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Concentration-polarization electroosmosis (CPEO) refers to steady-state electroosmotic flows around
charged dielectric micro-particles induced by low-frequency AC electric fields. Recently, these flows were
shown to cause repulsion of colloidal particles from the wall of a microfluidic channel when an electric
field is applied along the length of the channel. In this work, we exploit this mechanism to demonstrate
fractionation of micron-sized polystyrene particles and bacteria in a flow-focusing device. The results are
in agreement with predictions of the CPEO theory. The ease of implementation of CPEO-based
fractionation in microfluidics makes it an ideal candidate for combining with current techniques commonly
used to generate particle lift, such as inertial or viscoelastic focusing, requiring no extra fabrication steps
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rsc.li/loc other than inserting two electrodes.

demonstrate isolation of a bacterial population from
polystyrene particles. The separation principle is based on
concentration-polarization electroosmosis (CPEO) flows

1 Introduction

Isolation of small particles such as bacteria from a complex
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sample mixture is a major challenge in microfluidics. For
example, the early detection and diagnosis of blood-stream
infection requires isolation of extremely low pathogen
concentrations, sometimes below 100 cfu mL™.* To achieve
this requires a high efficiency and specificity separation
platform with minimal loss of samples. Several different
microfluidic approaches have been published for isolation of
bacteria from whole blood, including acoustophoresis,®*
inertial focusing® or dielectrophoresis (DEP).° However, the
size of bacteria is close to some components in blood,
specifically platelets, and size-based separation mechanisms
such as inertial microfluidics® fail to resolve different
populations. Similar issues occur for techniques that exploit
differences in mechanical properties (acoustophoresis) or
electrical properties (DEP).

Combining different microscale forces has been shown to
improve the resolution of particle fractionation. For example
deterministic lateral displacement (DLD) is a size-based
separation method, and combining this with DEP forces”®
produces a ten-fold enhancement in the size resolution.’

In this work, we describe a proof-of-concept device that
exploits  hydrodynamic  particle-wall interactions to
fractionate a mixture of polystyrene microparticles based on
size and surface charge.’® The technique is also used to
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around the particles when subjected to low-frequency (<10*
Hz) AC electric fields in low conductivity electrolytes (0.1 S
m™").""*> The flow-focusing device is outlined in Fig. 1 and
uses a sheath flow to push the sample close to the channel
walls. As the particles flow along the channel, they migrate
towards the centre with a rate that depends upon their size

Outlets

Sample Inlet Sheath Inlet

Fig. 1 Diagram of the flow-focusing channels used for particle
separation. Bottom left inset show the junction where the sheath flow
joins the sample flow, pushing the sample against the channel walls.
Right shows the end of the channel where fractionation of the sample
components is seen. The channel cross-section was 50 um x 50 pm.

This journal is © The Royal Society of Chemistry 2024
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and surface charge, so that they are fractionated at the end
of the channel.

Flow-focusing channels have previously been used for
various fractionation techniques that rely on particle-wall
repulsion, including inertial focusing,'® viscoelastic lift,"*"®
pinched-flow fractionation,"®"” or combinations of
phenomena.’®?® CPEO flow induced separation is a new
dimension that can be exploited for tunable wall repulsion by
controlling the external AC electric field requiring no extra
complexity in device fabrication.

2 Methods

2.1 Device design and preparation

Devices were fabricated using standard soft-lithography of
SUS8 on a silicon wafer substrate. PDMS (10% (w/w) mixture
with curing agent) was cast, cured at 60 °C and oxygen
plasma-bonded to a glass slide to produce the final devices.

In the device, co-flow channels from two different inlets
intersect at a cross junction, and all three channels have the
same 50 pum x 50 pm square cross-section. The sample
mixture enters in one inlet, with a second sample-free
electrolyte entering from a second inlet (see Fig. 1). The
outlet channel has the same cross-section (50 um x 50 pum)
and is 5 mm long. This channel expands at the exit to
enhance the separation.

2.2 Bacteria culture

S. aureus 9144 were incubated overnight on an agar plate.
Cells were harvested and then washed and resuspended 5
times into the desired conductivity media. The experiments
were performed using 1.7 mS m™* KCl together with 280 mM
p-mannitol, a non-metabolising sugar, to compensate the
osmotic pressure.

S. aureus bacteria are spherical bacteria, and their size
was estimated using Dynamic Light Scattering (DLS)
(Malvern Zetasizer Nano) with the same electrolyte molarity
as the fractionation experiments. The results (Fig. 2(a)),
show a median diameter of 1.09 + 0.12 pum. Zeta-potential
was also measured (Fig. 2(b)): -31.1 + 4.0 mV, similar to
literature values.*' >
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Fig. 2 (a) Size and (b) zeta potential distribution of S. aureus 9144

suspended in 1.7 mS m™ KCl and 280 mM p-mannitol measured using
DLS (Malvern Zetasizer). Diameter is 1.09 * 0.12 um and zeta-potential
is -31.1 1+ 4.0 mV.

This journal is © The Royal Society of Chemistry 2024
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2.3 Sample preparation

The separation capabilities of the device were tested using
mixtures of 500 nm, 1 um, 2 um and 3 pum diameter
carboxylate microbeads, each with different fluorescence
emission wavelengths. Particle zeta potential { was obtained
from previous measurements:'*> -63 mV, =71 mV, =74 mV and
-78 mV, respectively. Plain uncharged 3 um beads ({ = -15
mV) were also used to demonstrate fractionation based on
surface charge.

For each experiment, two samples with an approximate
concentration of 10° particles per mL were prepared. The
medium was a KCl electrolyte with a conductivity of 1.7 mS
m™". 3 um carboxylate particles (10° particles per mL) were
also mixed with bacteria. In all cases, the sheath fluid was
the same as the sample fluid but depleted of particles.

2.4 Device operation

Samples were pumped through the channels at a constant
flow rate using two independent syringe pumps in order to
modulate the sample pinch into the channel walls after the
junction. An electric field was applied by inserting two
metallic cylinders into the two closest inlet reservoirs of the
device (Fig. 1), and the remaining inlets were left floating.
The metallic needles were connected to an amplifier and an
AC voltage of variable frequency was applied (to give a field
of 100 kv m™ between 50 Hz and 2 kHz). The flow rate,
channel length, voltage and frequency were optimised for
best fractionation based on experimental observations and
the CPEO particle-wall repulsion theory."” This optimisation
is described in the Appendix. The optimal flow rate was 2.5
pL per hour for the sample and 5 pL per hour for the sheath.

2.5 Particle detection and analysis

To evaluate the fractionation efficiency of the device, the
particle distribution was measured at the end of the channel
using Particle Finder software.”® When the sample contained
particles of different sizes and surface charges, each
population moved to a different position away from the wall,
leading to fractionation. By applying different detection
filters, Particle Finder can discern between different particle
populations in the channel.

3 Results and analysis

Fig. 3 shows images made from stacks of frames recorded
during a 30 second window at a frame-rate of 16 fps. The
particle concentration shown in these images does not
resemble the actual concentration in the media. Part (a) of
the figure shows 3 um plain particles entering the main
channel after the junction with an electric field of around
100 kv m™ at a frequency of 50 Hz. The particle stream is
initially pushed against the channel walls due to the sheath
flow. Because the hydrodynamic particle-wall interaction is
most intense when the particles are closest to the wall and
decay with the square of the separation distance (eqn (4)), an
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1 pmbeads 3 pm beads

Fig. 3 Image stack compositions of different particle populations
flowing in the devices in the presence of an electric field. (a) 3 um
plain particles flowing through the junction to the main channel.
Particles are initially pushed to the walls and immediately after the
electric field-driven wall-repulsion effects arise. (b) 1 um and 3 um
carboxylate particles at the end of the channel separated into two
different streams. Electric field is 100 kV m™, with a frequency of 50
Hz. (c) S. aureus separated from 3 um carboxylate particles at the end
of the channel. Electric field is 100 kV m™, with a frequency of 1.7 kHz.

immediate repulsion from the wall is observed as the
particles pass the corner. They continue to be repelled from
the walls but at a decreasing rate that depends on size and
surface charge. Examples in Fig. 3(b) and (c) show different
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particle populations at various positions in the main channel.
Fig. 3(b) shows a mixture of 1 um particles and 3 pm
particles, while part (c) shows 3 um carboxylate particles and
S. aureus. These images are stacks of approximately 1000
frames taken from a video recording.

The frames were individually analysed using Particle
Finder software to obtain the relative particle concentration
across the channel section. Fig. 4 shows the concentration
profile at the end of the channel for all experimentally
measured conditions, including for pairs of polystyrene
beads with different size and surface charge, and a mixture
of 3 pum carboxylate particles and bacteria. The relative
concentration of particles 7 at position z is defined as pfz) =
(1/N;)AN;/Az, where AN; is the number of particles within the
range |z, z + Az| and N; is the total number of particles i.

The experimental design creates a symmetrical
distribution of concentration around the central plane of the
channel. Therefore the concentration profiles shown in Fig. 4
are the average concentration from both sides of this
symmetry plane and the wall separation is plotted from one
of the walls to the symmetry plane, i.e. 25 um.

Fig. 4(a-d) shows the profiles for different mixtures of
particle sizes but approximately equal surface charge.
Fig. 4(e) is the concentration at the end of the channel for
particles of 3 um diameter, but different zeta potential.
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Fig. 4 Relative concentrations of particle populations in a mixture at the end of the channel. Each plot represents a different experiment where
combinations of two different populations were mixed at the inlet of the device. (a-d) Shows fractionation of particles with similar surface charge
and different size; (e) shows particle concentration of populations of same size (3 um) and different surface charge; (f) shows particle-wall
separation differences between polystyrene particles and spherical bacteria. The applied electric field was 100 kV m™ in all cases, with a frequency
of 50 Hz for the case of the polystyrene particles, and 1.7 kHz for 3 um carboxylate particles mixed with bacteria (f). The concentrations were

calculated using Az = 0.9 um.
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Experimental data for the separation of bacteria from beads
is shown in Fig. 4(f). In this case, optimal fractionation was
experimentally found when the sample was subjected to an
electric field of an amplitude of 100 kv m™ and a frequency
of 1.7 kHz. These concentration profiles suggest that
choosing an adequate channel split could lead to an optimal
separation efficiency. For example, nearly 70% of the bacteria
could be recovered whilst excluding nearly 100% of the
polystyrene particles (Fig. 4(f)). The method has a strong
dependence on particle size. For the mixture of 1 um and 2
pm particles high purity populations would be more difficult
to achieve (Fig. 4(b)), whereas 99% of 1 pm particles could be
separated from the mixture with 3 um particles (Fig. 4(c)).

4 Discussion
4.1 Origin of the CPEO flows

CPEO is a time-averaged electroosmotic flow arising from
surface conductance on a dielectric immersed
conductivity electrolytes, in the presence of a low-frequency
AC electric field. For a spherical particle, these flows are
described by the velocity field in eqn (1), with streamlines
plotted in Fig. 5:

in low-

1-12 1 -
v(r,0) =" Z—rZ(l + 3 cos20)F + o sin26 6. (1)

We refer to this flow field as the Gamayunov field;*® these
authors first described the flow pattern around a particle
arising from an electroosmotic slip velocity of the form
~ sin26. In the above equation, r is the distance to the
particle centre (expressed in units of particle radius @) and 6
is the angle with respect to the direction of the electric field.
¥ is maximum slip velocity at the particle surface,

E

Fig. 5 Fluid velocity field streamlines due to CPEO around a spherical
particle. The streamlines are axially symmetric with respect to the
direction of the electric field.

This journal is © The Royal Society of Chemistry 2024
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where E, is the electric field magnitude, ¢ is the electrolyte
permittivity and # the viscosity. The reduced slip velocity v, is
a non-dimensional function of the electric field frequency f,
the zeta potential of the particle ¢, the Dukhin number Du
(i.e. the ratio of surface to bulk conductance), the particle
radius a and the electrolyte diffusivity D.

The function v, is plotted in Fig. 6 for the polystyrene
particles and experimental conditions used in this work. The
curves show how the velocity decays for frequencies beyond
the reciprocal of the diffusion time,

D
Jor = oma?’

(3)

This is a consequence of the diffusion equation governing
the concentration of the electrolyte. The qualitative analysis
and mathematical description of CPEO based on the power
expansion of the electric field amplitude can be found in
ref. 11.

4.2 Hydrodynamic particle-wall interaction

The CPEO flows become distorted in the vicinity of a domain
boundary, such as the walls of a microfluidic channel as
shown in Fig. 7. The distortion causes a hydrodynamic force
leading to a particle-wall interaction. Depending on the
relative direction of the applied electric field with respect to
the channel wall, the interaction could be either attractive,
repulsive or with tangential components to the wall.>**” For
the system used in this work, the electric field is parallel to
the channel wall, meaning that the interaction is repulsive
(Fig. 7). The repulsion velocity can be described in the limit
of large separation a/z < 1 by eqn (4)

., 3a%

—500 nm

10° 102 10* 108 108

Fig. 6 Reduced slip velocity as a function of the electric field
frequency for the particles used in this work. The calculation was
performed for a KCl electrolyte (D = 2 x 10° m? s™}) of 1.7 mS m™
conductivity and a particle zeta potential of -60 mV.
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Fig. 7 Diagram showing the wall separation mechanism driven by the
CPEO flows around particles when the electric field is applied parallel
to the wall.

This expression was obtained by Yariv®® in the context of
induced-charge electroosmosis (ICEO).

In a previous publication'® we showed that the CPEO
repulsion mechanism dominates for low conductivity
electrolytes (up to ~15 mS m™') and low electric field
frequencies (up to ~10 kHz). Other repulsion mechanisms
such as DEP***° only account for the observed repulsion at
higher frequencies and conductivities. Furthermore, for DEP
the interaction decays with the fourth power of the separation
distance, upgp ~ 1/z*, meaning that the CPEO hydrodynamic
interaction is effective at much longer length scales than
DEP. ICEO on metal surfaces produces similar flow
patterns.*’ However, ICEO flows on dielectrics are negligibly
small compared to CPEO even for small Dukhin number,*
and thus ICEO cannot be responsible for the observed wall
interaction. Therefore, CPEO must be the dominant
mechanism. This means that the particle fractionation
depends on electric field and particle properties such as size
and surface charge as described by eqn (2) and (4),
summarised in Fig. 6.

CPEO theory can be used to predict the concentration
distribution at the end of the channel for the bacterial cells.
The trajectories of N = 10° particles were calculated using the
size and zeta potential distribution corresponding to those
shown in Fig. 2. The surface conductance of the particles was
set to Ky = 1 nS (ref. 33) with a 20% dispersion. The initial
separation from the wall set according to the
experimental sample stream widths immediately after the
channel junction. The numerical results are shown in Fig. 8
demonstrating that the maximum in the distribution can
indeed be predicted by CPEO. However, the theory shows a
narrower distribution than measured experimentally. This
could be attributed to cell-cell adhesion/interaction or
particle-particle interaction, given the high concentration
used for bacteria in the experiments. Future work will focus
on understanding the origin of this discrepancy.

was
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Fig. 8 Comparison between the distribution of bacteria (black lines)
and 3 um polystyrene particle (red lines) at the end of the channel.
Experimental data are shown as solid lines, and CPEO predictions in
dashed curves. CPEO concentration profile was obtained by simulating
10° particles with a size and zeta-potential distribution according to
Fig. 2, with K = 1 nS and an initial distribution based on experimental
observations.

The figure also shows the separation predicted by
CPEO for the 3 um carboxylate particles, including the
experimentally measured distribution in zeta potential.
The surface conductance was set with an uncertainty of
20%, similar to bacteria, with the size dispersion as
quoted by the manufacturer (CV = 5%). The predicted
separation is greater than experimentally determined, in
agreement with previous studies where electric field
magnitudes above approximately 60 kV m™ resulted in
deviations from the E,*> scaling.'?

5 Conclusions

This work demonstrates that CPEO-driven hydrodynamic
particle-wall interaction can be used to fractionate mixtures
of different particles based on size and/or surface charge.
Five different populations of polystyrene particles were used,
with sizes ranging from 500 nm to 3 pm in diameter, and
surface charge (zeta-potentials from -15 mV to =78 mV). This
separation technique can also be used to separate bacteria
from 3 um polystyrene beads, in reasonable agreement with
CPEO predictions. In light of these results, it would be
interesting to analyze the influence of CPEO particle-wall
interaction in previously published experiments that show
charge-based separation in microfluidic devices with electric
fields.>** For example, it has been recently found that CPEO
wall-particle repulsion is the main mechanism behind
particle fractionation in DLD devices actuated by low-
frequency electric fields.*®

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Separation at the end of the channel h as a function of the
channel length L as given by eqn (5). Slip velocities are computed for a
3 um carboxylate particle, f = 50 Hz, Q = 7.5 uL h™%, and a KCl
electrolyte with a conductivity of 1.7 mS m™. The red vertical line
marks the channel length for which the electric field in the channel is
100 kV m™,

Future investigation will focus on detailed experimental
characterisation of bacterial electrical properties in order to
characterise the CPEO flows on their surface and potential
dependence on bacterial strain, shape and concentration.
This will enable the design of further optimised systems for
CPEO based fractionation.
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A Analysis of channel design

The optimal channel dimensions was chosen to maximise
the CPEO-driven fractionation based on current designs (see
for example ref. 14 and 15). Channel width W and height
were based on previous publications, ie. a square cross-
section of 50 pum. The channel length L was determined
based on CPEO theory, relating the final particle-wall
separation A to particle properties, electric field and flow rate
Q, as discussed elsewhere:'?

3

¥ =22 Em (W) - f (o W) 6
a*L

where V. is the maximum velocity of the pressure-driven

flow, h, is the particle-wall separation at the beginning of

the main channel and f(¢) = (18(1 - 2¢)* - 9(1 - 28" + 2(1 -
2¢)° - 121og|1 - 2¢])/1536.

In this equation, the electrical parameters and the particle
properties are enclosed in the slip velocity, eqn (2). Also the
maximum pressure driven flow velocity V.« and flow rate Q
are related through the Poiseuille flow by Q = 2WV,,,,,/3. This
means that for particles with a given set of properties (size,
zeta potential and surface conductance) and a channel with

This journal is © The Royal Society of Chemistry 2024
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given dimensions (width and length), then in order to
maintain the same particle-wall separation at the end of the
channel with increasing flow rate, the electric field
magnitude must increase as Ey ~+/Q.

Clearly the electric field cannot be increased indefinitely
with flow rate. Previous work'> showed that for electric
fields above ~100 kV m™" the CPEO flows become severely
disrupted and the experimental repulsion falls below the
theoretical predictions, so that separation becomes
inefficient. This means that to increase the flow rate while
achieving the same wall separation at the end of the
channel for a fixed electric field the channel length
increases as L ~ Q.

In other words longer channels balance the time of flight
of particles flowing at a higher flow rate, ¢ ~ L/V,. The
electrical design also restricts the maximum length of the
channel. The AC voltage is applied to the electrodes
positioned at two opposite inlets (see Fig. 1), so that field
scales as E, ~ ¢o/L, with ¢, the applied voltage. The
maximum voltage is approximately 900 Volts which sets an
upper limit to the channel length for a given electric field.

In summary, the channel length should be long enough to
allow sufficient flight time of the particles, but limited by the
maximum electric field. Fig. 9 shows the separation of a fixed
particle population (3 pm carboxylate particles), at an applied
voltage of 900 V and flow rate Q = 7.5 puL h™". As different flow
rates will only displace the plot vertically, the figure shows
that the optimal channel length should be close to L = 3 mm
with electric field below 100 kv m™. If the field is increased
to the upper limits of the linear CPEO, the optimal channel
length is around L = 6 mm. Further optimisation of the
channel design and electrode should allow higher
throughput and separation capabilities.
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