Microfluidics and Nanofluidics (2019) 23:16
https://doi.org/10.1007/5s10404-018-2184-8

RESEARCH PAPER

@ CrossMark

Circular-channel particle focuser utilizing viscoelastic focusing

Nan Xiang'® - Qing Dai' - Yu Han' - Zhonghua Ni'

Received: 6 October 2018 / Accepted: 27 December 2018 / Published online: 9 January 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

The miniaturization of flow focuser is a challenge in developing microflow cytometers. Most previously reported micro-
fluidic cell focusers require complex structures or external force fields to achieve the 3D cell focusing. Herein, we propose
a novel circular-channel particle focuser utilizing viscoelastic focusing. The circular-channel particle focuser is fabricated
using a simple and low-cost microwire molding technique. Whole PDMS channels with perfect circular cross-sections can
be fabricated using this protocol. We then characterize the particle focusing performances in our circular-channel particle
focuser and discuss the effects of particle size, operating flow rate, cross-sectional dimension and fluid rheological property
on particle focusing. The experimental results show that a perfect single-line focusing can be achieved exactly at the chan-
nel centerline. Finally, our circular-channel particle focuser is employed for the focusing of blood cells. As it offers special
advantages of simple structure, easy fabrication, and sheathless operation, our circular-channel particle focuser may serve

as a potential flow focuser for microflow cytometers.

Keywords Viscoelastic focusing - Circular channel - Single-line focusing - Microflow cytometer

1 Introduction

Flow cytometry has been widely employed for the diagno-
sis of various human diseases and expanded for many other
applications in basic biological researches and clinical trials
(Muirhead et al. 1985). One of its key components is the flow
focuser which focuses the cells into a string so that the cells
can pass through the downstream optical or electrical inter-
rogation point one by one. In traditional flow cytometers,
the sample fluid in the central core is pinched by the outer
co-flow sheath fluid via a cuvette or nozzle fluidic system.
Due to the pinching effect of sheath flow, the cells flowing in
the sample flow can be gradually focused into a cell string,
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which is known as the hydrodynamic focusing (Steinkamp
1984). Recently, with the advent of microfabrication, the
microflow cytometer has been successfully invented and
attached increasing interests due to the offered special
advantages of low sample consumption, small footprint and
low hardware cost (Ateya et al. 2008; Piyasena and Graves
2014; Sun and Morgan 2010). Researchers have made sus-
tained efforts to develop smaller optics, electric circuits and
sensors for the next generation microflow cytometer.

One of the major challenges is the miniaturization of flow
focuser as it is directly responsible for processing a huge
number of cells with varied properties (size, shape, deform-
ability, etc.) and requires to work in a high-throughput man-
ner without clogging. The microfluidics (Whitesides 2006),
which is capable of accurately manipulating the micro/
nanoscale objects, offers a potential tool for addressing this
challenge. The first generation microfluidic focuser inher-
ited the design idea of hydrodynamic focusing using sheath
flows (Lee et al. 2006; Simonnet and Groisman 2005).
Due to the planar structure, the early microfluidic focuser
can only achieve the two-dimensional (2D) focusing, that
is the cells are focused into a band parallel to the channel
side walls. This 2D hydrodynamic focusing may cause the
detection errors due to the simultaneous existence of mul-
tiplex cells in the interrogation region. To realize the true
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three-dimensional (3D) focusing, additional sheath flow was
introduced to pinch the sample flow in the vertical direction
at the expense of device complexity and fabrication cost
(Chang et al. 2007; Yang et al. 2005). Another active strat-
egy for controllable cell focusing is based on the external
fields (e.g., electric (Zhu et al. 2009), magnetic (Chen et al.
2018), optical (Zhao et al. 2007) and acoustic (Ding et al.
2013) fields). These active schemes own a high-focusing
resolution, but require expensive external force-field genera-
tors. Recently, the passive inertial (Amini et al. 2014; Zhang
et al. 2016) and viscoelastic focusing (D’Avino et al. 2017,
Lu et al. 2017; Yuan et al. 2018) have attached increasing
interests due to the offered advantages of easy operation and
simple channel structure.

As compared with inertial focusing, the viscoelastic
focusing only relies on the inherent viscoelasticity of
fluid and offers a high focusing resolution up to nanoscale
[e.g., the focusing of nanoparticles (Liu et al. 2016), DNA
macromolecules (Kim et al. 2012) and exosomes (Liu
et al. 2017)]. Up until now, experimental and numerical
studies have demonstrated the viscoelastic focusing and
the separation of particles/cells in channels with various
geometries or cross-sectional shapes (e.g., rectangular and
circular). (Lu et al. 2017; Tian et al. 2018; Yuan et al.
2018) Among the employed channels, the circular channel
(i.e., channels with circular cross-sections) is certainly the
most ideal one for viscoelastic focusing as the particles/
cells flowing in circular channels occupy a stable equilib-
rium position at the channel center over a wide range of
flow rates (D’Avino et al. 2012; Kang et al. 2013; Lu et al.
2017; Romeo et al. 2013; Yuan et al. 2018). However,
the circular channel is difficult to be fabricated using the
well-established soft lithography technique (Xia and Whi-
tesides 1998). The few viscoelastic focusing experiments
in circular channels (Asghari et al. 2017; D’Avino et al.
2012; Kang et al. 2013; Nam et al. 2015) were carried out
using commercial glass capillaries which are very easy to
break and difficult to be integrated with other lab-on-a-
chip (LOC) components. In microelectromechanical sys-
tem (MEMS) compatible rectangular channels, the parti-
cles/cells equilibrate at five cross-sectional positions at an
extremely low flow rate (Seo et al. 2014; Yang et al. 2012),
which prevents its application for downstream detection
or separation. One simple method to address this issue
is to appropriately increase the flow rate, which makes
the coupling of the elastic effect with the inertial effect
and reduces the original five equilibrium positions to the
only one at the channel cross-sectional center (Del Giu-
dice et al. 2017; Yang et al. 2011). However, this single-
position focusing could only be achieved in a very narrow
flow-rate regime and a standard square cross-section is
required. For channels with a rectangular cross-section,
multi-string focusing in the vertical center plane was
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generated due to the anisotropic flow field. (Liu et al.
2015; Xiang et al. 2016a).

In this work, we propose a whole polydimethylsiloxane
(PDMS) circular-channel focuser for single-line viscoelastic
focusing of particles/cells. The proposed circular-channel
particle focuser is fabricated via the microwire molding
technique without the assistance of complex alignment and
bonding processes or complicated fabrication instruments.
Then, the particle focusing performances in the fabricated
circular-channel particle focuser are characterized via a
series of experiments. Finally, the circular-channel parti-
cle focuser is employed for achieving the focusing of blood
cells. We envision that our circular-channel particle focuser
may serve as a potential unit for microflow cytometer.

2 Basic physics and working principle

Particles flowing in viscoelastic flows will migrate across
the main streamlines due to the suffered nonlinear viscoe-
lasticity of the suspending medium, which was discovered in
macroscopic channels by Karnis and Mason (1966) and then
first developed into the microscale flow in 2007 (Leshan-
sky et al. 2007). The physics for this phenomenon is the
first and second normal stress differences (N, (7) and N,(7))
induced in viscoelastic fluids (D’Avino et al. 2012). The y
is the shear rate and can be estimated as j(r) = —4Qr/zR*
for circular channels, where Q is the volume flow rate, r is
the radial distance away from the channel centerline and R
is the radius of the circular channel. For most viscoelastic
fluids, the first normal stress difference will dominate over
the second normal stress difference and can be approxi-
mated as N,(7) = y,(7)7, where y,(7) is the stress coef-
ficient (Karimi et al. 2013). Within the shear rate range
(7 < 1000s71), the 8 wt% poly (vinyl pyrrolidone) (PVP)
solutions employed in this work exhibit nearly constant vis-
cosities (without significant shear thinning or thickening)
(D’Avino et al. 2012) and can be regarded as Boger fluid
(James 2009). For Boger fluids, the scaling of the first nor-
mal stress difference can be given as N,(7) ~ nAjy* (where
n is the zero-shear viscosity of fluids and 4 is the relaxation
time of fluids) (James 2009). For the 0.05 wt% poly (ethyl-
ene oxide) (PEO) viscoelastic solutions, a shear thinning
phenomenon was observed at shear rates larger than 100 s~
(D’Avino et al. 2012).

Due to the existence of N,(y), the flowing particles will
migrate towards the positions where the shear rates are at the
minimum (Lu et al. 2017). As illustrated in Fig. 1a, in rec-
tangular channels, there exist five positions where the shear
rates are at the minimum (i.e., four corners and one center).
Instead, in circular channels, the shear rate is in directly
proportional to the radial distance (r) and is zero at the chan-
nel cross-sectional center (see Fig. la). Therefore, in
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Fig. 1 a Shear-rate distributions and particle equilibrium positions in
the cross-sections of a circular channel and a rectangular channel. b
Particle focusing in viscoelastic flows in circular channels. Particles
randomly dispensed near the inlet will gradually focus into a perfect
single string exactly at the channel centerline when arriving at the
outlet

Outlet region

viscoelastic flows, the particles will aggregate at the cross-
sectional center in circular channels. As illustrated in
Fig. 1b, the particles randomly dispensed near the inlet will
gradually focus into a perfect single string when arriving at
the outlet. The mechanics for this particle centerline focus-
ing is the elastic force (Fg ~ ag%, where a, is the particle
diameter) which forces the particles towards the channel
centerline (Xiang et al. 2016b). Through introducing the
elastic coefficient (Cp) and the scaling of N,(y) into the
above equation, we can derive the force expression as
Fg = Cga; inrQ? /R®. To characterize the fluid elastic effect,
the Weissenberg number (Wi = Ay,) can be employed (Li
et al. 2016). The y, is the characteristic shear rate and can be
calculated as y, = Q/ 27R? for circular channels.

At increased flow rates, the fluid inertial effect will also
contribute to the particle focusing. A direct method to access
the fluid inertial effect is the use of Reynolds number
(Re = 2pQ/nRn, where p is the fluid density) (Squires and
Quake 2005). The mechanics basis for this effect is the iner-
tial lift force which has two components (Xiang et al. 2015;
Zhang et al. 2014, 2016). When the particles approach the
wall, a wall-induced inertial lift force (Fy,;) due to the par-
ticle—wall interaction will push the particles away from the
wall towards the channel center. At off-wall regions, the par-
ticles will suffer from the shear-induced inertial lift force
(Fg1) whose direction is opposite to those of the Fy,; and F.
For particles at non-wall regions, the net inertial lift force
(Fp) can be approximated as Fy [Fy ~ Fg = C pQ%a/
272 R5, where the C|_is the lift coefficient and its magnitude

is heavily dependent on the particle position (7) and Reyn-
olds number (Re)] (Amini et al. 2014). The competition
between the elastic effect and the inertial effect can be
evaluated using the dimensionless Elasticity number
(El = Wi/Re = An/4pR?) (Lu et al. 2017; Yuan et al. 2018).

3 Result and discussion

3.1 Fabrication of the circular-channel particle
focuser

The fabrication of circular channel remains a great challenge
in MEMS process. Up until now, various methods [e.g.,
mechanical micromilling (Wilson et al. 2011), chemical
etching (Grosse et al. 2001), photoresist melting (Wang et al.
2007), liquid metal amalgamating (Yan et al. 2018)] have
been proposed to create master molds for casting micro-
channels with bell-shaped or semicircular cross-sections.
Other methods to directly fabricate circular channels in bulk
materials (e.g., glass and polymer) include 3D-printing (Wu
et al. 2011) and femtosecond laser writing (He et al. 2010).
However, these methods may require additional alignment
and bonding steps or complicated fabrication instruments.
In addition, perfect circular channels are difficult to achieve
using these methods due to the bonding and fabrication
errors. To rapidly and simply fabricate our circular-channel
particle focuser, we employed the microwire molding pro-
cess which is able to create channels with perfect circular
cross-sections in bulk PDMS. As illustrated in Fig. 2a, the
whole fabrication process can be completed within six sim-
ple steps. A detailed description of the fabrication process
can be found as follow.

First, the selected microwires with determinate diameters
were respectively cleaned with isopropanol and DI water in
an ultrasonic washer for over 8 min. In this work, commer-
cially available stainless steel microwires (with diameters
of 50, 80, 100 and 150 pm) and nylon microwires (with
diameters of 74, 105, 148 and 181 um) purchased from
local market were selected and employed. After being dried
with nitrogen gas, these microwires were tightened up and
fixed in a custom mold (see Fig. 2b). The use of our custom
mold enables the easy alignment of multiplex microwires
at a time. Then, the microwires were served as the master
molds to carry out the well-established PDMS micromold-
ing process. Specifically, the totally mixed PDMS mixture
(Sylgard 184, Dow Corning) with the weight ratio of base
to curing agent of 10:1 was casted into the custom mold.
After curing at 80 °C for 2 h, the PDMS block was cut off
from the custom mold and immersed into the alcohol for 6 h
(the use of ultrasonic oscillation can help reduce this time).
Due to the swelling effect of PDMS in organic solvent, the
microwires can be easily pulled out from the PDMS block.
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Fig.2 a Schematic diagram (a)
of the process for fabricating
our circular-channel particle
focuser. b The custom mold for
aligning the microwires. ¢, d
Microscopic images illustrating
the circular channel fabricated
using the stainless steel microw-
ire (c¢) and the nylon microwire
(d). The lower images illustrate
the fabricated channels with
fluid inside. e Photograph

of the fabricated circular-
channel particle focuser. The
inlet and outlet orifices were
inserted with tubing for sample
introduction and exportation.

f Cross-sectional profile of the
fabricated circular-channel
particle focuser

Orifice

It is noticed that too long immersion time will lead to a
large dimension deviation. After creating a circular chan-
nel in the bulk PDMS, the inlet and outlet orifices were
punched using the needle of a luer stub adapter. Finally, a
small amount of liquid PDMS was used to seal the orifices at
the bottom surface and the channel ends via the capillarity.
Figure 2c, d shows the microscopic images illustrating the
circular channels fabricated using stainless steel microwires
and nylon microwires. After pumping the liquid through,
the fabricated microchannel shows a good optical property,
which makes the downstream optical detections [e.g., laser-
induced fluorescence detection (Chabinyc et al. 2001) and
high-throughput image-based screening (Otto et al. 2015)]
to be possible. Figure 2e shows the photograph of a fabri-
cated circular-channel particle focuser with a cross-section
diameter of 79 um. As there is no rigid material (e.g., glass
slide) been used, our circular-channel focuser can be easily
mounted onto any surface or be integrated with other LOC
components. Figure 2f illustrates the cross-sectional profile
of the fabricated circular-channel particle focuser. As can be
seen from this figure, a perfect circular cross section can be
obtained using the above microwire molding method.

@ Springer

Microwire
N Aligment

\, ‘

PDMS

Casting emoulding

g

Microwire
Removal

Orifice
Punching

With fluid inside With fluid inside

3.2 Characterization of particle focusing
performances

After successfully fabricating our circular-channel particle
focuser, we next characterized its particle focusing perfor-
mances to guide the potential applications. To probe into
the effect of flow rate on particle focusing, we respectively
pumped the 10 um and 5 pm particle suspensions added
with 8 wt% PVP into the fabricated particle focuser with
a diameter of 79 um at the flow rates of 1-60 ul/min. Fig-
ure 3a illustrates the focusing maps of these two particles
near the outlet (at a distance of ~5 cm away from the inlet)
at different flow rates. As can be seen from these two
focusing maps, the 10 um large particles show a much
better focusing performance than the 5 um small particles.
The 10 pm particles can focus into a single-stream at the
beginning flow rate of 1 pl/min and keep single-stream
focusing over the whole tested flow rate range while the
5 um particles can only migrate to form a relatively wide
particle band at all tested flow rates. This observation can
be explained as the difference in elastic forces which are
directly proportional to the particle diameter (Fg ~ ag).
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Fig. 3 a Focusing maps of
10 pm and 5 pum particles at dif-
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ferent flow rates of 1-60 ul/min.

The white dotted lines illustrate
the walls of the channel. b
Normalized focusing widths of
these two-sized particles as a
function of flow rate. The inset
is the enlarged figure with a
small vertical scale (0.8-1.4).
¢ The measured microchan-
nel diameter at different flow
rates. The PDMS channel will
expand from 79 to 104 um due
to the increased flow pressure.
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The elastic forces acting on 5 um small particles are insuf-
ficient for forcing all the particles (especially the particles
with their initial positions close to the channel wall)
towards the channel centerline within a finite channel
length. The focusing of small particles or even sub-micro/
nano particles can be realized through decreasing the
channel cross-sectional dimension or increasing the chan-
nel length. The calculated Wi and Re for the current flow
regime are respectively 0.10-2.60 and 0.002-0.087. The
small Re (Re << 1) indicates that the fluid inertial effect
can be neglected in the current experiment and the particle
migration will be completely dominated by the elastic
effect. For rectangular channels, the single-stream focus-
ing can only be achieved within a very narrow flow rate
regime where the elastic effect will be coupled with the
inertial effect (i.e., elasto-inertial focusing under Re > 1
and Wi > 1) (Xiang et al. 2016a; Yang et al. 2011). Instead,
in our circular-channel particle focuser, particles of spe-
cific sizes (e.g., 10 um particles in this work) can be sin-
gle-line focused exactly at the channel centerline under an
extremely small Re, and keep this focusing status over a
wide flow rate range.

20 30
Flow Rate (pl/min)

10 20 30 40 50 60
Flow Rate (pl/min)

40 50 60 0

To quantify the particle focusing performances, we
defined the normalized focusing width through dividing
the measured full width at half maximum (FWHM) of the
fluorescent intensity profile by particle diameter. Figure 3b
shows the normalized focusing widths of 10 um and 5 pm
particles at different flow rates. As can be seen from these
two curves, the 10 pm particle streams have small normal-
ized focusing widths of around 1 at all tested flow rates
while the normalized focusing widths are all larger than 5.5
for 5 um particles due to the insufficient focusing. In addi-
tion, we found that the normalized focusing width will firstly
decrease and then gradually increase with increasing flow
rate. The optimal flow rates of the two-sized particles for
achieving the best focusing performances are both 10 pl/
min. Under the optimal flow rate, the normalized focusing
widths for 10 um and 5 pm particles are, respectively, 1.03
and 5.56. The physics for the focusing enhancement at low
flow rates is the strengthen of elastic forces with increasing
flow rate (F ~ Q?). At high flow rates, the channel expan-
sion under the high pressures (see Fig. 3c) will also weaken
the focusing performance. To analyze this phenomenon, the
confinement ratio (f = a,/2R) was defined and employed
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(the confinement ratios at different flow rates are illustrated
in the inset of Fig. 3c). With the increasing of flow rate, the
confinement ratio will gradually decrease for both two-sized
particles. Therefore, the deterioration of the focusing per-
formance at high flow rates can be explained as the decrease
of confinement ratios due to the channel expansion (Romeo
et al. 2013). The channel expansion is the major limitation
of our circular-channel particle focuser. The same problem
has also been observed in previously reported PDMS devices
when dealing with high viscous (Del Giudice et al. 2016) or
high-speed inertial flows (Sollier et al. 2011). One poten-
tial method to address this issue is the using of more rigid
PDMS (with a higher ratio of curing agent to base) or other
rigid polymers. A more detailed discussion on the effect of
channel deformation on particle migration in the flow of
viscous polymer solutions can be found in a previous micro-
rheometry study (Del Giudice et al. 2016).

In addition to the above-employed 79 um diameter
channel, we fabricated two additional channels with initial
diameters of 100 um and 152 pm. The 8 wt% PVP solutions
mixed with 10 um particles were, respectively, pumped into
these two channels. The confinement ratios (/) for these
two channels are respectively 0.100 (for 100 um channel)
and 0.066 (for 152 pm channel). Figure 4a illustrates the
focusing maps near the outlet under both fluorescent and
bright-field modes. Figure 4b shows the normalized focus-
ing widths in these two channels as a function of flow rate.
From the above experimental results, we found that the
focusing performance will worse with increasing channel
diameter as the elastic force is inversely proportional to
the channel diameter (Fg ~ R™®). For the 100 um diameter
channel (§=0.100), the variation trend of particle focus-
ing is very similar to that observed in the 79 um diameter
channel (#=0.127) and the optimal normalized focusing
width of 1.66 can be achieved at a flow rate of 25 ul/min.
In the 152 pum large diameter channel (#=0.066), although

the focusing performance will be gradually enhanced, the
particles could not focus into a narrow stream at all flow
rates, which is similar to the observed phenomenon of 5 pm
small particles in the 79 pm diameter channel ($=0.063)
as they have similar confinement ratios. Under the highest
tested flow rate (Q = 50 pl/min, Wi = 0.7 and Re = 0.05), the
normalized focusing width is 5.31, which is insufficient for
ensuring the accuracy of downstream detection.

To explore the effect of fluid rheological property on par-
ticle focusing performance, an additional experiment using
0.05 wt% PEO solutions mixed with 10 um particles was
carried out. The channel diameter for this experiment was
selected to be 79 um. Figure 5a illustrates a comparison of
particle focusing images in these two viscoelastic solutions.
Figure 5b shows the normalized focusing widths of particle
focusing in these two viscoelastic solutions as a function of
flow rate. From these experimental results, we found that
the particles flowing in the 0.05 wt% PEO solution show a
slightly better focusing performance than that in the 8 wt%
PVP solution at flow rates below 30 pl/min due to the long
relaxation time of 0.05 wt% PEO solution. The optimal nor-
malized focusing width can be as low as 0.76, which means
the FWHM of the particle focusing stream is even smaller
than the particle diameter. As the observed uniform particle
shadings, we concluded that a true channel-centerline focus-
ing can be achieved in our circular-channel particle focuser.
Further increasing the flow rate to be higher than 30 ul/min,
the normalized focusing widths of particles in 0.05 wt%
PEO solution sharply increase and surpass the values in
8 wt% PVP solutions due to the occurrence of multi-position
focusing. Different from the defocusing caused by the chan-
nel deformation in the above experiment using high viscos-
ity 8 wt% PVP solutions, the channel deformation in this
experiment is very small even at the highest tested flow rate.
The possible reason for the multi-position defocusing is the
increased contribution of inertial effect on particle focusing.

Fig.4 a Focusing maps of (a)
10 pm particles flowing in

100 um (#=0.100) and 152 pm
(#=0.066) diameter channels at
different flow rates of 1-50 pl/
min. For each channel, the top
row is the overlaid bright-filed
images and the bottom row is
the overlaid fluorescent images.
The white dotted lines in the
fluorescent images mark the
positions of channel walls. b
The normalized focusing widths
in these two channels as a func-
tion of flow rate
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Fig.5 a Focusing maps of

10 um particles in the 0.05 wt%
PEO solution and the 8 wt%
PVP solution at diftferent flow
rates of 3—60 pl/min. b The
normalized focusing widths

of particles flowing in these
two viscoelastic solutions as

a function of flow rate. ¢ The
normalized focusing widths and
the spacings between the two
focused streams in the 0.05 wt%
PEO solution at high flow rates
of 30-120 ul/min. The inset

(i) in this figure illustrates the
focusing map at high flow rates. (b)

0.05 wt% PEO

8 wt% PVP

(c)
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To access the competition between the elastic effect and the
inertial effect, the dimensionless Elasticity number (El) was
calculated. For the 8 wt% PVP solution, the El was calcu-
lated to be 51.73 (this value was calculated using the chan-
nel diameter before deformation) while a much smaller El
of 4.56 was achieved for the 0.05 wt% PEO solution. The
small El of order 1 (E1~ O (1)) indicates that the particles in
the 0.05 wt% PEO solution will be easily inferenced by the
non-ignorable inertial effect at high flow rates (Re > 1 at the
flow rate larger than 30 ul/min). Under the coupling of the
elastic effect and the inertial effect, the particles will focus
at multi-positions, which was also observed in the previously
reported particle focusing in rectangular channels (Liu et al.
2015; Xiang et al. 2016a). In addition, the shear-thinning
effect of the 0.05 wt% PEO solution at shear rates larger than
100 s~! will force the particle towards the channel wall (the
shear rate is 1295 s~! at the flow rate of 30 ul/min).

To characterize the multi-position defocusing, we further
increased the flow rate to 120 pl/min. Figure 5c illustrates
the normalized focusing widths and the spacings between
the two focused streams at high flow rates of 30—120 pl/
min. For calculating the focusing width, the two streams
were treated as a single large stream. The distance between
the two peaks of intensity profiles was defined as the spac-
ing between the two streams. The insert (i) of Fig. 5c is

Flow Rate (ul/min)

the focusing maps illustrating the generation process of the
multi-stream at high flow rates. It is found that the normal-
ized focusing width and spacing will first increase and then
be constant at a specific value when the flow rate is large
than 60 pl/min.

3.3 Application for biological cell focusing

After characterizing the performances of our circular-chan-
nel particle focuser, we next explored its practicability for
processing biological cells. Human whole blood, the most
frequently employed sample in the flow cytometry, was
tested in this experiment. To focus the broad-sized blood
cells (red blood cells of ~6 um and white blood cells of
10—15 pm), a circular-channel particle focuser with a diame-
ter of 79 um and a channel length of 5 cm was fabricated and
employed. The 0.05 wt% PEO-PBS solution was employed
as the viscoelastic fluid for the focusing of blood cells. To
ensure an acceptable focusing performance, the blood sam-
ple was diluted with the prepared PEO-PBS solution for
100 times so that the cell—cell interactions can be signifi-
cantly reduced. Then, the prepared blood cell suspensions
were respectively injected into our circular-channel parti-
cle focuser at different flow rates of 6-100 ul/min. The cell
distributions across the channel width near the outlet were
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captured under the bright-field mode and over 50 individual
focusing images were vertically overlaid. Figure 6a groups
the composite focusing images illustrating the focusing per-
formances of blood cells at different flow rates. As can be
seen from this focusing map, the blood cell can successfully
focus into a cell string exactly at the channel centerline at the
flow rates of 6 ul/min and 10 pl/min. After that, the width of
cell focusing band will gradually increase with increasing
flow rate. To quantitatively illustrate the focusing perfor-
mance, we measured the widths of cell bands across the
channel width at different flow rates, and the result is illus-
trated in Fig. 6b. The cell band width achieves the minimum
of ~7 um at the flow rate of 10 ul/min. These results well
indicate that our circular-channel particle focuser can be suc-
cessfully employed for the focusing of blood cells.

The throughput of our circular-channel particle focuser
is lower than previously reported inertial microfluidics
(Amini et al. 2014), but a perfect single-line focusing
can be easily realized using our simple focuser. For most
inertial microfluidics, there exists multiplex equilibrium
positions, which may cause the detection error due to the
simultaneous existence of multiplex cells in the detection
region. For example, the curved inertial microfluidics actu-
ally has two vertical equilibrium positions which overlap
with each other from the top view (Jiang et al. 2016). In
addition to the centerline focusing, our circular-channel
particle focuser offers additional advantages such as sim-
ple structure, easy fabrication, sheathless and label-free
operation. The throughput of our circular-channel parti-
cle focuser can be further increased for practical applica-
tions through paralleling of multiplex focusers or using
the HA or DNA as the elasticity enhancer. In addition, the
pre-sorting of undiluted blood samples using viscoelas-
tic focusing may be another approach for increasing the
throughput of downstream focusing/counting (Tian et al.
2018).

Fig.6 a The focusing images
of blood cells at different flow
rates of 6—100 pl/min. b The
measured cell band widths at
different flow rates
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4 Conclusion

In this work, a circular-channel particle focuser is pro-
posed to realize the single-line focusing of particles/cells
utilizing the viscoelastic focusing. The proposed circular-
channel particle focuser is fabricated via microwire mold-
ing technique. Using this method, various channels with
perfect circular cross-sections can be fabricated without
complex alignment and bonding processes or complicated
fabrication instruments. The fabricated channels have a
good optical property and offer various cross-sectional
dimensions. To better understand our circular-channel
particle focuser, the particle focusing performances are
characterized via a serial of experiments. The experimen-
tal results prove that our circular-channel particle focuser
is capable of focusing particles exactly at the channel cen-
terline over a relatively broad flow rate range. In addition,
the effects of flow rate, particle size, channel dimension
and fluid rheological property on particle focusing are
explored. These findings will provide valuable insights
for a better understanding and operating of our circular-
channel particle focuser. To examine the practicability
of our circular-channel particle focuser, we employ the
focuser for the focusing of blood cells. We envision that
our circular-channel particle focuser may serve as a poten-
tial unit for microflow cytometer.

5 Methods

5.1 Preparation of viscoelastic fluids

Two viscoelastic fluids (8 wt% PVP and 0.05 wt% PEO
solutions) employed in this work were prepared by dissolv-

ing the polymer powder of poly (vinyl pyrrolidone) (PVP,
molecular weight M, = 360 KDa, Sigma-Aldrich) and

—_

O

~
N
o

um)
N w w
[6)] o (8)]

-
o O;

Cell Band Width (
N
o

a
I

) ] ! ] ! 1
0 20 40 60 80 100

Flow Rate (ul/min)




Microfluidics and Nanofluidics (2019) 23:16

Page90of10 16

poly (ethylene oxide) (PEO, molecular weight M, = 2000
KDa, Sigma-Aldrich) in deionized (DI) water, respec-
tively. For the 0.05 wt% PEO solution, 22 wt% glycerin
(Sigma-Aldrich) was mixed into the aqueous solution for
the purpose of adjusting fluid density. The relaxation time
(4) and zero-shear viscosity () of the prepared 8 wt% PVP
solution are, respectively, 2.3 ms and 140 mPa s according
to the experimental values in the previous study (Yang
et al. 2011). Meanwhile, for the 0.05 wt% PEO solution, a
longer relaxation time (4) of 9.1 ms and a lower viscosity
(n) of 3.12 mPa s can be achieved due to the high molecu-
lar weight of the PEO additive.

The relaxation time of this low concentration PEO solu-
tion was estimated using the empirical formula as it was
difficult to be accurately measured through experimental
approaches. The detailed calculation method can be found
in our previous study (Xiang et al. 2016b). All these two
polymer additives have been previously proved to be com-
patible with biological cells (Yuan et al. 2018).

Then, we respectively mixed two fluorescent polymer
particles (Product Nos. G1000 and G0500, Thermal Scien-
tific) with different sizes of 10 um and 5 um into the pre-
pared two viscoelastic fluids. For blood cell experiments,
the human whole blood was diluted using the phosphate-
buffered saline (PBS, Sigma-Aldrich) dissolving with
0.05 wt% PEO powder. Human whole blood was draw
from a healthy consenting volunteer using a vacutainer
collection tube (BD Biosciences) containing anticoagulant
K,EDTA and used within 24 h. The concentrations of all
the particle/cell suspensions were controlled to be very
low so that the particle—particle interactions can be safely
neglected. However, the detailed concentration values may
vary in different experiments.

5.2 Experimental setup and data processing

The fabricated circular-channel particle focuser was
mounted onto an inverted fluorescence microscope (IX 71,
Olympus) for observing the particle focusing in channels.
The particle motions were recorded using a CCD camera
(Exi Blue, QImaging) under fluorescence or bright-filed
modes and saved as image frames for further processing.
The syringe pump (Legato 270, KD Scientific) was used
to drive the sample liquid in an equipped 10 ml syringe
at a specific and stable flow rate. The inlet orifice was
connected with the syringe via a piece of PEEK tubing
(Upchurch Scientific) and corresponding fittings. The out-
let orifice was directly connected with a centrifuge tube
for collecting the waste sample liquid. The experimental
frames were processed using the free ImageJ software
(NIH). To avoid the random errors, over 100 image frames
were vertically stacked to generate the composite image

illustrating the statistical particle distributions over a cer-
tain time period. The intensity profiles across the channel
width were also measured using this software. The full
width at half maximum (FWHM) of the intensity profiles
were obtained through gaussian fitting. The FWHM nor-
malized with particle diameter was defined as the particle
focusing width. For blood cell experiments, the widths of
the blood cell bands across the channel width were directly
measured from the bright-field images.
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