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We investigated the migration dynamics of particles with multi-scale sizes in a classical spiral inertial microfluidic device

Our experimental results demonstrate that in curved low-aspect-ratio channels particles of different confinement ratios
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behave in three migration modes, including focusing, rough focusing, and non-focusing. The migration behaviors

specific-sized particles can be switched flexibly between these three modes by redesigning the characteristic length of th~

channel cross-section. The mechanics underlying these migration modes were then interpreted in terms of the

competition between Brownian motion, inertial lift effects and secondary flow effects. The detailed particle migration

dynamics in each migration mode were characterized over a wide range of flow rates to further the understanding of

multi-mode migration mechanisms in Dean-coupled inertial flows. Finally, the effectiveness of the discovered three-mode-

migration theory was validated in the experiment of bioparticles with polydisperse sizes. The obtained results in our work

would provide valuable insights into the flexible control of particle migration and the separation of multi-scale particles in

curved channel systems.

Introduction

High-throughput label-free manipulations of micro/nano-
materials, such as sheathless focusing, size/shape-dependent
sorting and controllable trapping, have been regarded as an
important pretreatment step for biochemical microanalysis
2. As one of the newly emerging
passive approaches, inertial microfluidics with curved channels,
which employs the traditionally neglected fluid inertia effects
in finite-Reynolds-number channel flows, is poised to become
a potential technique for the dynamic control of particle/cell
motions > “. Compared with most of current manipulation
schemes, this technique offers significant advantages, such as
simple structure, high processing throughput and easy
operation. In addition, the utilization of spirals as the curved
channel topology effectively reduces the overall footprint of
the device and further permits its flexible integration with
existing Lab-on-a-chip (LOC) units. Therefore, spiral inertial
microfluidic devices have attracted increasing interests in
recent years, and have been successfully employed in various
such as sheathless microflow

and on-chip diagnosis !

biomedical applications,
cytometry ®, vortex-assisted DNA delivery 6 size-dependent
cell separation 710 and high-yield cell-in-droplet encapsulation
11

In addition to novel applications, much attention has been
devoted to elucidating the underlying physics of fluid flow or
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particle migration in these spiral inertial microfluidic devices.
Specifically, researchers have investigated the effects ol
channel topology (gradually widening or double spiral) 1214
curvature radius *°, cross-sectional shape (rectangular or
trapezoidal) ' and aspect ratio 7 on particle migration
behaviors, thus realizing the optimization of these critical
structural parameters for device miniaturization or operation
protocol improvement. We hawve also made some efforts .
this line of research, including investigations into the flow-rate
regulation mechanisms 18, particle finite-size effects 19, ZO, and
formation mechanisms of secondary flow z

However, nearly all the above-mentioned biomedical
applications or fundamental investigations have exclusively
concerned the “focused particles” (typical diameters of
5~20um) that can be focused into regular arrays at specific
flow conditions due to the potential applicability of
particle/cell focusing to microflow cytometers or continuous-
flow sorters. Little attention has been paid to smaller anc
unfocused particles, that is, the migration mechanisms of
these smaller particles are still unclear. Understanding the
migration behaviors or modes of particles with sizes rangir-
from micro- to submicro/nano-scales would help realize
flexible control of particle motions, and achieve high-
throughput separation of real biochemical samples (e.g., boc *
fluids) which may compose of particles with multi-scale sizes.
Herein, we investigated the migration dynamics of particles
with multi-scale sizes in classic spiral inertial microfluic c
devices. The experimental results show that particles witn
different confinement ratios behave in three migration mod >
in curved low-aspect-ratio channels. On this basis, we analyze *
the mechanics underlying these particle migration modes, ar ..
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then performed a quantitative investigation on the detailed
particle migration behaviors in each mode. Finally,
the effectiveness of the proposed three mode migration was
successfully validated in the dynamics of polydisperse
bioparticles. The experimental findings obtained in this work
would improve the understanding of inertia-induced particle
migration and provide insights into the dynamic and flexible
control of complex particles in curved channel systems.

Methods and theory
Experimental methods

Device fabrication. The employed curved channel was a five-
loop Archimedean spiral structure with an easy-to-fabricate
low-aspect-ratio cross-section (AR=h/w="~1:3, and the channel
height h was fixed at 50 um). The spacing between two
adjacent channel loops was set at 500 um to ensure sufficient
areas for robust bonding, and the initial radius of the spiral
was set at 3.5 mm for positioning the large inlet system. A
special gradual expansion channel with a Y-shaped outlet
system was adopted to make the device able to be expanded
for automatic particle/cell enrichment. This device was rapidly
prototyped in polydimethylsiloxane (PDMS) using the maskless
lithography technique and micromolding method. Briefly, a
layer of 50 um thick SU-8 photoresist (Microchem) was spun
coat onto a cleaned 4" silicon wafer, and then patterned with
365 nm UV light via a maskless lithography machine (SF-100,
Intelligent Micro Patterning). After finishing the developing
and hard baking steps, the obtained SU-8 master mold was
casted with degassed PDMS liquid (Sylgard 184, Dow Corning),
and then moved to a 80°C oven (Thermal Scientific) for PDMS
curing. After curing, orifices were punched at the inlet and
outlets using a Harris Uni-Core biopsy micropunch (0.75 mm),
and then an irreversible PDMS-to-glass bonding procedure was
carried out with the assistance of UV/Ozone treatment
(144AX-220, Jelight Company, Inc.). The finished spiral inertial
microfluidic device is demonstrated in figure 1(b). Although
the total channel length reaches ~16 cm, the overall footprint
of our device is only ~2 cm?, which permits this miniaturized
device flexibly be integrated as a high-throughput
pretreatment module with other existing LOC units.

Experimental operation. In each experiment, the fabricated
channel device was mounted on the stage of the inverted
fluorescence microscope (IX71, Olympus) with its bottom wall
being brought into focus using a 10x objective (UPLFLN,
10%/0.3). The 1/32” polyetheretherketone (PEEK) tubings and
the corresponding fittings (Upchurch Scientific) were used to
connect the orifice at the inlet with a 20 ml plastic syringe (78-
0854, KD Scientific, Inc.) and the two orifices at the outlets
with collecting tubes. Fluorescent polystyrene micro/nano-
spheres with different sizes (200 nm~10 um, purchased from
Invitrogen or Thermo Fisher Scientific, Inc.) were each diluted
130-fold in the 0.5 wt% Tween 20 (Sigma-Aldrich) aqueous
solution. These solutions with particles were then brought into
homogeneous suspensions by vigorous shaking. Each prepared
particle suspension was loaded into the syringe which was

2 | J. Name., 2015, 00, 1-3

RSC Advances

then equipped onto a pump. The programmable syringe pump
(Legato 270, KD Scientific, Inc.) was used so that the drivir _
flow rate could be precisely and stably controlled. Prior to
experiments, ethanol was pumped through the channel to
avoid generation of microscale air bubbles in confined space ;.
The trajectories of high-speed flowing particles were observed
using the equipped fluorescence observation unit and
recorded using a 14-bit CCD camera (Exi Blue, Qimaging) and
the IMAGE-PRO Express software (Media Cybernetics, Inc.).
The platform for characterizing particle migration dynamics is
illustrated in figure 1(a).

Syringe pump

Particle sample

Fluorescence Objectives

observation unit
T =1

|

|

I 1

CCD camera

L

Figure 1. (a) Schematic of the experimental setup for characterizing particle
(rjnigration ehaviors. (b) Photograph of the finished spiral inertial microfluidic
evice.

Data processing. Image sequences of over 50 contiguous
frames were captured at the same position near outlets using
a high exposure time of 600 ms or even 3 s. To quantitatively
analyze the particle dynamics, the discrete image frames were
piled up to create a composite image using the free open
source IMAGEJ software (http://imagej.nih.gov/ij/). The
channel walls in the dark background were determined by
stacking with each composite image a bright-field image
captured at the same position; and the fluorescence intensi .
distribution across the channel width was measured using the
“Plot Profile” function of the IMAGEJ software. The particle
stream width was defined as the distance between the tv o
points where the intensity profile after subtracting backgroun .
crosses 20% of the peak intensity. The employed 20%-criteric

was selected according to the pixel intensity profile across ti =
stream boundary. Due to the rapid decrease of intensity nes~

This journal is © The Royal Society of Chemistry 2015
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the boundary, a slight variation of this criterion would not
affect the experimental regularities. The central position of the
particle stream was approximated as the lateral focusing
position.

Theoretical background

The fluid flowing through a curved channel induces a specific
hydrodynamic effect, the secondary flow (also named as Dean
flow) 224 \which s regarded as a relatively minor flow
superimposed on the main flow. This secondary flow can be
illustrated as two symmetric counter-rotating vortices (i.e.,
Dean vortices) located in the upper and lower half of the
channel cross-section. The magnitude of this rotational flow
can be described using a dimensionless number named Dean
number (De) as follows 2527,

prLc Lc

De=Re 6" = :
Y7 2R

where Re. is the famous channel Reynolds number which
describes a measure of the relative importance of inertial
effects and viscous effects, 6 is the curvature ratio which is
defined as 6=L/2R, p is the fluid density, Us is the mean
velocity of flowing fluids, L. is the characteristic length of the
channel cross-section, u is the dynamic viscosity of flowing
fluids, and R is the channel radius.

The lateral Dean drag (Fp) induced by this cross-sectional
secondary flow forces the flowing particles to migrate in a
direction perpendicular to the main flow. The magnitude and
direction of this force are determined by the local secondary
flow field near the particle. A scaling of the Dean drag force
can be derived as follows by assuming the Stokes drag 2,

Fy o pU2a, LR,

where U,, is the maximum velocity of flowing fluids and can be
approximated as 2Uy, and a, is the particle diameter.
Moreover, in finite-Reynolds-number channel flows, the
parabolic nature of the main velocity profile results in a shear-
induced lift force (F) directing down the shear gradient
toward the channel wall, while the particle-wall interaction
induces a wall-induced lift force (Fw) which pushes the
particle away from the channel wall % The relation describing
the net magnitude of these two forces (inertial lift force, F) is
provided as follows 3032,

Uzal
,OL_Zap fL(Rec,Xp),

C

F, =

where f(Re,, X,) is the dimensionless lift coefficient whose sign
and value are heavily dependent on the channel Reynolds
number (Re.) as well as the particle position within the channel
cross-section (X))

In addition to the above-mentioned two main lateral forces (Fp
and F|), flowing particles may also experience other forces,
such as mainstream viscous drag force, buoyancy force, and

This journal is © The Royal Society of Chemistry 2015

centrifugal force. However, these forces are negligible in the
analysis of the force balance because the mainstream viscot
drag force along the main flow direction contributes nothing to
the lateral migration of the particles and the magnitudes of the
buoyancy force and centrifugal force are extremely Ic v
compared with that of the inertial lift force and Dean drag
force '3 Therefore, particles were assumed to be acted on
exclusively by the superposition of the inertial lift force and
Dean drag force. Then, a useful force ratio (R=F/Fp) can be
defined to estimate the competition between these two forces.
The characteristic length (L)) of the low-aspect-ratio channel
cross-section, as suggested in previous studies 3 35, can be
replaced by the channel height (h), and thus a scaling for this
force ratio can be derived as follows:

3
F 1({4a
R, =—toa—| L] f(Re,X,).

As can be seen from the above scaling, the particle behavior is
found to be determined by the curvature ratio 6, the
dimensionless lift coefficient f(Re., X,) which is indirectly
affected by flow rate and initial particle position, and the
particle confinement ratio (CR=a,/h). The regulation
mechanisms of structural (e.g., channel width, curvature ratio,
and cross-sectional shape) or operational (e.g., flow rate)
parameters on particle dynamics have been reported in
previous studies 1518 However, the effects of particle
confinement ratio on migration dynamics have not been
systematically investigated. Previous studies only suggested an
empirical guideline that particles satisfying a,/h> 0.07 can be
well-focused under certain operating conditions 735

Three migration modes and particle dynamics

Particle suspensions with different sizes (CRs=0.004~0.2) were
separately pumped into the fabricated spiral inertial
microfluidic device. For each size of particles, various driving
flow rates (Q=100~700 pl/min, the corresponding Dean
numbers at the inlet were De=1.73~12.08) were used. The
stacked fluorescent stream images which clearly demonstrate
the possible particle distribution across the channel width over
a certain time period are selectively grouped in figure 2. As
mentioned in the last section, both the driving flow rate and
particle confinement ratio (CR) would significantly affect the
lateral migration of flowing particles in Dean-coupled inertial
flows. This is now well confirmed in our experimenta:
observations. Nevertheless, the detailed regulation
mechanisms of these two parameters are completely different
The flow-rate effects on particle migration are mainiy
embodied in the changes of the particle stream width and
position 8 while the particle confinement ratio direct:
determines the migration modes of flowing particles. Throug h
a careful analysis of our experimental results (CRs=0.004~0.2)
and a synthesis of past research on the migration behaviors f
particles with CRs of 0.07~0.3 7, 11’18, we concluded that
particles flowing in a curved low-aspect-ratio channel beha' e
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in three different migration modes. Specifically, when the CR is
larger than the critical cutoff value (CR.=0.07), particles can
migrate and assemble into a well-ordered stream located close
to the inner wall under specific flow rates and at specific
channel lengths. These particles are regarded as being in the
focusing mode (Mode 1 in figure 2) which has attracted the
most research interests due to the potential application of
particle focusing as an important pretreatment step in size-
dependent particle/cell sorter 1% or sheathless microflow
cytometer >, As the CR decreases to be smaller than the cutoff
value, particles can migrate to form a relatively broad particle
band due to the generation of a particle-free region near both

173 345 518 6.90 863
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inner and outer channel walls. These particles are treated as
being in the rough focusing mode (Mode 2 in figure 2). Whe
the CR further decreases to a certain extent (<~0.01), flowing
particles are dispersed all over the channel regardless of flow
rate. These particles are regarded as being in the non-focusii g
mode (Mode 3 in figure 2). The migration behaviors of specific-
sized particles can be switched flexibly between these three
modes when the characteristic length of the channel cross-
section is redesigned. In the following part, we will present a
more quantitative analysis on the dynamics of selected-sized
particles under each migration mode.

10 35 12.08

| o

0.004

Particle Confinement Ratio (ap/h)
0.1?64 0.042

L

i

|
] FL\@\F'%
w Forces

1.73 3. 45 5 18 6.90 8.63

Dean number (De)

Figure 2. Fluorescent stream images of selected-sized particles (CR=0.004, 0.042 and 0.1464) captured at outlets under various drivin
and particle-motion diagrams under the three migration modes. The partlcle streams are pseudo-colored in red (non-well focused) or

12.08

10.35

flow rates (De=1.73~12.08),
reen (well focused) for

enhancing the contrast between different focusing statues. White dotted lines in the fluorescent stream images indicate the channel walls. The experiment results of

particles with other tested CRs are not detailed here.

Multi-particle dynamics under the focusing mode

The particle dynamics under the focusing mode have been
most extensively investigated due to the potential application
of particle focusing as an important sample pretreatment step
13,16, 26, 27, 31 36 however, the understandings of particle
focusing dynamics were still limited to the single or binary
particle system, with no attention being paid to the multi-
particle system. In this work, we investigated and compared
the focusing dynamics of particles with three different CRs
(CR=0.096, 0.1464 and 0.1980). As demonstrated in previous
studies % %% 29, the particles under the focusing mode can
migrate towards and occupy the equilibrium positions at
specific flow rates under the complex coupling of the inertial
lift force and the Dean drag force. This particle focusing
phenomenon is now well reduplicated in our experimental
results (see mode 1 in figure 2). To probe into the multi-
particle focusing dynamics, we defined a dimensionless
parameter, named as normalized stream width, through

4| J. Name., 2015, 00, 1-3

dividing the measured particle stream width by particle
diameter, and then plotted the calculated stream widths
together with the measured focusing positions as a function ol
De in figure 3. From figure 3(a), we found that the particle with
a larger CR commonly owns a better focusing quality (i.e.,
smaller normalized stream width), which agrees well with the
theoretical analysis that the net lateral force | F.—Fp| acting on
the flowing particles is positively correlated to the C~
However, a sudden changing of particle stream widths at
middle flow rates is observed in the focusing spectrum of
particles with a CR of 0.1980 due to the generation of doubl.
position (DP) focusing (see the inset (ii) of figure 3(a)). The
reason for this instable DP focusing can be explained as the
stepwise particle transferring from the original equilibriu n
position to another more stable one®®. After all particles have
been transferred to the new stable equilibrium position, t! ¢
DP focusing reverts to the normal single stream focusing.
Besides the DP focusing, another difference observed in tt _

This journal is © The Royal Society of Chemistry 2015
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width variation curves of these three particles is that the
stream widths of particles with CRs of 0.096 and 0.1464 first
rapidly narrow down to form a tightly focused stream, and
then gradually defocus with the increase of De while the
stream width of particles with a CR of 0.1980 continuously
decreases with the increase of De and achieves a better
focusing quality at higher Des.

L Il 1
L]

T
—=—CR=0.096 1
—e—CR=0.1464]
—A—CR=0.1980

he
~

-0.095 Dean
1 I 6.90
5} ‘cmo.ma

2Dea‘:1 nml?ar igalu

Normalized stream widt

L 1

T )
—O0— CR=0.096
—O—CR=0.14641
——CR=0.1980

150

120
\‘\

60

30

uoibal Jauuj«—]

Focusing position (um) E

Dean number (De)

Figure 3. (a) Normalized stream width of ﬁarticles with CRs of 0.096, 0.1464 and

0.1980 as a function of De. The inset (i) illustrates the force regime distribution
of these three particles. The inset (ii) is the fluorescent stream image of particles
with a CR of 0.1980 at the flow rate of De=6.90. (b) Focusing position of these
three particles as a function of De. The inset (iii) is the diagram of the relative
distributions of focused particle streams across the channel width. The inset (iv)
is the fluorescent stream image illustrating the lateral focusingcfosition of these
three particles (Green stream: Small particles; Red stream: Middle particles; Blue
steam: Large particles) at the flow rate of De=12.08.

To deepen the understanding of multi-particle focusing
dynamics, we also measured the lateral focusing positions of
these three particles, and plotted these values as a function of
De, as illustrated in figure 3(b). From this figure, we noticed
that the focusing positions of particles with CRs of 0.096 and
0.1464 move towards the inner wall at first, and then shifts
towards the outer wall at larger Des. As a sharp comparison,
the particle with a CR of 0.1980 continuously shifts towards
the inner wall with increasing De. Through a combined analysis
of the width and position variation curves, we deduced that
the differences between the focusing dynamics of these three
tested particles are caused by the difference in dominant force
regimes. For small particles (CR=0.096 and 0.1464), the

This journal is © The Royal Society of Chemistry 2015

dominant force acting on particles will turn from the inertial
lift force directed towards the inner wall to Dean drag forc

directed towards channel centerline due to the fact that the
Dean drag force increases much faster, and will finally surpass
the originally dominated inertial lift force with increasing flc v
rates. The dominant Dean drag force at high flow rates enables
the particles to move towards the channel centerline, and
broadens the particle focusing stream as a result of enhanced
Dean mixing effects. We then plotted the detailed force
regime distributions of these three particles in the inset (i) ot
figure 3(a). As can be seen from this regime map, the
transition flow rate at which the dominant force shifts from
inertial lift force to Dean drag force gradually increases with
increasing CR. For particles with a CR of 0.1980, the Dean drag
dominated regime was not observed in our experiments,
which well explains the absence of the outward-shifting of
particle focusing stream under the tested flow rate range. "\ .
further obtain the transition flow rate (Q,) of this sized partic' .
a rigid channel device which can bear a much higher pressure
is needed. Although the particles with a CR of 0.1980 a -
always tied to the inertial regime, the force balance acting on
these large particles is much more sensitive to the flow rate, as
compared with that acting on other two small particles due to
the fact that the force ratio Ry is indirect proportion -
CR*f,(Re,, X,) (where the lift coefficient f is a function of flow
rate). Therefore, the equilibrium positions of large particles are
easily influenced by the flow rate, which provides a possible
interpretation for the generation of DP focusing in the
dynamics of particles with a CR of 0.1980.

Another novel finding worth mentioning is that in addition to
particle size, the relative focusing position of these particles is
found to be dependent also on flow rate. From the position
variation curves illustrated in figure 3(b), we found that tt .
whole tested flow rate range cain be divided into four different
regimes. Specifically, at the beginning flow rates (Stage 1), the
focusing position of small particles is closer to the inner wall as
compared with that of large particles, occurred as “Small-
Middle-Large (S-M-L)”. With increasing flow rate to be larger
than the Q. (Q.; denotes the transition flow rate of small
particles), the small particles would move towards the outer
wall under the dominant Dean drag force (in the Dean regime),
and finally interchange their lateral positions with that of
middle-sized particles. Therefore, the relative focusing position
of these three particles would appear as M-S-L (Stage 1), as
illustrated in the inset (iii) of figure 3(b). Then, the small
particles would keep outward shifting, making the relative
focusing position turn to be M-L-S (Stage Ill). After the flow
rate has further been increased to surpass the Q..,, the middle
particles also begin to be dominated by the Dean darg force
and turn to shift towards the channel centerline. Therefore,
the middle particles would pass across the focusing position of
large particles, generating a well-known L-M-S distributic .
(Stage 1V) that the large particles focus closer to the inner w. 'l
7142635 asillustrated in the inset (iv) of figure 3(b). For stages
I and Il, the focusing qualities or the distances betwe n
adjacent particle focusing streams are not acceptable. To
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achieve high-throughput separation of these three particles, it
is better to choose a flow rate in the later stages Ill and IV.

Particle migration behaviors under the rough focusing mode

The migration behaviors of particles with CRs smaller than the
critical cutoff value (CR.=0.07) were commonly neglected in
previous studies due to its limited application potentials. For
these particles, the Dean drag force acting on particles would
surpass the inertial lift force in magnitude % and dominates
the lateral migration of flowing particles due to the fact that
the dimensionless force ratio (Ry) is proportional to CR%. It was
also found in previous studies 718 that the Dean drag force
increases much faster than the inertial lift force as the flow
rate increases, which means that the Dean drag force would
play an increasingly dominant role in the lateral migration of
particles at higher flow rates under this migration mode. In this
case, instead of being focused at specific lateral positions, the
flowing particles would get entrained and circulated in one of
the two Dean vortices located in the upper and lower half of
the channel respectively. Herein, we selected particles with a
CR of 0.042 to investigate and analyze the detailed particle
migration dynamics under this mode. From the fluorescent
stream images grouped in figure 2 (Mode 2), we found that at
the starting flow rate of De=1.73, particles initially located near
the inner wall (see particle 1 in the inset (i) of figure 4(a)) are
spiraled into the effective region of the vortex under the Dean
drag force directed outward, generating a particle-free region
near the inner wall. The effective region of the vortex is
defined as the region where the local flow field is strong
enough to drag particles into the circulation, and the local field
for dragging particles can be strengthened via increasing the
main flow rate 2*. Since at low flow rates, the Dean drag force
directed inward (near the top and bottom channel walls) is
much weaker than that directed outward (near the middle
channel plane) s particles located near the outer wall (see
particle 2 in the inset (i) of figure 4(a)) can only reflow into the
circulation at much higher flow rates, finally resulting in the
generation of a new particle-free region near the outer wall.

In attempts to elucidate the effects of flow rate on particle
migration behaviors under this mode, we quantitatively
measured the particle stream widths and intensity profiles
The
obtained particle stream widths were plotted as a function of

across the channel width under different flow rates.

De in figure 4(a). As can be seen from this figure, the particle
stream width decreases rapidly at the starting flow rates due
to, as demonstrated above, the generation of the double
particle-free regions near channel walls; but then it begins to
increase gradually with increasing De. A further analysis of the
intensity distributions at this flow rate range shows that the
outer boundary of the particle stream first moves toward and
then shifts away from the inner wall while the inner boundary
remains almost unchanged during the whole flow rate range
(see figure 4(b)). It is also found that these intensity profiles
are asymmetrically biased toward the inner channel wall,
indicating that more particles aggregate in the inner channel
region. These two findings indirectly reflect some formation

6 | J. Name., 2015, 00, 1-3
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and development mechanisms of the cross-sectional Dean
flow. In curved channels, the maximum velocity point of tt
plane Poiseuille flow and the center of Dean vortices are
proved to shift from the channel center toward the inner
channel wall ** 36, which can well explain the observid
asymmetrical distribution of particles. In addition, the local
velocities of Dean vortices near the outer channel wall, which
are initially much weaker than that near the inner channel wall,
would gradually strengthen with increasing the main flow rate
233 56 that the effective region of the vortex for dragging the
particle into the circulation gradually widens. Therefore, the
particle stream width gradually increases with the increase of
the main flow rate in the later stage. The conclusion that the
particle migration behavior under the rough focusing mode is
determined by the features of the cross-sectional vortices (e.g
the local velocity field or shape and position of vortices)
provides a useful guideline for designing curved microfluic..
systems that the particle dynamics in this mode can be flexik -
controlled by regulating the dimension or shape of the channel
cross-section.

(a)
= 140 o Flow direction

1204

Vortex region
acol. 1 g I

—————n
Particle distribution

Particle stream width (pm
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60 ; i M 1 1 L
2 4 6 8 10 12
Dean number (De)
(b) 1.0 r T T T ' y ;
- Inner region —a— De=1.73
ik —o—De=5.18 |

—&— De=8.63

—v— De=12.08
0.6 4

0.4

0.2

Normalized intensity (a.u

20 40 (1] 80 100 120 140

Microchannel width (pm)

0.0

Figure 4. (a) Particle stream width measured under the rough focusing mode as a
function of De. The inset (i? shows the diagram of particle motions in the cross-
section of a curved channel. The particle distribution across the channel width is
found to be determined by the effective region of the vortex in the chann~!
cross-section. ]Sb) Fluorescence intensity distributions across the channel width .t
four different flow rates.

Particle distributions under the non-focusing mode

As the CR decreases to a certain extent, both the inertial lift
force and the Dean drag force become very weak while tl e

This journal is © The Royal Society of Chemistry 2015
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Brownian diffusion of particles is significantly enhanced and
would dominate the particle migration. In this work, we
investigated the migration behaviors of nanoparticles with an
extremely low CR of 0.004 in Dean-coupled inertial flows. The
generation of single/double particle-free region(s) observed in
the rough focusing mode was not found in this mode where
particles are always scattered across the channel within the
tested flow rate range (see mode 3 in figure 2). By analyzing
the fluorescence intensity profiles illustrated in figure 5(a), we
found that the intensity distribution across the channel width
shows a parabolic profile, indicating that these small particles
would, to some extent, aggregate near the channel center. The
non-uniform particle distribution across the channel width
would be significantly enhanced with increasing flow rate. This
interesting nanoparticle “focusing” phenomenon may be
attributed to the shear-induced migration effect that drives
particles to migrate from the high-shear-rate region near the
channel wall to the low-shear-rate region near the channel
center ¥. The finding of this nano-focusing phenomenon
blazes a new path for future high-throughput concentration or
enrichment of nano-materials. Similar aggregation phenomena
has also been found in the migration behaviors of some
biological macromolecules (e.g., DNA molecules) in viscoelastic
flows . However, facing with the problems of small channel
dimension employed and high viscosity of the viscoelastic
suspension fluids, the processing throughput was limited to be
only ~15 ul/h, which is far more than enough for real-word
applications where the biological samples to be processed is
commonly in ml-scale. As a comparison, our spiral inertial
microfluidic device offers a throughput up to ~ml/min level
without the assistance of energy-consuming external fields or
To further quantitatively
evaluate this nanoparticle aggregation effect, we defined a
dimensionless parameter, aggregation degree (AD=lcenter/Iwall),
through dividing the average fluorescence intensity (/center)
near the channel centerline by the average fluorescence
intensity (/y,1) near channel walls. The obtained aggregation
degrees under different flow rates are then plotted as a
function of De in figure 5(b). From this figure, it is confirmed
that the aggregation degree increases with the increase of
flow rate. The aggregation velocity at low flow rates is found
to be much faster than that at high flow rates, which indicates
that the aggregation degree would trend to be constant after
the flow rate increase to be high enough. An exponential
function AD=1.899-0.763*exp(-0.099De) (R*=0.97) can be well
employed to describe the variation of aggregation degree
according to De.

Besides the nano-particle aggregation phenomenon near the
channel center, we also found in figure 5(a) that the overall
intensity across the channel width gradually increases with
increasing flow rate, indicating that particles may also
aggregate in the middle plane parallel to the channel bottom
due to the shear gradient along the channel height. The
Poiseuille flow in channels with a rectangular cross-section
would yield a much higher shear gradient along the shortest
side of the cross-section (i.e., the channel height in this work)
*, which means particles would aggregate more easily in the

demanding channel structures.

This journal is © The Royal Society of Chemistry 2015

middle region along the channel height. In addition, previously
reported numerical studies revealed that the shear gradiei -
along both directions (channel width and height) would
increase significantly with the increase of the driving flow rate
1 which leads to the prominence of this aggregaticn
phenomenon at higher flow rates. However, the detailed
physics underlying this finding of nanoparticle focusing in
Dean-coupled inertial flows or the migration behaviors ot
other irregular nanomaterials (e.g., nanowire and nanotube)
are still not well understood, and thus more solid theoretical
or experimental investigations are needed in future studies.
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Figure 5. (a) Fluorescence intensity distributions across the channel width at

various flow rates (De=1.73~12.08) under the non-focusing mode. (b) The
measured aggregation degree as a function of De.

Validation of migration modes in the dynamics of
complex bioparticles

On the basis of the improved understanding of particle
dynamics under each migration mode, we carried out ¢ -
investigation to validate the effectiveness of the discovered
three mode migration in the dynamics of complex bioparticle
systems. In this experiment, the zymosan bioparticles (al o
called “ghost cells”), which contain submicron scale debris,
were selected as the manipulation model. The size of tf .
bioparticle is strongly polydisperse with its average diametc

size (3~4 um) happens to satisfy the critical cutoff CR (CR.=0.C" |
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for achieving high-quality particle focusing in our channel
design. In addition, as compared with the above-used polymer
particles with ideal spherical shapes and monodisperse sizes,
the zymosan bioparticle offers much more complex features,
such as broader size distribution or greater deformability.
Therefore, the focusing dynamics of this bioparticle would be
more interesting and may provide helpful insights for flexibly
processing complex biological specimens.

To better observe the contained small components or debris,
the zymosan bioparticles were covalently labeled with
fluorophores, and then diluted in sterile phosphate-buffered
saline (Sigma) containing 0.5 wt% Tween 20 to form
homogeneous particle suspensions with extremely low
concentrations. These particle suspensions were then
introduced into the spiral channel device at the same flow
rates used above (Q=100~700 ul/min). The particle migration
dynamics near the outlets were captured and overlaid to
obtain the composite fluorescent stream images, as grouped in
figure 6(a). From this focusing spectrum, it is found that the
focusing quality of this bioparticle is noticeably less desirable
than that of particles under the focusing mode, but much
better than that of particles under the rough focusing mode.
This difference lies in the polydisperse size distribution which
makes particles with CRs>0.07 being under the focusing mode,
and particles with 0.01<CRs<0.07 being under the rough
focusing mode. In addition, the deformation induced by the
high shear rate would change the shapes or characteristic
dimensions of particles, which also makes the focusing quality
worse.

ii

— -
g' \N N

\E’\\: &

B
1 345 8.63 10.35

_ Dean numher{De}

€98

Uﬁlg
(2q) 1equinu ueaqg

ﬂiiiiii

— B
—— 2
o a0 : 00 T2 140160
(a) inner region (b} Mlcrochannel width (pm)
d)
1.73 3.45 5.18 6.90 8.63 10.35 12,08

Dean number (De)

Figure 6. (a) Fluorescent stream images of the tested bioparticles at different
flow rates. (b) Quantified particle distributions across the channel width at
different flow rates. (c) Dimensionless width of particle streams as a function of
De. (d) Measured average fluorescence intensities near the outer channel wall as
a function of De.
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To probe into the detailed migration dynamics of this complex
bioparticle, we determined the boundaries of the partic!

stream by marking the points where the intensity crosses 20%
of the peak value, and depicted the possible particle
distributions at different flow rates in figure 6(b). From th's
figure, we found that both the inner and outer boundaries ot
the particle stream first move towards the inner wall, and then
shift towards the outer wall with increasing flow rates. The
shifting velocity of the outer boundary is found to be much
higher than that of the inner boundary, indicating that
particles close to the channel centerline experience much
stronger net forces. We then defined a dimensionless width
through dividing the calculated distance between the twc
boundaries by the average particle diameter to evaluate the
effects of flow rate on particle stream width (see the figure
6(c)). From this columnar distribution, it is observed that the
narrowest stream width occurs at the middle flow rates @
De=3.45 and 5.18 rather than at the highest flow rate, whi ’
agrees well with the dynamics of above-investigated particles
under the focusing mode. However, due to the existence ~*¢
small unfocused particles, the defocusing effect under high
flow rates is more obviously as compared with that of particles
under the focusing mode.
average fluorescence intensities near the outer channel wa"
and plotted these values as a function of De in figure 6(d). It is
interesting to find that except the intensity under the De of
3.45, the measured intensities gradually increase with the
increase of De, which
submicron or nanoscale debris are under the non-focusing

In addition, we measured the

indicates that the contained small

mode, and the interesting nano-focusing phenomenon is also
observed in the migration dynamics of this bioparticle. The
high intensity observed at the starting flow rate of De=3.45 is
caused by the present of rough focusing particles which wou'

get entrained in the Dean vortex, and generate a particle-free
the three
discovered migration modes are well validated in the focusing

region near the inner wall. In conclusion, all
experiments of this polydisperse sized bioparticle, and the
migration dynamics of this bioparticle are found to be &
complex of behaviors under each migration mode.

Conclusions

In this work, we characterized the migration dynamics of
particles with different CRs in a spiral inertial microfluidic
device. Experimental results showed that particles behave in
three different migration modes in curved low-aspect-ratic
channels according to their CRs. More importantly, it was
found that the particle migration behaviors can dynamically be
switched between these three modes when the chanr |
dimension is regulated, providing a useful guideline for flexibly
controlling particle motions. For the purpose of furthering the
understanding of these migration modes, we investigated t} =
detailed migration dynamics of selected-sized particles in eac -
mode, and analyzed the mechanics underlying these differer*
migration modes.

For particles in the non-focusing mode, the particle dynamic<
are dominated by the Brownian motion since the effects f

This journal is © The Royal Society of Chemistry 2015
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fluid inertia on lateral particle migration are very weak. Thus,
the particles are dispersed throughout the channel within the
whole tested flow rate range. Nevertheless, an interesting
parabolic distribution of particle concentration across the
channel width was observed, which indicates that particles
would aggregate near the channel center with the increase of
the flow rate. For particles in the rough focusing mode, the
Dean drag force acting on particles surpasses the inertial lift
force in magnitude and thus dominates the lateral migration of
the particles. Owing to the dragging effects of Dean vortices, a
particle-free region is generated near both inner and outer
channel walls, which leads to the formation of a wide particle
band across the channel width. The width and location of this
particle band were found to be determined by the features of
the cross-sectional vortices. This means that we can flexibly
control the particle motions by regulating the dimension or
shape of the channel cross-section. For particles in the
focusing mode, particles migrate to form a tightly-focused
particle stream under the coupling of Dean drag force and
inertial lift force. The multi-particle dynamics under the
focusing mode were analyzed, and an interesting four-stage
development of particle focusing positions across the channel
width was found. Finally, the effectiveness of the discovered
three mode migration was successfully validated in the
dynamics of polydisperse-sized bioparticles. The experimental
findings of the particle migration modes and behaviors would
provide insights into the dynamic and flexible control of
particles in curved channel systems.
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