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Shape-based separation of drug-treated Escherichia coli
using viscoelastic microfluidics

Cell shape is critical for modulating biological functions

of Escherichia coli, a model bacterium with a number of
roles in nature. The ability to prepare homogeneous E.

coli populations adopting uniform shape or sort bacterial
sub-populations based on their shape has significant
implications for a broad range of biological, biomedical
and environmental applications. Here, the authors achieved
shape-based separation of antibiotic-treated E. coli by
viscoelastic microfluidics.
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1. Introduction

Escherichia coli is a Gram-negative, rod-shaped model

Shape-based separation of drug-treated
Escherichia coli using viscoelastic microfluidicst
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Here, we achieve shape-based separation of drug-treated Escherichia coli (E. coli) by viscoelastic
microfluidics. Since shape is critical for modulating biological functions of E. coli, the ability to prepare
homogeneous E. coli populations adopting uniform shape or sort bacterial sub-population based on their
shape has significant implications for a broad range of biological, biomedical and environmental
applications. A proportion of E. coli treated with 1 ng mL™? of the antibiotic mecillinam were found to
exhibit changes in shape from rod to sphere, and the heterogeneous E. coli populations after drug
treatment with various aspect ratios (ARs) ranging from 1.0 to 55 were used for experiment. We
demonstrate that E. coli with a lower AR, i.e., spherical E. coli (AR < 1.5), are directed toward the middle
outlet, while rod-shaped E. coli with a higher AR (AR > 1.5) are driven to the side outlets. Further, we
demonstrate that the separation performance of the viscoelastic microfluidic device is influenced by two
main factors: sheath-to-sample flow rate ratio and the concentration of poly-ethylene-oxide (PEO). To the
best of our knowledge, this is the first report on shape-based separation of a single species of cells smaller
than 4 um by microfluidics.

worldwide due to its resistance to low pH (~2.5), low infective
dose (as few as 10 cells) and high pathogenicity.”
Furthermore, E. coli can be regarded as an indicator of water

bacterium with a number of roles in nature ranging from
commensal to pathogenic strains on human or animal hosts."
Typically, E. coli colonizes the human gastrointestinal tract
and coexists in a mutually beneficial manner, playing an
important role in the breakdown of particular carbon
compounds.> However, pathogenic forms of E. coli, such as
verotoxigenic ~ (VTEC),  enteroinvasive  (EIEC)  and
uropathogenic/extraintestinal ~ pathogenic ~ (UPEC/EXPEC)
classes, can undermine their hosts.* For example, E. coli
0157:H7, a type of VTEC, has already caused mortality
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quality.>® E. coli is also a common model organism used in
the laboratory for cloning, expression and mutagenesis
studies to understand bacterial gene function and cellular
processes.’

Shape is critical for modulating E. coli functions, such as
attachment, motility, dispersal, predation and
differentiation.®*° For example, an optimal aspect ratio (AR)
of a rod-shaped E. coli cell allows it to move efficiently
through liquids."* During the progress of forming
intracellular communities, uropathogenic E. coli undergoes
a rod-sphere-rod shape changes to fit the surrounding
microenvironment.'? Furthermore, studies have shown that
the shape of E. coli can vary in response to external
stimuli, such as antibiotic treatment,” temperature
increase™ and recurrent infections.'* Given that E. coli is
an important species in the fields of biotechnology and
microbiology, and the most widely studied prokaryotic
model organism, it is important to be able to separate E.
coli populations based on their shape for the investigation
of biological functions that result in cell shape change.
Also, this precise morphologically-based sorting ability
opens up avenues for various downstream applications,
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including biochemical assays, mutational analysis and next
generation sequencing.

Unfortunately, there has been very little research reported
on shape-based separation of cells wusing traditional
separation approaches, such as filtration, centrifuge and
fluorescence-activated cell sorting (FACS), as shape has not
often been considered in these approaches. Microfluidics, a
technology characterized by the engineered manipulation of
fluids at the sub-millimeter scale,"® has attracted growing
interest for the manipulation and separation of particles
(both synthetic and biological) due to its desirable features,
including miniaturization, precise control of fluids, rapid
sample processing, low reagent consumption and fast
analysis."®?° By now, microfluidic technology has enabled a
broad range of applications, such as particle rotation,*!
focusing,”>** mixing,>* detection,* separation®® and droplet
generation.?” Several microfluidic separation techniques have
been reported for shape-based separation of particles, which
can be classified into two groups: active approaches based on
external actuation fields, and passive approaches depending
on channel geometry or medium properties.*®*° For example,
electrical and magnetic forces have been used for the
separation of spherical (5 um in diameter) and peanut-
shaped (3.5 um in width and 6 pm in length) polystyrene
particles of similar volume,*® and the separation of spherical
(7 um in diameter) and prolate ellipsoidal magnetic particles
of the same volume,®® respectively. However, these active
approaches always require extra device fabrication or bulky
external setup.

Moreover, passive methods like inertial focusing,*
deterministic lateral displacement (DLD)** and viscoelastic
microfluidics®® have been used for shape-based particle
separation. For example, inertial focusing has been reported
for separating spherical (6 um in diameter) and ellipsoidal
polystyrene particles of the same volume®* and microalga
Euglena gracilis populations with different ARs.>> DLD
technique has enabled shape-based separation of three types
of red blood cells (ie, discocytes, echinocytes and
stomatocytes),® and separation of spherical and non-
spherical ~ bacterial  populations.®®  However, inertial
microfluidics is limited to relatively larger particles (i.e., >6
um)®*? and DLD suffers from complicated fabrication process.
In recent years, viscoelastic microfluidics has been widely
adopted for shape-based separation of different types of
microbial cells, such as Candida Albicans (=26 pm),*’
Saccharomyces Cerevisiae (singlets: ~3 to 5 pm, doubles and
clusters),®® Cyanobacterial Anabaena (~5 um in diameter and
a few microns to hundreds of microns in length)** and
Bacillus subtilis (i.e., 1-5 um and >20 um in length).*®
However, it has not been shown whether viscoelastic
microfluidics can be used to separate a single species of
bacteria with relatively small size (~0.5 to 4 um) based on
cell shape.

In this study, we achieve shape-based separation of
antibiotic-treated E. coli with a major axis mainly ranging
from 0.5 to 4 pm using viscoelastic microfluidics. The shape-
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based separation is further proven by analysing AR values of
volume equivalent E. coli populations at different outlets. To
the best of our knowledge, it is the first report on shape-
based separation of a single species of cells smaller than 4
pum by microfluidics. Sub-populations of E. coli cultures
treated with the beta-lactam antibiotic mecillinam exhibit
change in shape from rod to sphere (AR < 1.5), likely because
they become cell-wall deficient 1-forms variants."* We use a
co-flow of viscoelastic (sheath) and Newtonian fluids (sample)
to separate E. coli with different ARs ranging from 1.0 to 5.5
by shape in a straight microchannel. Under the combined
effects of the net inertial lift and elastic forces, sphere-
shaped E. coli (AR < 1.5) exit from the middle outlet while
rod-shaped E. coli (AR > 1.5) are more likely to exit from side
outlets. Also, the influence of different factors, such as
injection total flow rate, sheath-to-sample flow rate ratio and
poly-ethylene-oxide (PEO) concentration, on the separation
performance of the viscoelastic microfluidic device were
studied. Given the biological, biomedical and environmental
importance of E. coli, this device is expected to be adopted by
wider scientific communities in various fields of
microbiology, biotechnology and cell biology for various
biological applications.

2. Theory

Particle migration in a straight microchannel by viscoelastic
microfluidics is governed by the combined effects of the net
inertial lift force Fy, (comprised of shear gradient lift F; g and
wall lift ) and elastic force (Fg).** F s pushes a neutrally
buoyant particle toward the adjacent channel wall while the
wall lift pushes the particle away from the wall to the channel
center.”® Here, F| = F s + FL w = pVmd Dy >fi,, where py is
fluid density, V;, is mean flow velocity, d, Dy, and f;, are
particle diameter, channel hydraulic diameter and inertial lift
coefficient, respectively. However, F;, becomes insignificant
for particles smaller than a few microns, since it drops
dramatically with the decrease in particle diameter.

Reorientation and alignment of macromolecules along the
flow direction accompany normal stresses in viscoelastic
fluids. The elastic force (Fg) arising from the first normal
stress (NV,) difference drives particles toward centreline where
shear rate is the lowest. Fg = Cod°VN; (where Cy is elastic lift
coefficient)*® is significant for particles smaller than a few
microns.** Here, the first normal stress N, is defined as the
difference between the streamwise normal stress (o) and
the transverse normal stress (o), where the coordinate
system is set such that x is in the downstream flow direction
and y is in the direction perpendicular to the x direction.*!
Therefore, changes in the factors, such as concentration of
viscoelastic medium, particle size, channel dimensions and
fluid velocity, can influence the behavior of the cross-stream
migration of the particle.

In viscoelastic fluids, Reynolds number (Re) and
Weissenberg number (Wi) can be wused for the
characterization of inertial and viscoelastic effects.*!

This journal is © The Royal Society of Chemistry 2022
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Elasticity number (El) is used for evaluating the relative
importance of the elastic and inertial forces. Re = pV,,Dy/,
where 7 is the fluid dynamic viscosity. Wi = 1y, where 1 is
relaxation time and j is the shear rate. El = Wi/Re. Table S1
and S21 showed the values of the three dimensionless
parameters used in this study.

3. Materials and methods

3.1 Device fabrication

The SU-8 mold (SU-83050, Tokyo Ohka Kogyo, Tokyo, Japan)
was fabricated on a silicon wafer wusing standard
photolithography. The poly(dimethylsiloxane) (PDMS, Sylgard
184, Dow Corning, Midland, MI, USA) mixture was prepared
by mixing the base and the curing agent with a weight ratio
of 10:1. After mixing, degassing was conducted under
vacuum for 30 min. Then the PDMS mixture was poured over
the mold and baked in an oven at 80 °C for 3 h. After peeling
the PDMS layer off the mold, the holes for the inlets and
outlets were punched. Then, the PDMS microchannel was
bonded to the glass substrate (Neo Micro Cover Glass, 60 x
24 x 0.13-0.17 mm, Matsunami Glass Ind., Ltd.) through 40-
second plasma treatment (Plasma Cleaner CY-P2L-B). The
glass slide was cleaned with 70% alcohol and then dried by
nitrogen blast before the plasma treatment.

3.2 PEO medium preparation

PEO powder (molecular weight M, of 600 kDa, 182028,
Sigma-Aldrich, St. Louis, MO) was dissolved using phosphate
buffered saline (PBS) in a 50 mL plastic centrifuge tube
(Kartell) to get PEO solutions with two concentrations: 200
and 1000 parts per million (ppm). To avoid PEO aggregates,
the tube was shaken overnight at 23 °C by a triple shaker
(NR-80, TAITEC Ltd., Japan) at 150 revolutions per minute
(rpm) to accelerate the dissolution.

3.3 Cell preparation

E. coli, XL2-Blue (Stratagene), were cultured at 37 °C in
lysogeny broth (LB) media and passaged every 12 to 16 hours.
E. coli were treated with a subinhibitory concentration (1 pg
mL™) of mecillinam, a specific inhibitor of penicillin-binding
protein 2 (PBP2),"*** for 8 hours to induce shape change.**
70% alcohol was used for cell fixing at 23 °C. To avoid
forming aggregates, the cell-alcohol mixtures were manually
stirred and then placed in the triple shaker at 100 rpm for
~2 hours. After fixation, cells were centrifuged at 3000 rpm
for 30 min, followed with the washing by PBS solution three
times. Finally, the fixed cells were suspended with PBS
solution and stored at 4 °C in a refrigerator. In the
experiment, the fixed mecillinam-treated E. coli cells were
used. Before injecting into the microchannel, E. coli solution
was mixed with 0.1% Tween 20 solution at the ratio of 1:1,
shaken with a mixer (Automatic Lab-Mixer HM-IOH, Iuchi)
for 30 seconds, and filtered by a 20 pm non-sterile filter
(PluriStrainer, PluriSelect).

This journal is © The Royal Society of Chemistry 2022
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3.4 Experimental setup

E. coli sample and PEO sheath solutions were injected into
the microchannel using two syringe pumps (Harvard
Apparatus 11 Elite) via two 1 mL Terumo syringes. The
microfluidic device was placed under an inverted microscope
(Zeiss Axiovert 100 microscope) equipped with a high-speed
camera (Keyence VW-600C, America). Differential interference
contrast (DIC) and a 100x oil immersion objective lens
(Olympus; Plan N, NA = 1.30) were used for observation. A
schematic of the observation system was shown in ESIf Fig.
S1. The software Motion Analyzer VW 9000 (Keyence, Osaka,
Japan) was used to record the trajectories of E. coli at 4000 to
6000 frames per second (fps). Minor and major axis of E. coli
were measured using software Image]. Cell aspect ratio (AR =
major axis/minor axis) and volume were calculated.

3.5 Separation performance evaluation

We used three levels of AR to evaluate the distributions for E.
coli having different shapes at the inlet and outlets. Here, AR
=1, AR = 2 and AR = 3 mean that AR ranges from 1.0 to 1.5,
1.5 to 2.5 and >2.5, respectively. Also, extraction purity (EP)
and enrichment factor (EF) were used to evaluate the
separation efficiency.***® EP represents the proportion of E.
coli with a specific AR at the inlet and each outlet; EF is
defined as the proportion of E. coli with a specific AR (e.g.,
AR = 1) at a given outlet to the proportion of E. coli with the
same AR (e.g., AR = 1) at the inlet.

4. Results and discussion
4.1 Device design

The viscoelastic microfluidic device for shape-based E. coli
separation consists of two inlets for the injection of sheath
and sample solutions, a straight rectangular microchannel
(15 mm long and 20 um wide) and seven outlets (Fig. 1A).
The PDMS microchannel is 50 um in height. 01, 02, 02, O3,
03’, 04 and 04’ denote seven outlets. Here, the blockage
ratio (f = d/Dy,) is much lower than 0.25, ensuring that larger
sphere-shaped E. coli can be driven toward the channel
centre.***> A serpentine resistance microchannel (see ESIf
Fig. S2) was designed before each outlet to reduce the effects
of reservoir fluid height and capillary pressure on the flow
distribution.>® The ratio of the serpentine channel length
relative to the main focusing channel length is about 0.51.
Since the seven channel outlets are symmetric about the
channel centreline (see Fig. 1A), we only collected and
compared E. coli populations from four outlets (01-O4).
Representative experimental images of initial E. coli
population at the inlet and collected E. coli subpopulations at
the outlets were shown (Fig. 1B). Under the combined effects
of elastic and inertial lift forces, E. coli with lower ARs were
driven to the middle outlet O1 while E. coli with relatively
higher ARs mainly exit from the side outlets (e.g., O3 and
04), demonstrating shape-based separation of E. coli by
viscoelastic microfluidics.

Lab Chip, 2022, 22, 2801-2809 | 2803
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Fig. 1 The design of the viscoelastic microfluidic device for shape-based separation of drug-treated E. coli. (A) Schematics of the microfluidic
device used for E. coli separation by shape. (B) Experimental images of initial E. coli population at the inlet and E. coli subpopulations at four outlets

01, 02, O3 and O4 after separation. Scale bar is 5 um.

We found that mecillinam treatment caused 33.7% of
E. coli to take sphere-like shapes after fixing (N = 300).
We compared the rod-shaped E. coli in the untreated
control group (Fig. 2A) to the drug-treated group (Fig. 2B).
After mecillinam treatment, both the major and minor
axis of E. coli cells increased (Fig. 2C) and a decrease in
the AR of E. coli was detected (Fig. 2D). Mecillinam-
treated E. coli exhibit various ARs ranging from 1.0 to 5.5,

AR= Major axis
Minor axis

Minor axis

.

1 2 3 4 5 6 7
Aspect ratio

Proportion (%) O
a
o

Minor axis (um)

and the average AR values in the treatment group and
control group were 198 + 0.79 and 2.94 + 1.04,
respectively.

4.2 Shape-based separation of E. coli

We examined the separation of E. coli with ARs ranging from
1.0 to 5.5 at the outlets, where sheath and sample solutions

Control [ Treatment

0 1.5 3 4.5
Major axis (pm)

Fig. 2 The change in the shape of E. coli due to mecillinam treatment. (A and B) Images of E. coli without (A) and with mecillinam treatment (B)
after fixation. Scale bar is 5 um. (C) Distributions of the major and minor axis of E. coli with and without drug treatment. The numbers within the
images denote AR values. Scale bar is 2 um. (D) Distributions of AR of E. coli in control and mecillinam-treated groups. N = 300.
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Fig. 3 Shape-based separation of drug-treated E. coli by viscoelastic microfluidics. The flow rates of sheath and sample solutions are 8 and 2 uL
min~%, respectively, and PEO concentration is 1000 ppm. (A) Representative experimental images of E. coli at the inlet and four outlets: O1, 02, O3
and O4. Black arrows denote the flow direction. Scale bar is 5 um. (B) Plots of extraction purity (EP) and enrichment factor (EF) for three groups of
E. coli with different ARs for each outlet. N = 30 for each group. (C) Comparison of aspect ratio of E. coli collected from outlets O1 and O4. The
blue rectangle denotes selected E. coli with the same volume at the two outlets for aspect ratio analysis. N = 300.

were injected at 8 and 2 uL min~', respectively, when PEO
concentration was 1000 ppm. The corresponding Re was 4.1
and Wi was 9.3. Sphere-shaped E. coli were found to be
directed to outlet O1 while rod-shaped E. coli mainly exited
from outlet O4 (Fig. 3A). Videos demonstrating the flowing of
the sphere-shaped and rod-shaped E. coli toward O1 and O4,
respectively, are provided (see Video S1 and S27). The EP of
sphere-shaped E. coli (AR = 1) at O1 exhibited a decreasing
tendency from O1 (96.7%) to O4 (20.0%) (Fig. 3B). Similarly,
the EF of sphere-shaped E. coli (AR = 1) decreased from 2.9
(at O1) to 0.6 (at O4). Moreover, E. coli exit from outlet O1
and 04 were collected and analysed (Fig. S31). We compared
the major and minor axis of E. coli collected from O1 and 04,
and calculated cell volume using equation V = nab®/6 (where
a and b refer to the major and minor axis of E. coli,
respectively; Fig. 3C insert). We noted that sphere-like E. coli
smaller than 1 um were driven to outlet O1 (see Fig. S3A%),
demonstrating that this viscoelastic microfluidic device can
be used for cell separation at the nanoscale.

We supposed that E. coli are subjected to both a size-
dependent force and a shape-dependent force when flowing
through the microchannel. To demonstrate that the
separation is mainly dependent on shape rather than size, we
selected E. coli with the same volume from O1 and O4
(highlighted by blue rectangle in Fig. 3C insert and Fig. S3BY)

This journal is © The Royal Society of Chemistry 2022

by removing outliner cells. By analysing E. coli populations
with the same volume, we eliminated the effects of cell size
on the separation. Then we compared AR of E. coli with the
same volume at O1 and O4. The results showed that the
average AR values of E. coli populations with the same
volume at O1 and O4 are 1.14 + 0.15 and 2.18 + 0.53,
respectively (Fig. 3C), proving shape-based separation at the
outlets. Therefore, we conclude that the separation of E. coli
is mainly shape-dependent rather than size-dependent.

4.3 Separation affected by sheath-to-sample ratio and total
flow rate

To study the influence of the flow rate ratio (FRR) of sheath
to sample on the separation, we maintained a constant total
flow rate (Qg) of 10 uL min™", but adjusted the sheath (Qg,)
and sample flow rate (Qg) to render two different FRRs (FRR
= Qan/Qs): 1.5 (Qsn = 6 L min ™', Qg = 4 uL min ™) and 9 (Qp, =
9 uL min™, Qs = 1 uL min'). The PEO concentration was
fixed at 1000 ppm. The Re and Wi values were 4.1 and 9.3,
respectively (see Table S2t). Representative experimental
images at O2 were shown (Fig. 4A).

In all conditions, we found out that sphere-shaped and
rod-shaped E. coli were mainly exit from middle outlet (O1)
and side outlet (O4), respectively (Fig. 4B). In the FRR = 1.5

Lab Chip, 2022, 22, 2801-2809 | 2805
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Fig. 4 Shape-based separation of E. coli by viscoelastic microfluidics under the effects of sheath-to-sample flow rate ratio (FRR). The total flow
rate is fixed at 10 uL min™* and PEO concentration is 1000 ppm. (A) Experimental images E. coli at the outlet O2 at three different FRRs: (left) 1.5,
(middle) 4 and (right) 9. Black arrows denote the flow direction. Scale bar is 5 um. (B) Distributions of aspect ratio of E. coli at four outlets at three
different FRRs: (left) 1.5, (middle) 4 and (right) 9. (C) Enrichment factor (EF) and extraction purity (EP) in different FRR conditions at four outlets O1,

02, O3 and O4. N = 30.

condition, the average AR value in O1 was 1.29 + 0.42, which
was slightly higher than the ones in FRR = 4 (1.15 + 0.14) and
in FRR = 9 condition (1.15 + 0.15). Similar to FRR = 4
condition, we also found nanoscale spherical E. coli at O1 in
FRR = 9 (Fig. S4t1). When FRR was increased from 1.5 to 9,
the average AR value of E. coli at O2 decreased from 1.91 +
0.60 to 1.59 + 0.44, indicating that more spherical E. coli were
driven toward channel centre at higher FRR conditions. The
average AR values at O3 and O4 were higher in FRR = 9
condition than the ones in FRR = 4 and FRR = 1.5 conditions,
indicating that more rod-shaped E. coli are driven toward
channel sidewall in FRR = 9 condition. We further analysed
and compared EF and EP at four outlets O1, 02, O3 and O4
(Fig. 4C). EF and EP values of sphere-shaped E. coli with AR =
1 at O1 are relatively higher in the FRR = 9 (EF = 2.9, EP =
96.7%) and FRR = 4 conditions (EF = 2.9, EP = 96.7%) than
the ones in FRR = 1.5 condition. When increasing FRR from
1.5 to 9, EP (23.3% to 50.0%) and EF (0.7 to 1.5) values of

2806 | Lab Chip, 2022, 22, 2801-2809

sphere-shaped E. coli (AR = 1) at middle outlet (02)
demonstrated an increasing tendency, suggesting that
sphere-shaped E. coli cells are more likely to be driven toward
channel centre at a higher FRR.

Taken together, higher FRR exhibited a stronger ability to
drive sphere-shaped E. coli (AR = 1) to the channel center,
resulting in different lateral positions under different flow
conditions. Whilst, more rod-shaped E. coli were found to be
driven to the channel center at a lower FRR condition, e.g.,
FRR = 1.5. The relative importance of elastic and inertial lift
force is the same for the three FRR conditions (El = 2.28).
FRR can influence the proportion of sphere-shaped E. coli
that directly interact with the sheath fluids. Particularly, a
higher FRR (e.g., FRR = 9) generated an interface between the
sample and sheath flows closer to the sidewall of the
microchannel, allowing a higher degree of opportunity of the
interaction between sphere-shaped E. coli with sheath flow in
the microchannel.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Shape-based separation of E. coli by viscoelastic microfluidics when PEO concentration is 200 ppm. The sheath and sample flow rates are
8 and 2 pL min~%, respectively. (A) Representative experimental images of E. coli flowing toward different outlets. Black arrows denote E. coli flow
directions. Scale bar is 5 um. (B) Distributions of aspect ratio of E. coli collected at different outlets. (C) Extraction purity (EP) and (D) enrichment
factor (EF) of three groups of E. coli with different ARs at four outlets: O1, 02, O3 and O4. N = 30 for each group.

Moreover, the effect of total flow rates (TFR) on the
separation performance of the viscoelastic microfluidic
device was investigated (see ESIf Fig. S5). The FRR was
constant at 4, while TFR was adjusted to either 5 uL min™"
(Qsn = 4 pL min, Qs = 1 pL min™') or 20 uL min* (Qg, = 16
uL min~!, Q¢ = 4 uL min~"). The PEO concentration was 1000
ppm. Representative experimental images at O2 were shown
(Fig. S5AT). The difference in the average AR value of E. coli
at O1 between TFR = 10 (1.15 + 0.14), TFR = 5 (1.21 + 0.28)
and TFR = 20 (1.21 + 0.26) was not significant (Fig. S5BY).
Sphere-shaped E. coli (AR = 1) at O1 showed slightly higher
values of EF and EP (EP = 96.7%, EF = 2.9) in TFR = 10
condition than the other two conditions (TFR = 5 and 20, Fig.
S5Ct). We find that the separation performance is relatively
stable when TFR increases from 5 to 20. The mechanism
relationship between the TFR-dependent results is interesting
yet warrants future investigation.

4.4 Separation affected by PEO concentration

To explore the influence of PEO concentration on the
separation performance of the viscoelastic microfluidic
device, we further prepared sheath solutions containing PEO
at a concentration of 200 ppm. The sheath and sample
solutions were injected at 8 and 2 uL min ™", respectively (TFR
=10 uL min~", FRR = 4). The Re value is 5.32, the Wi value is
3.28 and El is 0.62 (see Table S17).

We observed and compared the distributions of E. coli
varying in AR at the four outlets (Fig. 5A). The results
showed that AR values of E. coli at the outlets increased
with the increase of the distance from channel centre to
channel sidewall: O1 (1.21 + 0.25) vs. O4 (2.10 = 0.66).
This indicated that there were less sphere-shaped but
more rod-shaped E. coli at the outlet closer to channel
sidewall (Fig. 5B). This was further reflected by analysing
EP and EF for three groups of E. coli with different ARs
at the outlets. Sphere-shaped E. coli (AR = 1) at O1 have

This journal is © The Royal Society of Chemistry 2022

a relatively higher EP and EF of 93.3% and 2.8,
respectively, than those collected at the other outlets
(Fig. 5C and D).

Compared with the 1000 ppm condition (El = 2.28), the
200 ppm condition (El = 0.61) resulted in a decrease in the
relative importance of elastic and inertial lift forces, which
means the elastic force that drives the sphere-shaped E. coli
toward the channel center is smaller. This is evidenced by a
higher EP and EF for sphere-shaped E. coli (AR = 1) at O2 in
the 200 ppm condition (EP = 66.7%, EF = 2) than the 1000
ppm condition (EP = 43.3%, EF = 1.3). To improve the
throughput, we will consider improving cell concentration,
optimising the width and depth of the main microchannel
and using multiple microchannels arranged in a cascade
way*® in the future research.

5. Conclusion

In our work, sphere-shaped E. coli (AR < 1.5) were able to be
directed to the center of the microchannel. However, a
portion of rod-shaped E. coli with equal volume were not
center directed, resulting in their exit from outlets closer to
channel sidewalls. We noted that a similar design was used
for size-based separation of spherical polystyrene particles,
e.g, 1 and 2 um,”” and 0.1 and 0.5 um,*® using viscoelastic
microfluidics. In these two studies, larger spherical particles,
e.g., 2- and 0.5 um ones, were able to be directed toward the
channel center by adjusting flow rates and PEO
concentration. Despite that several studies have investigated
the fluidic dynamics of the rod-shaped or ellipsoidal
particles,**°™* we failed to find any studies that can explain
the physics of rod-shaped E. coli flowing in the streams closer
to the channel sidewalls in this study. Since the rod-shaped
E. coli is not spherically symmetric in shape, there is a lack
of stable elastic force exerted on the cells to drive them
laterally toward the channel center. Also, the rod-shaped E.
coli may experience less rotation which may result in less
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rotation-induced wall lift force, leading to less capability in
migration toward channel center.>

In this work, we demonstrated the first shape-based
separation of antibiotic-treated E. coli by viscoelastic
microfluidics in a label-free and continuous manner. E. coli
cells with various ARs ranging from 1.0 to 5.5 were found to
mainly exit from different outlets. Sphere-shaped E. coli (AR
< 1.5) were found to have a high EP of 96.7% at the outlet in
the channel center (O1), while rod-shaped E. coli (AR > 1.5)
were mainly collected from the outlet closest to the channel
sidewall (04). The performance of the viscoelastic
microfluidic device for shape-based E. coli separation was
found to be affected by sheath-to-sample ratio and PEO
concentration. Future work can build upon this proof-of-
concept study to further optimise conditions for shape-based
separation of E. coli in terms of flow rates, PEO concentration
and microchannel geometry etc. This technology will allow
downstream genomics experiments on the separated E. coli
populations to determine linkage between cell shape,
antibiotic susceptibility and gene function. The developed
microfluidic platform is expected to be adopted by broad
scientific communities for different applications in the fields
of microbiology, molecular biology and biomedicine.
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