the wall. Moreover, because of the zigzag structure
of the channel, at each turning point, the Dean drag force
acts in superposition on the particles, which is perpendicular
to the main ﬂow direction, directing from the inner corner to
the outer corner. The particles can be focused under the synergetic eﬀect of inertial lift force FL , the Dean drag force FD , and
elastic force FE . The zigzag channel is bending alternatively
so that the direction of Dean drag force is varied periodically.
The net eﬀect is that the Dean drag force will promote the
focusing at the channel center. After a given distance, these
particles can be focused within a certain width at the center
of the channel.

4.2 Viscoelastic focusing of nonmagnetic and
magnetic particles
We characterized the viscoelastic focusing performance of
the proposed zigzag channel using both nonmagnetic particles and magnetic particles. 10 μm polystyrene beads were
suspended in the 1000 ppm PEO solution and infused into
the microchannel at ﬂow rates from 2 to 24 μL/min. Figure 2A shows the particle distribution after each zigzag period at the ﬂow rate of 10 μL/min. We can see that particles
spread widely near the channel center after ﬁrst zigzag period
(Fig. 2A). The distribution region shrinks gradually after the
consecutive zigzag periods and ﬁnally forms a single particle
train at the channel center.
Furthermore, we can see that focusing performance is
optimal at a moderate ﬂow rate from 8 to 20 μL/min. Within
this ﬂow region, particles can focus narrowly and the width
of the focusing band can even be as small as one particle diameter (Fig. 2B). The lateral distribution of particles along
the channel width can be ampliﬁed at the expansion region
(Fig. 2C). When the ﬂow rate is below 8 μL/min, the elastic
force is insuﬃcient to push particles into the channel center.
Moreover, when the ﬂow rate exceeds 20 μL/min, more particles escape the focusing area with an increasing ﬂow rate,
which may be due to the rising inertial eﬀects.
© 2021 Wiley-VCH GmbH

Figure 2. Viscoelastic focusing of 10 μm polystyrene particles in
the proposed zigzag channel. (A) Particle distribution at different
locations. (B) Particle distribution under various flow rates. (C)
Particle distribution at the expansion area.

Besides, we characterized the focusing properties of
5 μm polystyrene beads in the proposed channel. Similar to
that of 10 μm particles, the focusing band of 5 μm particles reduces gradually after passing through the subsequent
zigzag periods (Fig. 3A). However, the width of the optimal
focusing band is about two times of particle diameter. This
focusing performance is worse than the 10 μm particles, for
which the focusing band can be as small as one particle diameter. Furthermore, below 8 μL/min, the focusing quality
of 5 μm particles is relatively poor (Fig. 3B and C). Surprisingly, we found that the optimal focusing performance can
maintain at ﬂow rates from ∼8 to ∼32 μL/min, much broader
than that of 10 μm particles. This indicates that the proposed
device can tolerate a wide ﬂow range for the optimal focusing
of small particles.
After that, we characterized the viscoelastic focusing of 5 μm magnetic particles, which is composited by
polystyrene and iron oxide. The density of magnetic particles
is 1530 kg/m3 , much denser than the suspended medium
(∼1000 kg/m3 ). Therefore, in the vertical direction, the particle gravity will aﬀect the balance position of particles. We can
see that the most magnetic particles can be focused decently
along the channel center (Fig. 4). However, a few of them escape and deﬂect slightly from the focusing band, making the
focusing properties worse than nonmagnetic polystyrene particles.

4.3 Viscoelastic focusing of blood cells
After the characterization of polystyrene beads, we further
evaluated the focusing performance of the zigzag channel on
www.electrophoresis-journal.com
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cal shape of WBCs, a wide size range (8–16 μm) [72], and cell
deformability.
We also characterized the focusing properties of RBCs in
the proposed device. RBCs are discoid, with ∼8 μm in diameter and ∼2.5 μm in thickness. The focusing properties of
RBCs are close to that of 5 μm polystyrene beads. When the
ﬂow rate is over 10 μL/min, the RBCs can maintain a fair focusing status, and the focusing streak width is around three
times of cell diameter, (Fig. 5C and D). Besides, we also evaluated the viscoelastic focusing performance of cancer cells in
the proposed channel, as shown in Supporting Information
Fig. 1.

4.4 Magnetic separation of particles

Figure 3. Viscoelastic focusing of 5 μm polystyrene particles in
the zigzag channel. (A) Particle distribution at different locations.
(B) Particle distribution under various flow rates. (C) Particle distribution at the expansion area.

Figure 4. Viscoelastic focusing of 5 μm magnetic particles in the
zigzag channel under different flow rates.

blood cells (i.e., RBCs and WBCs), Fig. 5. The WBCs were
isolated using density gradient centrifugation and then suspended in the PEO solution. The infusion ﬂow rate was from
2 to 24 μL/min. From Fig. 5A and B, we observed that WBCs
have a similar focusing trend as 10 μm polystyrene beads,
but the focusing performance is not as good as polystyrene
beads. A total of 10 μm polystyrene beads can focus as a single particle train at the channel center. In contrast, the WBCs
clearly show deﬂection from the channel center. The relatively
poor focusing performance is probably due to the nonspheri© 2021 Wiley-VCH GmbH

Magnetophoretic force can alter the motion of a magnetic particle in a viscous medium under the inﬂuence of an external
magnetic ﬁeld. For most nonmagnetic natural bioparticles
such as cells, the functionalized magnetic beads can attach to
the bioparticles. In this way, a magnetic property can be endowed to bioparticles. Many previous works utilized sheath
ﬂow to pinch sample ﬂow and conﬁne to one sidewall at the
inlet [73,74], and magnetic particles can be attracted and detached from their nonmagnetic counterparts. However, the
utilization of sheath ﬂow has the disadvantages of diluting
the original sample and requiring more external components,
which complicate the ﬂow control and the overall system. In
this work, we utilized the three-dimensional focusing function of the viscoelastic ﬂuid, avoiding sheath ﬂow. Modifying the reported works using straight channels [75–77] as a
pre-focusing unit, we developed the zigzag channel, which
consisted of bent straight channel sections. The advantage of
the zigzag channel is that it can signiﬁcantly reduce the device footprint, especially for small particles, a lengthy channel
is always needed, making the device footprint unnecessarily
large and constraining the design of other functional units.
Thus, a zigzag channel can multiply the overall length by connecting many parallel channels. Besides, the secondary ﬂow
induced at the zigzag U-turn can also promote viscoelastic
focusing [59].
In this work, the elastic pre-focusing in the zigzag channel was combined with the magnetic deﬂection to demonstrate the sheathless separation. The mixture of 5 μm nonmagnetic polystyrene beads and magnetic beads were dispersed in the 1000 ppm PEO solution. The mixture was infused into the designed device at a ﬂow rate of 10 μL/min. A
permanent magnet is placed downstream with a lateral distance of 1 mm. From Fig. 6, we can see that both magnetic
and nonmagnetic particles are focused narrowly at the end
of the zigzag channel, and they enter the expanded channel
section, Fig. 6A(i) and 6B(i). An external magnetic ﬁeld in the
expanded channel can exert a positive magnetophoretic force
on magnetic particles. The expanded channel slows down the
ﬂuid ﬂow velocity, so that the induced magnetic force can
have suﬃcient time to alter the motion of particles, Fig. 6B(ii).
www.electrophoresis-journal.com
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Figure
5. Viscoelastic
focusing of white blood cells
(WBCs) in the zigzag channel.
(A) The distribution of WBCs
at the end of zigzag channel.
(B) WBCs distribution at the
expansion region. (C) The
distribution of red blood cells
(RBCs) at the end of the zigzag
channel. (D) RBCs distribution
at the expansion region.

cells, such as 10 μm polystyrene particles, 5 μm polystyrene
particles, 5 μm magnetic particles, WBCs, RBCs, and cancer cells. Furthermore, magnetophoretic separation of magnetic and nonmagnetic 5 μm particles after viscoelastic prefocusing was demonstrated. This focusing technique can be
used in a range of biomedical applications, including cell separation, counting, detection and analysis.
Authors acknowledge the support from the Australian
Research Council (ARC) Discovery Project (Grant No.
DP180100055), ARC DECRA fellowship (Grant No.
DE210100692) and Alfred Deakin Postdoctoral Research
Fellowship.
Figure 6. Magnetophoretic separation of magnetic and nonmagnetic particles after viscoelastic pre-focusing. (A) Magnetic and
nonmagnetic particles trajectories without magnetic field. (B)
Magnetic and nonmagnetic particles trajectories under a magnetic field.

Data availability statement

The magnetic particles were attracted to the magnet side and
exited from the upper outlet, Fig. 6B(iii).

The data in this study are available from the corresponding
author upon reasonable request.

The authors have declared no conﬂict of interest.
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