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In this paper, we study inertial focusing in curved channels and demonstrate the alignment of particles with
diameters between 0.5 and 2.0 um, a range of biological relevance since it comprises a multitude of bacte-
ria and organelles of eukaryotic cells. The devices offer very sensitive control over the equilibrium positions
and allow two modes of operation. In the first, particles having a large variation in size are focused and
concentrated together. In the second, the distribution spreads in a range of sizes achieving separation with
sub-micron resolution. These systems were validated with three bacteria species (Escherichia coli, Salmo-
nella typhimurium and Klebsiella pneumoniae) showing good alignment while maintaining the viability in all
cases. The experiments also revealed that the particles follow a helicoidal trajectory to reach the equilib-
rium positions, similar to the fluid streamlines simulated in COMSOL, implying that these positions
occupy different heights in the cross section. When the equilibrium positions move to the inner wall as the
flow rate increases, they are at a similar distance from the centre than in straight channels (~0.6R), but
when the equilibrium positions move to the outer wall as the flow rate increases, they are closer to the
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centre and the particles pass close to the inner wall to elevate their position before reaching them. These
observations were used along with COMSOL simulations to explain the mechanism behind the local force
DOI: 10.1039/c91c00080a balance and the migration of particles, which we believe contributes to further understanding of the phe-
nomenon. Hopefully, this will make designing more intuitive and reduce the high pressure demands,

rsc.li/loc enabling manipulation of particles much smaller than a micrometer.
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Introduction

Inertial focusing is a passive technique for high-resolution
particle manipulation (only pressure is needed to run the sys-
tem) where the velocity profile of the fluid induces migration
of particles to size-dependent equilibrium positions along the
cross section of a microchannel. It is label-free (the separa-
tion of particles is based on size and geometry), its through-
put is very high compared to most other approaches and it is
less prone to clogging since particles do not contact the walls
of the channel. This technique has been used for manipula-
tion of biological samples, such as label-free separation of
erythrocytes and leukocytes from a blood sample," acquisition
of circulating tumour cells*® or cell synchronization.* For
smaller particles, like prokaryotic cells, less work has been
done since the forces causing the migration are strongly re-
lated to the size of the particles.
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In addition, for particles in the micron range and smaller,
the high throughput comes with high shear forces that could
be harmful to the particles.” There are also high pressure de-
mands, which is not common in the microfluidics commu-
nity (although high-pressure capillary systems are often used
in clinical laboratories, with high performance liquid chro-
matography (HPLC) equipments being one of the most com-
mon analytical instruments). Still, the few groups that have
been pursuing this have made good demonstration of the po-
tential in working at high pressures.®™°

In inertial focusing, it is generally accepted that in a
straight channel, the migration and equilibrium of particles
are mainly due to two forces; the shear gradient lift force, di-
rected towards the walls of the channel and originated from
the non-zero curvature of the flow profile, and the wall force,
repelling particles from the walls and originated from the
interaction of the stresslet around the particle and the wall.
Reviews on the phenomenon can be found elsewhere,****
but an introduction with key points is included in the follow-
ing paragraphs to ease the understanding of the results and
discussion.

In 1974, Ho and Leal combined both forces aforemen-
tioned and calculated the net lift force (Fy) on a particle
much smaller than the channel (a/Dy < 1) in a two-
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dimensional Poiseuille flow for very low Reynolds numbers
(Re = pUnDy/u < 1), concluding that F, = CipUy’a*/Dy?,
where p and g are the density and the dynamic viscosity of
the fluid, U, is the maximum flow velocity, a is the particle
diameter, Dy is the hydraulic diameter of the channel and
Cp, is a coefficient that adjusts the value of the force
according to Re and the lateral position of the particle in
the channel.” Since then, the theory has been expanded for
moderate'® and high'” Re numbers, for particle sizes in the
order of magnitude of the channel and for 3D flows.'*>°
Under such conditions and based on numerical results, Di
Carlo et al. introduced some corrections to the estimation
of Fy, stating that Fy, ~ pUy”a’*/Dy close to the channel cen-
tre and Fy, ~ pUy’a®/Dy* close to the wall."® Recently, Hood
et al. and Chao Liu et al. proposed mathematical models
for F; based on Ho and Leal's work.*>?° In particular, to
provide a notion on what is nowadays taken into account in
the prediction of the lift forces, Chao Liu's formula was
reached by fitting numerical results with an equation com-
posed of four terms. The first two, dominating the radial
migration, come from Ho and Leal's work: the shear gradi-
ent lift and the wall-induced forces. The third is a Saffman
force induced by the lag of the particles in the proximity to
the wall that, although much weaker than the previous, is
responsible for the migration of particles along the perime-
ter where the first two forces are cancelled, bringing them
to four stable equilibrium positions. The last term is a cor-
rection to the shear gradient lift that couples to the aspect
ratio of the channel.

Even though it is a complex phenomenon still in debate,
there are facts that are generally accepted for inertial focus-
ing of particles in straight channels:

- The dominant forces are the shear gradient lift force and
the wall force. The first pushes the particles towards the
walls; the second repels them away from them. These two
forces cancel each other at an equilibrium perimeter.”’ >

- In channels with circular cross sections and for particles
that are small (a¢/H < 1), the perimeter is at ~0.6 of the ra-
dius from the center. As Re increases, it comes closer to the
walls, and for larger particles, it is slightly closer to the cen-
tre."® Such a perimeter exists for different cross sections
adapted to the geometry.>'>*

- In channels with rectangular cross sections, the interac-
tion with the walls not only repels the particles but also
makes them move laterally to four equilibrium points (two
under certain conditions). The movement to the perimeter
happens faster than the lateral migration, making the latter
the limiting factor in the alignment.'®*

- Fy, is strongly dependent on the size of the particle; large
particles will migrate faster than smaller ones under the
same conditions (Fy, ~ g®~*).1%1%18720,22

Fig. 1(a) shows the typical paraboloid-like shape of the
flow profile in a rectangular microchannel with aspect ratio
W/H = 2, where W and H are the width and the depth of the
channel, respectively, and its representation in 2D with the
four equilibrium positions for a particle with a/H = 0.1. In
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Fig. 1 (a) 3D flow profile in a straight microchannel (aspect ratio W/H
= 2) and its representation in 2D with isovelocity curves showing the
equilibrium positions for particles with a/H = 0.1. (b) Map of the net
force acting on such particles at Re = 100, based on the results of
Chao Liu et al.?*

Fig. 1(b), the net lift force is represented for such particles
under Re = 100, based on Chao Liu's simulations.**

Straight channels have the limitation of a slow lateral mi-
gration and multiple equilibrium positions. To overcome
these, secondary flows (perpendicular to the main flow) can
be generated. Common techniques are addition of curva-
ture,?**® expansion-contraction of the channel,”” addition of
obstacles,?® etc. For instance, Russom showed how the sec-
ondary flow in a curved channel (Dean flow) makes particles
focus only close to the inner wall in two equilibrium posi-
tions (mirrored to the horizontal centre line and appearing
as one from the top view).>* Martel and Toner observed that
these positions depend on the curvature of the channel, Re
and size of the particle for a given cross section, and that, un-
der certain conditions, the mirrored positions become only
one situated very close to the inner wall. In the same work,
they suggested that the location of the equilibrium positions
migrates not only in the lateral position but also vertically,**
which we confirm in this paper. Another benefit of introduc-
ing a secondary flow is the high sensitivity for particle separa-
tion based on size, which has been exploited by several
groups.1’31'32

It is assumed that the main force originated by the sec-
ondary flow is Stokes’ drag (named Dean drag; Fp) parallel to

its stream lines; F, =3nuaU}¥ , where U} is the relative veloc-

ity of the secondary flow compared to that of the particle in
the direction of the secondary streamlines. When the particle

is at the equilibrium position, U} reaches its maximum and

coincides with the velocity of the secondary flow; U}=U,

2 M

and, as an indicator of the magnitude, U, =De”~ /D, can
o

0.5
be used, where De:Re(&J is the Dean number,
2R

D, = ;HV;/V is the hydraulic diameter of a rectangular chan-
+

h

nel and R is the radius of curvature.>® Although many appli-
cations have been shown for curved channels, there is a lack
of understanding of how particles actually reach the equilib-
rium positions, where they lay and how the forces are
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balanced; there is discrepancy in the force balance in the
publications aforementioned. Understanding how and where
particles equilibrate needs further local analysis rather than
generalizing over the cross section with parameters like Re or
De. Indeed, in this study, we present evidence that, under
certain conditions, the equilibrium in curved channels is due
to the vertical component of the secondary flow, which is
generally overlooked.

Also, the manipulation and balance of forces become chal-
lenging when small particles (~1 pm and smaller) are
targeted. This is due to the strong dependency of the net lift
force to the size of the particle (F, ~ a*™*).">'® Nevertheless,
Cruz et al.’ and Wang et al.** showed alignment of ~1 um
particles by single phase inertial focusing. For that, the chan-
nels were 10 x 20 um (H x W)° and 5 x 10 um (H x W).**
Microchannels with such dimensions have a high
hydraulic resistance and the pressures needed to run the sys-
tem amount to tens of bars despite the length of the channel
being only a few millimetres. Also, if a system that works for
a certain size is simply scaled down to target a smaller one,
the pressure needed to run the system increases quadratically
with the reduction in size of the particle,’” which is nowadays
the main limitation for the technology to be used for parti-
cles much smaller than 1 pm.

Recently, Mutlu et al. introduced the novel concept of
oscillatory inertial microfluidics, where a sample is moved
forth and back in a straight channel to achieve an “infi-
nite channel” and by so they showed manipulation of very
small particles (down to 0.5 um) at low Re numbers.*®
While the concept is attractive, it comes with some limita-
tions compared to the traditional, passive inertial micro-
fluidics; it needs external control equipment to tune the
performance and it does not have a high throughput. In
addition, inertial focusing in straight channels gives multi-
ple equilibrium positions and cannot perform high-
resolution separation.

To sum up, successful manipulation of small particles
has been recently demonstrated but it is on the edge of the
technology; there is little work and further characterization
is needed. The main limitation is the need of high pres-
sures, which is unavoidable with the current theoretical
knowledge. Further understanding of the phenomenon may
help to minimize the demands of the system, to enable
separation of even smaller particles and open up new
applications.

In this paper, we study and characterize inertial focusing
in curved channels for small particles (~1 pm), achieving fo-
cus of as small as 0.5 um particles. Moreover, in the range of
1 to 2 pm, we distinguished two modes of operation for the
same device: as a concentrator or as a separator with sub-
micron resolution. These systems also focused three clinically
relevant bacteria of the Enterobacteriaceae family while suc-
cessfully maintaining their viability. These bacteria were
Escherichia coli, known as a model in microbiology that can
cause opportunistic infections, Salmonella typhimurium, a
pathogen that causes gastroenteritis in humans and other

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

mammals, and Klebsiella pneumoniae, that causes human in-
fections in immunodeficient patients. We believe that this
novel, versatile, simple and robust high-pressure inertial
microfluidic system is ready to be integrated in real
applications.

Apart from the outstanding performance, the experiments
combined with COMSOL simulations contributed to novel
understanding of the mechanisms behind the force balance
and the migration of particles.

Experimental
Design and fabrication of the channels

The channels were designed based on our experience from
recent results, where we presented a theoretical study on how
to scale the microchannels to target different particle sizes
and demonstrated the concept by focusing 3 and 1 pm parti-
cles as well as Escherichia coli.® Most of the results were
obtained with the microchannels consisting of two curves
with a radius (R) of 0.5 mm, 10 um in depth (H) and 20 pm
in width (W) connected by a small turn (R of 30 um),
Fig. 2(a). This cross section and radius provided the specific
conditions to match Fp and F;, within the range of feasible
flow rates (below the threshold set by the pressure thresh-
old that compromises the devices (~200 bar); see section
“Formation of equilibrium positions” under “Results and
discussion”).

We included a pillar section that acted like a filter at
the inlet and 400 pm of a straight channel before the
curves to allow particles to initiate their migration to the
perimeter by the lift force prior to being swept by the sec-
ondary flow. An expansion in the end of the channels facil-
itated the optical evaluation, which was preceded with 100
um of a straight channel to stop the rotation of the fluid.
Finally, the inlets and outlets were ~180 pm in H and W,
which compared to the functional part, offered negligible
hydraulic resistance.

The channels were dry etched in silicon (DRIE), sealed
with glass (anodically bonded) and glass capillaries were
glued with epoxy as connections, Fig. 2(b). Further details

Deep DRIE
Shallow DRIE

»

s

(b)

Fig. 2 (a) Microfluidic chip consisting of two curves with 0.5 mm in
radius (R); 10 um in depth (H) and 20 um in width (W) connected by a
small turn (30 um in R). (b) Sketch of the fabrication.
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can be found in the ESL} Microchannels fabricated with
these materials can stand at least 200 bar.’

Experiments

The samples were prepared by suspending fluorescent poly-
styrene particles (Thermoscientific Fluoro-Max) or bacteria in
deionized water (~10°® particles per mL). With the particles,
0.1% of Triton X was added to reduce agglomeration.

Three rod-shaped species of the family Enterobacteriaceae,
carrying fluorescent proteins, were used to make suspensions
to test the microchannel. The strains were seeded from a fro-
zen stock to LB agar plates. These agar plates were incubated
for 36 hours under aerobic conditions at 37 °C (Escherichia
coli and Klebsiella pneumoniae) or at 42 °C (Salmonella
typhimurium). Bacteria from the middle of the colonies were
suspended in deionized water using a loop. Vortex for 30 s
and mixing by inversion were done until the suspension was
homogeneous. Optical density at wavelength 600 nm was
adjusted between 0.15 and 0.25 to reach a concentration of
~10% cells per mL (UV-mini 1240 spectrophotometer,
Shimadzu). The suspensions were observed using a fluores-
cence microscope (Leica DFC3000G, Leica Microsystems) to
see the size range of bacteria.

Escherichia coli carried an orange fluorescent protein
(dTomato: excitation wavelength 554 nm, emission 581 nm)
and was ~0.5 pm in width by ~1 pm in length (as observed
in Fig. S87).

Salmonella typhimurium carried a super-yellow fluorescent pro-
tein (SYFP2: excitation wavelength 515 nm, emission 527 nm)
and was ~0.4 um in width by ~1-1.5 um in length (Fig. S87).

Klebsiella pneumoniae carried a red fluorescent protein
(mScarlet: excitation wavelength 569 nm, emission 594 nm)
and was ~0.6 um in width by ~0.9 um in length (Fig. S87).
This last species is covered naturally by a capsule; i.e. a gel
structure outside the cell that gives them protection.

An HPLC pump (Waters, model 515) was used to pump
the samples at the desired flow rates with a read out of the
pressure. To avoid particles passing through the pump, the
samples were loaded in a metallic tube with ~5 mL capacity
in-between the chip and the pump.

The evaluation of the microchannels was done optically
with a microscope with fluorescence filters/light source. Since
the main limitation to run these systems is the need for high
pressure, this was the variable controlled in the experiments;
images were taken while increasing the pressure in steps of
10 bar. The analysis of the intensity profiles was done with
Image] at the expansion of the outlet where the width of the
channel was 108 pixels at 10x magnification (corresponding
to 70 um).

To measure flow rates and particle concentration from
each outlet individually, we collected samples in vials during
a fixed time. The collected samples were weighed to know
the flow rate and, after mixing with a vortex, 1 pL was
pipetted and allowed to dry on a glass slide for particle
counting, which was done with Image].
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The viability evaluation was done by counting the colony
forming units in cultures in LB agar plates after 24 hours
from samples before (control) and after passing through a
microchannel with a single outlet. Samples were collected
when the pressure was increased to 50, 100 and 150 bar con-
secutively, and decreased to 50 bar again to distinguish the
effect of high static pressure and the shear forces in the
microchannels.

Results and discussion

In this section, we first show the results obtained with micro-
channels with a R of 0.5 mm and 10 x 20 um (H x W), which
performed excellent alignment for 1 and 2 pm particles and
revealed some information about the equilibrium positions.
We compared the results from the microchannels with the
same cross section but different radii (increased Fy), or with
reduced depth to 7.3 um (increased F;/Fp). From the experi-
mental results and COMSOL simulations, we propose a
migration mechanism in agreement with that of Martel and
Toner.>® To finalize, we validate the performance with
bacteria.

Microchannels with R of 0.5 mm and 10 x 20 pm (H x W)

For microfluidic channels with R of 0.5 mm and cross section
10 x 20 um (H x W), the pressures recorded ranged from 20
bar (30 uL min™"; Re = 22) to 120 bar (180 pL min™'; Re =
133). We observed that 1 and 2 um particles were successfully
aligned and that the equilibrium positions were strongly de-
pendent on the size of the particle and the flow rate. 2 um
particles (H/5) aligned initially close to the middle and as the
flow rate increased, they moved towards the inner wall but
eventually changed direction towards the outer wall. On the
other hand, 1 pm particles (H/10) started to show good align-
ment close to the inner wall and migrated towards the outer
wall as the flow rate increased. The evolution of the equilib-
rium positions with the flow rate is shown in Fig. 3 and more
detailed information with steps of 10 bar is provided as a
video in the ESL} Such channels could almost align 0.7 pm
particles well but only at the lowest flow rates, Fig. S1.f
Thanks to the strong dependency of the equilibrium posi-
tions on the particle size and flow rate, these microchannels
offered two different modes of operation for the particle size
range of 1 to 2 um. In the first, all particles are focused and
can be extracted together, Fig. 3, at 30 bar (45 uL min™"). In
the second mode, the range of sizes spreads and smaller par-
ticles get closer to the outer wall, Fig. 3, above 30 bar. In par-
ticular, the optimum separation was achieved at 70 bar
(~100 pL min™"), where the lateral position was z = 0.1 for 2
pum and z = 0.5 for 1 pm particles, respectively (with z = 0 cor-
responding to the inner wall and z = 1 to the outer wall). Note
that the 2 um particles were initiating their migration to the
outer wall at that moment and therefore any intermediate
size should be ahead forming a rainbow of sizes between
them and the 1 pm particles, achieving sub-micron resolu-
tion in the separation. Separation by size also occurred for

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Equilibrium positions of the microparticles as the pressure/flow rate increases in a microfluidic chip with 0.5 mm in R and cross section
10 x 20 um (H x W). (a) Pictures at four different pressures/flow rates with 1 and 2 um particles. (b) Intensity profiles of 1 and 2 um particles from
20 to 120 bar (30 to 180 uL min™). (c) Intensity profile of 1 and 2 um particles at 70 bar (~100 pL min™Y). In the normalized channel, width

0 represents the inner wall.

pressures below 30 bar, although with opposite order; the
smaller the particle, the closer to the inner wall its equilib-
rium position was. This scenario offers lower throughput and
less resolution since 2 and 1 um particles are closer, but de-
mands less pressure and the shear forces are lower.

To measure the quality of the separation, we collected
each outlet simultaneously for several minutes and measured
the volume and particle concentration through them while
running the device at 70 bar (~100 uL min™"). The factor of
concentration was 6.7 and 3.4 with recoveries of 96.8% and
98.1% for 1 and 2 pm particles respectively, ¢f. Table S1.}

Apart from the excellent performance in the particle size
range of 1 to 2 pm, these experiments revealed an interesting
insight into the phenomenon of inertial focusing in curved
channels. Focusing on the small turn connecting the two
loops and on what happened after it, information about the
location of the equilibrium position and how particles
reached it could be inferred. In such channels, the two curves

(a) r

with R of 0.5 mm had opposite curvature; their equilibrium
positions were mirrored in the cross section. Particles that
had already reached the first equilibrium position had to mi-
grate again towards the new one and, since the majority were
almost well focused already in the first loop, a line revealing
the migration could be seen. Also, the connecting turn had
an extremely small radius (30 um) compared to the rest of
the system and the Dean drag dominated in that section. The
data in Fig. 4 come from the same data as in Fig. 3 but
zooming in at the turn and other relevant parts. Let us start
by analysing the turn when the sample was 1 pm particles
and the equilibrium position was close to the inner wall; for
instance at 30 bar (45 uL min'), Fig. 4(a). From their posi-
tion at the inner wall, particles entered the turn, which had
opposite curvature and thus opposite Dean flow; they were
suddenly at the outer wall, far away from the equilibrium po-
sition (position 1 in Fig. 4(b)). With no force opposing the
secondary flow, they followed its streamlines and migrated

(b)

1- Initial equilibrium 3- New equilirbium position .30 bar
position 1pm

articles
2- Position after the turn Fo—> P .90 bar

Fig. 4 (a) The zoomed-in performance of a microchannel with dimensions 10 x 20 pym (H x W) and R 0.5 mm while running a sample with 1 um
particles at 30 bar (45 uL min™) and 90 bar (135 uL min™Y). (b) Interpretation of the migration observed from the top view (the Dean forces corre-

spond to 50 pL min™).

This journal is © The Royal Society of Chemistry 2019
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towards the new inner wall. By the end of the turn, they were
close to their new equilibrium position (position 2 in
Fig. 4(b)). This connection of the two loops was efficient at
such flow rate, ie., particles did not waste much channel
length traveling towards the new equilibrium position (posi-
tion 3 in Fig. 4(b)) and kept improving the alignment.

Let us now analyse the case when the equilibrium position
had moved towards the outer wall; for instance at 90 bar (135
uL min™"), Fig. 4(a). At that position, particles were in equi-
librium close to the middle (position 1 in Fig. 4(b)). As they
entered the turn, they quickly moved to the outer wall, likely
following the strong Dean flow. This means they were in the
middle region of such flow, in contrast to the previous case
where they were pushed towards the new inner wall (indicat-
ing that they were in the lower/top region of the Dean flow or
in its vertical part). This was a first indication of that,
depending on the flow rate, the equilibrium position
belonged to different sections of the secondary flow and thus
to different heights in the channel. Now, after the turn, parti-
cles were very close to the outer wall (position 2 in Fig. 4(b))
and they started migrating towards their new equilibrium po-
sition (position 3 in Fig. 4(b)). However, from the top view,
Fig. 4(a), it could be seen how the particles passed by the
new equilibrium position and left it behind as they
approached the inner wall, changed direction towards the
outer wall and finally stopped at the equilibrium position.
This sinusoidal trajectory matches the top view of the 3D he-
licoidal trajectory of the fluid streamlines in a curved channel
(simulated with COMSOL, Fig. S2). This was the second in-
dication of the equilibrium positions belonging to different
heights. Regarding the connection of the two loops, it was in-
efficient at these higher flow rates. After the turn, particles
needed to travel around half loop of the microchannel to
reach the new equilibrium position and, while particles mi-
grate, the quality of the focus is likely not improving. There-
fore, the half loop of the channel that followed the turn only
contributed with pressure drop. Fig. 4(b) shows an intuitive
interpretation of the 3D trajectory of the particles migrating
right after entering the turn at both flow rates (shown from
the top view in Fig. 4(a)). The actual position of the particles
in the microchannel is discussed in the following paragraphs.

A similar trend could be observed for other flow rates and
particle sizes. The reader can study them in the full pictures
provided in the ESL:} With these pieces of evidence, it was clear
that the changes in the equilibrium positions were both in the
lateral position and vertically. The positions started at the bot-
tom/top of the channel, they evolved towards the inner wall
and eventually they reached a height that allowed them to
move towards the outer wall. The smaller the particle, the more
advanced its position; i.e. while 2 um particles started to move
towards the outer wall, 1 pm particles were already halfway.

Microchannels with other radii and depths

To expand the understanding, we evaluated a device that had
consecutive channels with the same cross section but differ-
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ent radii (1, 0.5, 0.25 and 0.125 mm) and observed how a
smaller radius forwarded the equilibrium position ahead in
the transition towards the outer wall (a similar trend as to in-
creasing the flow rate) for both 1 and 2 um particles, Fig. S3.}
Note that a smaller radius translates into larger Fy, while
maintaining Fy; thus lower F/Fp,.

We also tested the design shown in Fig. 3 with a reduced
depth of 7.3 um. The reduction of depth induced an increase
of the ratio Fy/Fp, and for 1 and 2 um particles, the lift force
dominated over the secondary drag. The alignment was suc-
cessful, Fig. 5, but, in contrast to the previous scenario, the
lateral position was not very sensitive to the flow rate; 2 pm
particles focused close to the centre and moved slowly to-
wards the inner wall as the flow rate increased (from z = 0.35
to z = 0.25) while 1 um particles aligned very close to the in-
ner wall (z = 0.1) with very small migration towards the outer
wall as the flow rate increased, Fig. S4.f Nevertheless, this
shallower channel was suited for the alignment of smaller
particles since, as explained in the introduction, Fy ~ a**
and Fp ~ a, meaning that the same conditions lead to
different Fi/Fp, ratios depending on the particle size. 0.7 um
particles aligned well after 60 bar (45 pL min™") at the inner
wall and migrated slowly towards the centre keeping the
good alignment. Also 0.5 um particles showed good align-
ment, although only at 60 bar (at the inner wall, closer to the
centre than 0.7 um particles), Fig. 5 and S4.f Including an ex-
tra turn in the system improved the quality of the alignment
for 0.5 pm particles but the range of flow rates that made
good focusing was the same, ~40-50 pL min~", and the pres-
sure drop for 45 uL min™" was 90 bar in this triple loop in-
stead of 60 bar in the double loop, Fig. S5.f

Formation of equilibrium positions

In this section, we aim at complementing the current under-
standing about inertial focusing in curved microchannels
with the experimental results and simulations in COMSOL.
As a simplification to build some intuitive understanding,
the phenomenon can be considered similar to that in a
straight channel to which a secondary flow is imposed. This
simplification is reasonable as long as the main flow is not
deformed much by the curvature, which according to our
COMSOL simulations was the case for the microchannel in

e

Fig. 5 Test on a microchannel with dimensions 7.3 x 20 um (H x W), R
0.5 mm and 60 bar (45 pL min™*) with 0.5, 0.7, 1 and 2 pm particles.
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Fig. 3 up to ~100 uL min™". Flow profiles of such a micro-
channel and of a straight one with the same cross section are
and presented in Fig. $61 at 50-150 uL min™"

Since the main flow is very similar to that of a straight
channel, the same forces are likely to be present and,
although they vary with Re and particle size, the general char-
acteristics are like those shown in Fig. 1. A conceptual
version of the lift force map at 50 uL min " with an
overimposed secondary flow is shown in Fig. 6(a) (omitting
the strong wall force that repels particles towards the equilib-
rium perimeter).

Following this lift force map, particles will migrate radi-
ally towards the equilibrium perimeter and eventually to-
wards the four equilibrium positions. However, as we im-
pose, the secondary flow, particles easily migrate along most
of the perimeter since Fy, is very weak there; F, dominates
and drags the particles until they approach the inner wall,
where the orbit turns and opposes F;. Under this scenario,
the equilibrium position close to the outer wall is not sta-
ble. The position close to the inner wall also vanishes in
most cases, likely due to that the horizontal component of
Fp, (Fpu) exceeds the weak, horizontal Fy (Fyy) in that region
in channels with a low aspect ratio. However, this position
has been reported to be stable under certain circum-
stances,*® as will be discussed in the following paragraphs.
The analysis is more complex for the remaining two mir-
rored positions, where particles coming from the horizontal

(a) F.—> Fo—» Eq. Perimeter Dean orbit ——
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Fig. 6 (a) Simplified, conceptual version of the map of F for straight
channels (omitting the strong wall force that repels particles towards
the equilibrium perimeter) with an overimposed secondary flow at 50
uL min™ (b) Migration of particles in a scenario where F_ dominates
and (c) where F| matches Fp.
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lines of the perimeter focus in straight channels. Particles
in these horizontal lines are initially dragged by Fp, which
is orthogonal to the main, vertical component of Fy, (Fry).
As the Dean orbit approaches the inner wall it turns,
diminishing the previously strong Fpy while the vertical
component of Fy, (Fpy) starts to grow and pushes particles
outwards from the perimeter, Fig. 6. From here on, we dis-
tinguish three possible scenarios:

I. The lift force dominates over the vertical Dean drag. In
this scenario, F;, dominates and particles cannot come out of
the perimeter; the only movement allowed is to slide horizon-
tally along the perimeter to more external Dean orbits until
Fpy is small enough to be cancelled by the small Fy .

Based on this, particles that occupy a more external Dean
orbit travel closer to the inner wall before the orbit turns ver-
tical. This is why smaller particles align closer to the inner
wall when F; dominates (since their perimeter is naturally
closer to the walls), Fig. 7(a), and why a fixed size particle
comes closer to the inner wall with an increase in the flow
rate (since their equilibrium perimeter is pushed closer to
the wall), Fig. 6(b). An extreme situation occurs when parti-
cles follow the most external orbits, which coincide with the
perimeter, and enter the region close to the inner wall where
the perimeter turns vertical. Here Fyy is relatively strong
(symbolized by a triangular region in Fig. 6) and the particles
keep following the secondary flow along the perimeter until
H/2, where the two mirrored positions converge into one.
These situations are depicted in Fig. 6(b) and correspond to
our experimental section for 1 and 2 um particles in the
microchannels of 7.3 x 20 um (H x W) and R of 0.5 mm.

II. The Dean drag dominates over the lift force. In this sce-
nario, particles follow the orbits and cannot be stopped by
Fy; they do loops and never reach alignment. This scenario is
suited for mixing but undesired for particle focusing. This
situation corresponds to our experiments with 0.7 um parti-
cles in the microchannel of 10 x 20 pm (H x W) and R of 0.5
mm.

e TR, ey

Flow Rate
High «——— Low

(c) 3 l

Fig. 7 Alignment of particles according to size and depending on the
flow rate in a scenario where F, matches Fp for the three sizes.
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III. The lift force and the Dean drag match each other.
This scenario is in-between the previous two. It starts similar
to the first but Fpy makes the particles migrate vertically
more than before, bringing them out of the perimeter. As the
flow rate increases and the particles reach closer to the inner
wall, Fiy weakens and allows further vertical migration. Un-
der certain conditions, the particles reach the line where the
orbit is vertical and a further increase of the flow rate makes
them go even higher and keep following the orbit, this time
towards the outer wall. As this migration to the outer wall
happens, they encounter a growing Fpy that pushes them
down again towards inner orbits until Fpy is small enough to
be matched. At that point, F;, and Fy cancel each other out
and the particles are in equilibrium. These situations are
depicted in Fig. 6(c) and correspond to our experimental sec-
tion for 1 and 2 pm particles in the microchannels of 10 x 20
um (H x W) and R of 0.5 mm. Since Fy, is almost vertical,
when the equilibrium positions move towards the outer wall
as the flow rate increases, they need to be where the Dean
flow is also vertical, which happens ~0.3H away from the
long walls and passing close to the inner wall is necessary for
particles to elevate their position.

Note the strong dependency of the lift force on the size of
the particle compared to the dependency of the Dean drag;
F, ~ @®™* and Fp ~ a. It implies that for the same micro-
channel, the three scenarios can be present simultaneously:
large particles will not be able to move vertically, small parti-
cles will be mixed and a range of sizes in-between will be in
the last scenario, which offers three possibilities to align par-
ticles by size, Fig. 7. At the lowest flow rates and between the
center and the inner walls, particles are ordered from large to
small, Fig. 7(a) corresponding to Fig. 3 at 20 bar. The oppo-
site ordering is achieved at the highest flow rates, Fig. 7(c)
corresponding to Fig. 3 at 40-120 bar, while middle flow
rates allow overlapping of several sizes, Fig. 7(b) correspond-
ing to Fig. 3 at 30 bar. Scenarios I and III spread the range of
sizes in a rainbow allowing high definition separation while
scenario II overlaps the range of sizes allowing its extraction
in a single outlet.

Another fact that contributes to the migration of the equi-
librium position as the flow increases is that, although both
Fp and Fy, are proportional to Un?, Fp scales faster since C,
decays as Re increases,>*® and a relative increase in Fy
makes particles follow the Dean orbits further. This trend is
evident in Fig. S3,F where consecutive reductions in R moved
the equilibrium positions closer to the outer wall for a given
cross section and flow rate.

To finalize this discussion, the change in shape of the
main flow as the flow rate increases must be included since,
according to the previous statements, particles find force bal-
ance in-between the center of the Dean vortexes and the in-
ner wall, which limits the lateral position to the center of the
channel (W/2). As it was shown experimentally (Fig. 3), it can
go beyond W/2. This is due to the inertia playing a bigger
and bigger role as the flow rate increases, which makes the
paraboloid of the main flow deform; its tip moves towards
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the outer wall (and so do the centers of the Dean vortexes),
Fig. S6 and S7.f This translation of the paraboloid allows par-
ticles to align past z = W/2 and likely contributes to the mi-
gration of the equilibrium positions to the outer wall.

Demonstration with bacteria

Chips with R of 0.5 mm and a cross section 10 x 20 um (H x
W) were tested with three different species of bacteria:
Escherichia coli, Salmonella typhimurium and Klebsiella
pneumoniae. Images of the bacteria a few minutes after the
dilution in sterile deionized water can be found in the ESL;}
Fig. S8. The three species were focused successfully.
Escherichia coli and Salmonella typhimurium behaved as parti-
cles slightly smaller than 1 um while Klebsiella pneumoniae
showed a different behavior not comparable to any observed
rigid spherical particle; its first equilibrium position was
close to the middle and moved towards the outer wall as the
flow rate increased, Fig. 8 and S9.% Our results with
Escherichia coli (~1 pm long) were in agreement with previ-
ous studies, where elongated particles have been reported to
focus as spherical particles with an equivalent diameter ap-
proximately similar to the largest dimension.*’*® Salmonella
typhimurium (~1-1.5 um long) was thus expected to behave
as larger particles than Escherichia coli since they were ob-
served to be a bit longer. However, they behaved as particles
slightly smaller than the equivalent for Escherichia coli; Fig. 8
and S9.f These deviations in the predictions were most likely
because the bacteria were imaged minutes after being moved
from the agar plate to sterile deionized water and the experi-
ments were carried out some hours after. A slight change of

Salmonella
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(b) e E. coli
~— Ry, Salmonella
SRy - .
S N S Klebsiella
=~ b Sy \ =y \\\
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Fig. 8 (a) Performance of the chip with R 0.5 mm and 10 x 20 um (H x

W) with bacteria at 80 bar (120 uL min™Y); Escherichia coli, Salmonella
and Klebsiella. (b) Intensity profiles of the bacteria at 20 to 80 bar (30
to 120 uL min™). In the normalized channel, width O represents the
inner wall.
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shape and homogenization in size of the bacteria in time is
expected when bacteria are moved to a medium with fewer nu-
trients.>® Regarding Klebsiella pneumoniae, the fact that they
started the alignment in the middle and moved towards the
outer wall with an increase of flow rate without migrating first
to the inner wall suggests that they were following the tip of
the flow paraboloid (where the velocity is the highest. See how
such tip moves towards the outer wall as the flow rate in-
creases as shown in Fig. S6). Such behavior has been reported
for deformable particles.*™*' Indeed, Klebsiella pneumoniae
produces a shell of mucous called capsule (or K antigen)
around its body that likely turns it into a deformable particle.

To confirm the alignment, we ran a test with Escherichia
coli and collected each outlet simultaneously for several
minutes and measured the volumes through them and the
bacteria concentration while running the chip at 80 bar
(120 uL min™"), Fig. 8(a). The factor of concentration was 6.5
with a recovery of 99.3%, Table S2,; showing good potential
for separation and concentration of bacteria.

The viability tests indicated that all the species survived
the process for all the pressures tested (up to 150 bar),
Table S3.}

Finally, although the functional part is clog-free thanks to
the wall force, it was not the case for our outlet region. In
particular, when the sample contained bacteria, matter was
accumulated at the sharp corners that split the channel into
the multiple outlets. Future work is needed to further reduce
aggregation of particles in this region.

Conclusion

In this paper, we demonstrate single phase inertial focusing in
curved microchannels for as small as 0.5 um spherical parti-
cles. We also demonstrate two modes of operation in the
range of 1 to 2 um particles. In the first, particles in the whole
range are focused together. In the second, particles spread out
in a range of sizes providing sub-micron resolution. These sys-
tems were validated with three bacteria species (Escherichia
coli, Salmonella typhimurium and Klebsiella pneumoniae), show-
ing good alignment and maintaining the viability in all cases.
These simple, versatile and robust systems offer excellent per-
formances and could be integrated for separation and concen-
tration of bacteria prior to further analysis.

Apart from the versatile performance of the micro-
channels, it was shown that particles follow a helicoidal tra-
jectory similar to the fluid streamlines to reach the equilib-
rium positions, implying that these positions occupy
different heights in the cross section. When the equilibrium
positions move to the inner wall as the flow rate increases,
they are at a similar distance from the centre as in straight
channels (~0.6R), but when the equilibrium positions move
to the outer wall as the flow rate increases, they are closer to
the centre and particles pass close to the inner wall to elevate
their position before reaching them.

We also made progress in decreasing the pressure
demanded by the systems to achieve good focus of 1 um
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particles (as low as 20 bar at 30 uL min"). However, to reach
good focusing and separation for much smaller particles,
improved designs are needed. A first step was taken in this
work by revealing the helicoidal trajectories of particles towards
the equilibrium positions, which brings light to the phenome-
non, making it more intuitive and easy to design and optimize.
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