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1 Introduction

Modern  biosystems

engineering

Acoustofluidic medium exchange for preparation
of electrocompetent bacteria using channel wall

trappingy
M. S. Gerlt, ©1*2 P. Ruppen, @ °° M. Leuthner, @2 S. Panke @°° and J. Dual ®?

Comprehensive integration of process steps into a miniaturised version of synthetic biology workflows
remains a crucial task in automating the design of biosystems. However, each of these process steps has
specific demands with respect to the environmental conditions, including in particular the composition of
the surrounding fluid, which makes integration cumbersome. As a case in point, transformation, i.e.
reprogramming of bacteria by delivering exogenous genetic material (such as DNA) into the cytoplasm, is a
key process in molecular engineering and modern biotechnology in general. Transformation is often
performed by electroporation, ie. creating pores in the membrane using electric shocks in a low
conductivity environment. However, cell preparation for electroporation can be cumbersome as it requires
the exchange of growth medium (high-conductivity) for low-conductivity medium, typically performed via
multiple time-intensive centrifugation steps. To simplify and miniaturise this step, we developed an
acoustofluidic device capable of trapping the bacterium Escherichia coli non-invasively for subsequent
exchange of medium, which is challenging in acoustofluidic devices due to detrimental acoustic streaming
effects. With an improved etching process, we were able to produce a thin wall between two microfluidic
channels, which, upon excitation, can generate streaming fields that complement the acoustic radiation
force and therefore can be utilised for trapping of bacteria. Our novel design robustly traps Escherichia coli
at a flow rate of 10 uL min™ and has a cell recovery performance of 47 * 3% after washing the trapped
cells. To verify that the performance of the medium exchange device is sufficient, we tested the
electrocompetence of the recovered cells in a standard transformation procedure and found a
transformation efficiency of 8 x 10° CFU per pg of plasmid DNA. Our device is a low-volume alternative to
centrifugation-based methods and opens the door for miniaturisation of a plethora of microbiological and
molecular engineering protocols.

fields such as metabolic* or microbiome engineering.’
However, the different single steps that make up complete
engineering  operations all require quite diverse

aims to automate

engineering operations required to reprogram cells'™ to
accelerate the design-build-test-learn cycle and construct
efficient biosystems for applications. A prime set of target
organisms are bacteria, which play a central role in crucial
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environmental conditions, which makes the integration of
biological engineering cumbersome. A prime example is
transformation, an essential step in genetic engineering
workflows, which describes the change in genetic potential of
a host cell by inserting synthetic DNA into it. For genetic
material to enter the bacterial cell, it must first pass the cell
envelope, which in the case of the bacterial standard chassis
Escherichia coli (E. coli) consists of two layers, the outer and
the cytoplasmic membrane. To cross this envelope, cells need
to be made ready to form holes in the envelope or “made
competent”, which is typically achieved by transferring cells
out of growth medium and into specific aqueous solutions,
which either contain calcium ions® or are of particularly low
conductivity.” In the latter case of “electroporation”, reversible
pores form in the cell membrane during an electric shock,
which leads in the absence of low conductivity media to
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strong currents and Joule heating that would impact cell
viability. This medium requirement strongly contrasts the
conditions under which the cells are produced before they are
exposed to electroporation conditions, which include
dissolved salts and other charged molecules. Therefore,
medium exchange is an indispensable preparatory step for
each form of transformation of bacteria, but there are only
very few suitable microfluidic formats to conduct such a
fundamental step. Nearly all previous attempts to automate
large-scale biosystems engineering®* rely on the preparation
of transformation-competent cells off-chip, which makes
copious use of large-scale batch centrifugation (several
rounds, scales between 200 pL and several litres), while in
reality, more advanced biosystems engineering applications
would require a quasi-continuous and integrated
transformation activity."* One earlier attempt at integrating
medium exchange into a digital droplet-based procedure
relied on the selective attachment of bacterial cells to lectins
immobilized on magnetic beads to retain cells and enable
transfer into a different liquid."> However, the reversible cell
immobilization efficiency depends strongly on the medium
composition, which is a significant reduction of the freedom
of experimental design.

Recently, several research groups have developed methods
for continuous medium exchange in microfluidic systems.
These methods are based on particle trapping,'®>° dragging
particles through a liquid interface,®>° continuous buffer
exchange,?® droplet merging,*** and fluid relocation.**

The forces utilized to achieve medium exchange are
manifold. The most commonly wused forces are
dielectric,***>*® magnetic,"®'******* hydrodynamic,*****°
and acoustic.?®??371171¢ However, each of these methods
exhibits fundamental limitations, such as the requirement of
low flow rates or particle labelling. In this work, medium
exchange is achieved by first trapping bacterial cells by
acoustic forces and subsequently flushing the channel with a
new medium such as ultrapure water. The contactless
manipulation of particles using forces,
acoustophoresis, is one of the most used techniques for
particle manipulation because it is non-invasive, label-free,
flexible in design, and biocompatible.”” Acoustophoresis is
based on the acoustic radiation force and the drag force from
acoustic streaming. The acoustic radiation force results from
scattering of ultrasonic waves on the surface of a particle. Its
magnitude mainly depends on the particle size, the density
and compressibility difference between the particle and its
surrounding medium, and the amplitude of the acoustic
pressure. In bulk acoustic wave (BAW) devices, an acoustic
standing wave is generated in the microfluidic channel by
matching the acoustic wavelength in the fluid to the
channel's dimensions. Particles with a positive acoustic
contrast, which is typical for biological samples, accumulate
in the pressure nodes of a 1D standing wave. There are
several ways to trap particles with acoustic forces.”® One way
is to adjust the shape of a microfluidic chamber such that
radiation forces are generated that point against the flow

acoustic

4488 | Lab Chip, 2021, 21, 4487-4497

View Article Online

Lab on a Chip
direction.*®" Further, two 1D standing fields can be
generated perpendicular to each other in a square-shaped
cavity."®>>> Finally, acoustic modes inside glass capillaries
can be utilized to retain particles against a flow at a specific
position.>*>®

In this work, we developed a new approach to trap
bacteria in a BAW device. Trapping of bacteria is
particularly challenging due to the small size and thus has
only been performed successfully by few groups. Bacteria
trapping by optical forces enables the precise control of
very small individual particles.>® However, only few particles
can be trapped simultaneously, and the setup is rather
complex to integrate into a lab-on-a-chip application.
Mechanical methods such as bendable nanowires can be
used for bacteria trapping in high velocity flows, but
cannot be actively controlled and are rather complex to
fabricate.>” Filtration methods such as nanopores are low
cost and simple to integrate into a microfluidic setup.
However, these systems are prone to clogging, which is very
unlikely to happen in our system, since we do not rely on
feature sizes that are in the same scale as the bacteria we
want to trap.”® Devices relying on electrical forces to trap
particles such as electrophoretic concentration®  or
dielectrophoresis®® are simple to integrate into microfluidic
setups but generally demonstrate lower throughput than
acoustic setups and can damage cells due to Joule heating.
Magnetophoresis also offers a promising alternative method
for the trapping of bacteria, since it can be applied at high
throughput and is easy to integrate. However, depending
on the method used, it requires particle labelling® or
ferrofluids.®®> Acoustic trapping of bacteria, as presented in
our manuscript, has been shown before. However, the
design presented in the literature requires seed particles,”
lowering the throughput and complicating an automated
approach.

One major drawback of acoustophoresis is its limitation
concerning particle size. The manipulation of particles below
a critical particle radius is impeded by the drag force
resulting from acoustic streaming. Acoustic streaming is a
time-averaged nonlinear viscous effect that originates from
the harmonic forcing of the fluid. Boundary-driven streaming
affects the particles through the Stokes drag force, competing
with the acoustic radiation force. The latter prevails if the
particle has a radius larger than a critical radius, which is
around 1 pum in prominent BAW systems.®® This complicates
the acoustic manipulation of Dbacteria, eg  the
biotechnological model organism and workhorse E. coli, as
the critical radius overlaps with the typical cell dimensions.
In general, to allow for efficient focusing of small particles in
BAW devices, the acoustic streaming field needs to be
suppressed®”®® or exhibit a particular shape; the vortices of
the acoustic streaming field have to point towards the
positions at which particles should be focused. Such a
desired acoustic streaming field can be achieved either by
square-shaped channels®®®® or by tailoring the acoustic
impedance gradient.®® In a former publication, we utilized

This journal is © The Royal Society of Chemistry 2021
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square-shaped channels to focus E. coli revealing a major
difficulty to operate at high flow rates.”” With our new
design, we generate a complementary streaming field, which
assists the acoustic radiation force with particle trapping,
thus allowing us to manipulate particles that have sizes near
the critical particle radius of around 1 pm for a biological
cell. Since the performance of related works is significantly
lower or demands for special precautions such as seed
particles, our work is unique and opens the door to many
new applications.

In our novel design, particles are pushed against the thin
vibrating channel wall. In contrast to related work showing
particle attraction to channel walls,**”*7* we are able to
retain cells as small as bacteria against a flow due to the
constructive combination of the action of acoustic radiation
force and acoustic streaming, lowering the critical particle
radius. Furthermore, we demonstrated in a recent
publication” that our novel device design can also be used
in PDMS microchannels and, since the position of the thin
vibrating wall can be chosen arbitrarily, our design is much
more flexible than state-of-the-art methods presented in the
literature, opening the door for novel applications. To better
understand the underlying working mechanism and to
enable the direct optimisation of our design, we analysed
our approach's underlying mechanisms using finite element
simulations. We found that particles can only be trapped
efficiently with a wall thickness below 20 pm. The
fabrication of such small structures within a channel of 190
um depth had only been achieved by wet etching, which is
limited in design by the crystal orientation.””> For
manufacturing using a much less restrictive method, we
optimised a standard Bosch process,”® which enables us to
produce devices with a wall as thin as 13 pm in 190 um
deep channels. At a flow rate of 10 uL min™ we are able to
trap ~70% of the bacteria. In a subsequent electroporation
step in a benchtop electroporator, 1% of the initial bacteria
are successfully transformed with an antibiotic resistance
harboring plasmid. Our new design shows significant
potential for future applications of BAW devices in a variety
of research fields.

(a) (b)
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2 Operating principle

The acoustofluidic device consists of a microfluidic liquid
channel and an air backing chamber that are in close
proximity and separated by a thin silicon wall (Fig. 1). The
thin wall can be excited by a piezoelectric transducer (piezo),
which leads to bending of the wall in its eigenmodes. This
design approach is advantageous as it allows us to shift the
pressure node inside the liquid chamber towards the thin
silicon wall and by that enables medium exchange through
successful trapping of particles at the wall's displacement
maximum. Recently, we published a similar device design
produced in polydimethylsiloxane, which is not capable of
bacteria trapping but can be used for controlled single cell
rotation and efficient fluid mixing.”

The vibrations of the thin wall depend on its clamping
and material properties, the fluid properties on both sides of
the wall, and the device geometry. Due to the complexity of
the boundary conditions it is difficult to analytically compute
the exact vibrational modes, which nevertheless could be
approximated with a two-dimensional plate model.”””®

The force responsible for attracting small (relative to the
acoustic wavelength), spherical, and solid particles towards
the wall is called acoustic radiation force (ARF). For an
inviscid fluid, it is given by the negative gradient of the
Gor'kov potential”®

Fioq = -VU, (1)
which can be expressed as:

U=§nr3(%<p12> f1

€0®po

b)) @

with the particle radius r, the incident acoustic pressure field
p1, the incident acoustic velocity field v,, the fluid speed of
sound ¢, the density of the fluid at equilibrium p,, and the
monopole and the dipole scattering coefficients f; and f,,
‘ ) . 1 (T
respectively. (0) denotes time averaging (O) = TJ Odt,
t
with any point in time ¢ and the period of oscillation T = 1/f.

Fig. 1 Design and working principle of cell trapping in the acoustofluidic device. (a) Sketch of the design. (b) Micrograph series of bacteria
trapping (E. coli in white, ESIT Video S1), showing the channel before (upper panel) and during acoustic trapping (lower panel). The piezo was
excited at 1.7 MHz with 46 Vpp, the bacteria concentration was ~4 x 108 cells per mL and the scale bar corresponds to 100 um. (c) Photograph of
the acoustofluidic device with an 8 mm scale bar.

This journal is © The Royal Society of Chemistry 2021 Lab Chip, 2021, 21, 4487-4497 | 4489
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The Gor'kov potential is derived under the assumption that
boundaries are far away from the region of interest, which is
not the case here; however, a recent study of Baasch et al.®
showed that the validity can extend to close proximity to a
boundary. In case of some cells, the Gor'kov potential is even
valid, when the particle is touching the wall.

In acoustofliudics, the acoustic energy density is often
used as a benchmark for the device's performance and,
therefore, used in our numerical analysis. The average
acoustic energy density (E,) is given as®’

1

By | (G +3xe))av. @

with compressibility ¥ and volume V.

Another force that needs to be considered in our
acoustofluidic device is acoustic streaming, which affects a
particle through a drag force

Fy, = 67”7r(vstr - vprt)’ (4)

with the fluid dynamic viscosity 7, streaming velocity vy, and
particle velocity v,.. The magnitude of the streaming velocity
can be estimated as®

) 2
‘vstr‘ = WLv (5)
Co

3
with the geometry dependent factor v=3 for a standing

wave parallel to a planar wall.

As can be seen in eqn (2) and (4) the acoustic radiation
force and the drag force scale with r* and r respectively. The
critical radius at which drag and acoustic radiation force
balance each other can be estimated by®

3y

Te ===
¢ 20

9, (6)

with ¢ as the viscous boundary layer thickness

5= \/pr )

and @ as the acoustic contrast factor

1 1 1[5p-2
b= —f == - s
AL 3Lﬁ+1 K} (8)

in which relative compressibility £ = Z—p and density j _’p

f o
reflect the ratios between particle (O), and fluid (O)
properties.

The resonance frequency of our device that we used for
excitation was around 2 MHz, leading to a viscous boundary
layer thickness of ~0.4 um in water. To approximate the
acoustic contrast factor of E. coli, we took the buoyant density
of E. coli analysed by Baldwin et al® and the acoustic
impedance of cells derived by Olofsson et al.®* and ended up
with a value of @ = 0.07. Thus, the critical radius for cells in
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our system is r. = 0.95 um. Since E. coli cells are very close to
that critical radius (approx. 2 pum in length, 1 pum in
diameter) it is essential to account for acoustic streaming
effects to obtain trapping capabilities.

3 Materials and methods
3.1 Device fabrication

We produced the acoustofluidic chips utilising cleanroom
processes. Microfluidic channels (192.6 + 10 um depth, 198.0
+ 5 pum width of the liquid channel and 100.3 + 2 pm width
of the air channel) were etched into a silicon wafer (500 + 10
pm thickness). First, we used photolithography (resist: S1828,
shipley, 4000 rpm; developer: AZ 351B, microchemicals,
development time 30 s) to transfer the designs from a
chrome mask onto the silicon wafer. Next, we put the wafer
into an inductively coupled plasma deep reactive ion etching
(ICP-DRIE) machine (Estrellas, Oxford Instruments). With a
modified high rate process,”® we achieved a selectivity (ratio
of etch rate between photoresist and silicon) of around 220
and straight channel walls with an angle of ~87.7°. We
increased the passivation time, decreased the pressure during
the etching step and decreased the ICP and HF power
allowing us to achieve significantly improved aspect ratios
compared to current literature. Then, we anodically bonded a
glass wafer (700 um thickness) to the silicon wafer. Finally,
we diced the wafer stack into small rectangles (16 mm x 15
mm) employing a wafer saw (DAD3221, Disco Corporation).
Fused silica capillaries (164 + 6 pm outer diameter, 100 + 6
pm inner diameter, Molex) were inserted into the sides of the
chip and fixed with a two-component glue (5 minute epoxy,
Devcon). A piezoelectric transducer (10 mm length, 2 mm
width, 1 mm thickness, Pz26, Meggitt Ferroperm) was glued
to the backside of the devices using conductive epoxy (H20E,
EPO-TEK). Copper cables (0.15 mm diameter) were attached
to the piezo with conductive silver paste and glued to the
chip with instant glue to increase mechanical stability.

3.2 Experimental setup

Acoustic waves in the BAW device are coupled into the system
by exciting the piezo with a high-frequency amplified (High
Wave 3.2, Digitum Elektronik) AC signal from a wave
generator (AFG-2225, GW INSTEK). The impedance of the
piezo varies with its excitation frequency. Since the voltage at
the piezo is dependent on its impedance, it is verified using
an oscilloscope (UTD2025CL, Uni-Trend Technology). Flows
inside the microfluidic channels are controlled by pressure
pumps and flow sensors (Flow EZ, Fluigent). We studied the
movement of green fluorescent polystyrene (PS) particles
(5.19 + 0.14 pm diameter, microParticles GmbH) with a
standard microscope (Axioscope, Zeiss). We used a high-
speed camera (HiSpec 1, Fastec) to visualize the fast particle
motions. Depending on the input power, we used frame rates
between 20-200 fps.

This journal is © The Royal Society of Chemistry 2021
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3.3 Bacterial growth and maintenance

To visualise the bacteria, we used an E. coli MG1655 strain
that constitutively expresses the gene for green fluorescent
protein mNeonGreen. The gene was inserted into the ydgH
gene locus of the chromosome resulting in strain bBPL227.
We examined fluorescent E. coli cells under a fluorescence
microscope with 470/40 nm excitation and 525/50 nm
emission bandpass filters. To prepare bacteria for
experiments, 3 mL of lysogeny broth (LB) (Becton Dickinson)
was inoculated with bBPL227 from a cryostock and grown
overnight in a shaking incubator (Multitron Pro, INFORS HT)
at 37 °C and 200 rpm, until the culture reached the stationary
phase. We added glycerol to a final concentration of 15%
(vol/vol), split the culture into 100 pL aliquots and stored
them at -80 °C. For each experiment, an aliquot of stock
solution was thawed and transferred to 25 mL of LB in a 250
mL Erlenmeyer flask and incubated in a shaking incubator at
37 °C and 200 rpm. The cell culture was grown for 2-3 hours
until mid-exponential phase (typically at an optical density at
600 nm of 0.5). The cells are then harvested and put onto ice
for the experiments.

3.4 Numerical model

We built a 2D numerical model of the yz-section-plane
(Fig. 2(c)) of the chip and evaluated it in COMSOL
Multiphysics (version 5.4) to analyse the device's frequency
response. At resonance frequencies, we investigated the wall
displacement as well as the Gor'kov potential and streaming
velocity. First, a mesh study was conducted to determine the

(a) (b)
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converged mesh parameters (ESIT Fig. S1). After the initial
frequency-domain study of the thermoviscous acoustics and
solid mechanics interface, a stationary study of the creeping
flow interface at the resonance frequency was carried out
using the solutions of the initial study as inputs. With this
study, we were able to derive the streaming velocity. A
detailed description of the numerical model is provided in
the ESLY

3.5 Medium exchange protocol

Our medium exchange protocol expands the functionality of
our acoustofluidic device from bacteria trapping to medium
exchange. The protocol consists of three steps, namely:
capture, wash, and release. In the first step, we filled the
channel with cell solution at a flow rate of 10 pL min ' and
activated the acoustic trapping of the cells through wall
vibration. After two minutes, we stopped the flow of cell
solution and flushed the channel with ultrapure water at a
flow rate of 10 uL min™" for 30 seconds to wash the cells and
remove remaining cell suspension liquid. Finally, we turned
off the acoustic excitation and increased the flow rate of
ultrapure water to 20 uL min~" for 60 seconds, which, given
lack of acoustic forces during this step, allowed to remove
the cells from the chamber while being suspended in the
new medium.

The medium exchange protocol's execution is computer
controlled by a custom-written Python script to synchronise
the acoustics and regulation of flows.

(c) (d)
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Fig. 2 Numerical modelling of the acoustofluidic device. (a) Sketch of the device. (b) Optical microscopy image of the device cross-section. (I)
Channel depth = 192.6 £ 0.4 um, (Il) channel width = 198.0 * 0.3 um, (Ill) wall top thickness = 13.0 + 0.15 pm, (IV) wall bottom thickness = 6.15 *
0.15 pm. The scale bar corresponds to 100 um. (c) Simulated geometry and (d) typical mesh near a corner (see blue rectangle in (c)). Please refer
to ESIf Fig. S1 for the mesh study. At 2 MHz the model attained 631’961 degrees of freedom and had a computation time of 25 s and 22 s for the
acoustic and streaming simulations, respectively, on a PC with 32 GB RAM and Intel Xeon E 2186G processor. (e) Frequency spectrum of acoustic
energy density and wall displacement. A strong resonance is clearly visible at 1.8 MHz. (f) Displacement of the wall (disp), (g) Gor'kov potential (U)
with acoustic radiation force (white arrows) and (h) streaming velocity (vs,) at fres = 1.8 MHz.

This journal is © The Royal Society of Chemistry 2021 Lab Chip, 2021, 21, 4487-4497 | 4491
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3.6 Determination of bacteria capturing and release
efficiency

The device should capture and release as many bacteria as
possible while replacing the original medium with ultrapure
water for electroporation. We collected the liquid leaving the
chip during each step in tubes. The collected bacteria
solution was then weighed and diluted with LB to a suitable
concentration (2000-50000x), and 40 pL of each diluted
sample was plated on OmniTray™ plates (Nunc, Thermo
Fisher Scientific Inc.) with eight virtual wells by a liquid
handling robot (EVO200, Tecan). After incubating the plates
overnight at 37 °C, we counted the number of colonies
(colony forming units or CFUs). Each of these CFUs
originates from a single bacterium that was plated the day
before, making the counting of CFU a representative count
for viable cells. We calculated the fraction of bacteria that
were not captured or lost during washing, as well as the
fraction of successfully released bacteria as

_ Nstep o Vstepcstep 9
f step — - % C ’ ( )
capture “ culture

NMinput
with the collected fluid volume V, the concentration of
bacteria C, the number of bacteria n, the concentration of
bacteria before entering the device Ceyjeure and the fraction of
bacteria leaving the device during the indicated step f. The
protocol step is denoted by (O)s¢ep,

3.7 Electroporation

To provide a functional measure to evaluate the efficiency of
the medium exchange, we performed electroporation on
released cells in a micropulser. Electroporation efficiency is
very sensitive to high conductivities of the liquid phase of the
cell suspension. For example, remaining growth medium
drastically increases the conductivity and leads to a low time-
constant in the micropulser (ESIt eqn (S2)). For performing
electroporation experiments, we transferred 20 pL of the
sample into a 0.1 cm electroporation cuvette (Cell Projects Ltd)
that had been pre-chilled on ice. For the acoustofluidic
medium exchange experiments, the whole volume collected in
a tube during the release phase (20 uL) was transferred into the
cuvette. An aliquot of 1 pL plasmid pUC19 (dissolved
in 10 mM TrissHCl (pH 7.6) and 1 mM aqueous
ethylenediaminetetraacetic acid (EDTA, Thermo Scientific)) was
added to the cell solution for a final concentration of 2.0 ng
uL™. After inserting the cuvette into an electroporator
(MicroPulser, Bio-Rad), we applied a 1.8 kV pulse with a
discharge time constant of about 6 ms. The time constant from
the electroporator is a function of the sample conductivity and
was used as a measure of success of the medium exchange.
Immediately after the pulse, 980 uL of room temperature SOC
medium® was added to the cuvette for cell recovery. The
complete volume was transferred into a tube and placed in a
shaking incubator (37 °C, 200 rpm) for one hour to allow
expression of the antibiotic resistance gene on the plasmid
without allowing for growth to resume. Afterwards, we plated

4492 | Lab Chip, 2021, 21, 4487-4497
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40 pL of the cell suspension on LB agar plates containing 50 pg
mL™" of the antibiotic carbenicillin. The plates were incubated
overnight at 37 °C and CFUs were determined the next day.

4 Results & discussion
4.1 Numerical analysis of the particle attraction

We carried out numerical studies to get insight into the
physical phenomena of the initial design that lead to particle
attraction at the thin silicon wall between the water and the
air channel. To obtain the accurate channel dimensions
required for the numerical simulation, the device was diced
perpendicularly to the channel, and the cross-section was
evaluated wusing optical microscopy. The measured
dimensions were then implemented in our numerical model
(Fig. 2(c)). As can be seen in Fig. 2(b), we were able to etch
straight channel walls enabling us to produce nominally
walls as thin as 13 pm with an etch depth of 192 pm. At the
bottom of the channel, the silicon wall still had a width of 6
um, which is thick enough to prevent the whole structure
from collapsing during the acoustic excitation.

Given that the effect of acoustic streaming cannot be
neglected in BAW systems for manipulating bacteria, we
considered this by refining our mesh at the water-silicon
interfaces and, by that, account for the viscous boundary
layer (Fig. 2(d)). Subsequently, a study in the frequency
domain was performed with excitation frequencies ranging
from 1.6 to 2 MHz, as for this spectrum, the strongest
particle attractions had been suggested in preliminary
experimental investigations. As a measure for the device
efficiency, we chose the average acoustic energy density, i.e.
acoustic energy density (eqn (3)) integrated over the cross-
section of the liquid channel and divided by its area.
Similarly, we computed the average wall displacement.
Simulation results show a global maximum in the average
acoustic energy density and the average wall displacement at
1801 kHz with additional minor resonances being visible at
slightly higher and lower frequencies (Fig. 2(e)). The
subsequent detailed experimental analysis confirmed the
initial observations as well as the results of the numerical
simulation by demonstrating strong particle attraction in the
investigated frequency range. However, we were unable to
experimentally reproduce the exact relative strength of the
resonances, which might be caused by the idealized material
parameters used as inputs for our 2D simulations.

We performed the second stationary study at the
resonance frequency that revealed the highest average
acoustic energy density (1801 kHz). Taking both studies into
account, we generated plots for the wall displacement
(Fig. 2(f)), Gor'kov potential with acoustic radiation force as
white arrows (Fig. 2(g)) and streaming velocity (Fig. 2(h)). The
displacement plot shows that the maximal displacement of
the wall is at half its height. At this point, a minimum of the
Gor'kov potential (eqn (2)) is located. Thus, the acoustic
radiation force (eqn (1)) is directed in positive y-direction
throughout the entirety of the channel. Close to the wall, the

This journal is © The Royal Society of Chemistry 2021
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direction of the force changes slightly towards the absolute
minimum of the Gor'kov potential, which leads to an
acoustic radiation force that pushes particles towards the
thin wall.

Particles at the Gor'kov potential minimum that are larger
in radius than r. (eqn (6)) remain there due to the Acoustic
Radiation Force. However, if the particle radius is close to or
below r. as it is the case for E. coli, streaming effects need to
be considered. The streaming velocity plot reveals that
particles are also dragged towards the thin wall by acoustic
streaming with two counter-rotating vortices forming close to
the silicon wall. Both vortices coalesce at the position of
minimal Gor'kov potential. Therefore, even when the
particles reach the point of minimal Gor'kov potential and
thus are no longer subjected to the acoustic radiation force,
they will still be trapped in the acoustic streaming vortices
nearby the thin wall. Our recent publication” and similar
ones from other groups’’> demonstrate that a single
streaming vortex close to the wall can be utilised to attract
particles but is not sufficient to retain particles against a
fluid flow.

4.2 Capturing and release of bacteria

We performed experiments without flow to observe the forces
acting on the bacteria and determine suitable excitation

s
step 2: wash acoustics ON
Ny —
7

step 3: release acoustics OFF

\\/ e,
/

Fig. 3 Overview of automated semi-continuous medium exchange. (a)
Sketch of the acoustofluidic device: cell suspension is fed through the
top inlet and ultrapure water through the bottom inlet. In step 1
(capture), acoustic forces trap the bacteria at the thin vibrating wall. In
step 2 (wash) a flow of ultrapure water flushes the channel, leading to
the desired medium exchange for the cells that remain trapped by the
acoustic forces. Finally, in step 3 (release), the acoustics is turned off,
bacteria are suspended into the new medium and leave the device
with the flow. (b) Fluorescence microscopy pictures of the channel
section in which the capturing of the E. coli (white) is performed. ) We
flush the channel with cell solution before the start of the experiment
while the acoustics are off. Il) We turn on the acoustics leading to cell
accumulation at the vibrating wall. ll) End of capturing step. IV) End of
washing step: cells are retained at the vibrating wall and channel is
flushed with ultrapure water. V) Release step: we turn off the
acoustics; thus, cells detach from the vibrating wall. VI) End of release
step: cells left the device. The scale bars correspond to 100 um.
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frequencies. We changed the frequency in steps of 1 kHz in a
range from 1 to 4 MHz to experimentally determine
resonance frequencies that lead to bacteria attraction. As the
strongest observable particle attraction occurred at a
frequency of 1.89 MHz, this parameter was applied for all
subsequent experimental procedures. Using particle
trajectory velocimetry analysis and by balancing the Stokes
drag and acoustic radiation force, we were able to estimate
the acoustic radiation force in our setup.®* The Stokes drag
force is given as Fgrag = 6my1vy, with the particle velocity vy,
the particle radius r, the fluid's dynamic viscosity #. Given
the approximate particle speed of 160 um s™* at an excitation
voltage of 46 Vpp (ESIf Video S1), particle radius r = 2 pm,
and fluid dynamic viscosity 7 ~ 1 x 107 Pa s, we attain an
approximate value for the acoustic radiation force of 6pN,
which is in the range of the values reported in the
literature.®® To perform medium exchange with the device,
we operated it while applying a flow of cells. Specifically, we
implemented a three-step protocol including a capture step
during which the bacterial cells are trapped at the wall by the
acoustic forces, resulting from the ARF, and the drag forces,
resulting from the acoustic streaming, followed by a wash
step in which the surrounding medium is exchanged while
the acoustic and drag forces still trap the cells, and finally, a
release step in which the forces are no longer applied and
cells can re-suspend into the surrounding liquid (Fig. 3(a)).
We ran the protocol and determined the efficiency of each
step (ESIT Video S2). We observed accumulation of cells at
the acoustic pressure nodes at the vibrating wall (Fig. 3(b)).
Over three experiments, on average, we were able to capture
70% of the cells that passed through the corresponding

80

[ without trapping
[l acoustic trapping

fraction of recovered cells [%]

release

wash

capture

Fig. 4 Graph of fraction of initial cells recovered at the outlet during
each step of the medium exchange protocol with and without
acoustics at a capturing flow rate of 10 uL min'. We calculated the
cell concentrations from CFUs on non-selective plates according to
egn (9). Green: Experiments without acoustics as a control. Blue:
Experiments with an excitation frequency of 1.89 MHz at 40 Vpp.
Capture: Cells that are not trapped and leave the device during the
capture step. Wash: Cells that leave the device during the wash step.
Release: Cells that leave the device during the release step suspended
in the new medium. All experiments were performed in triplicates to
verify the reproducibility of our method.
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channel section during the time of application of acoustics.
An additional 20% of the captured cells were lost in the
washing step, indicating that wash duration and flow rate
require further optimization. Finally, up to 52% and on
average 47 + 3% of the cells that entered the chip initially
were successfully washed and released into the new medium
(Fig. 4).

Next, we performed the assay without acoustics to verify
that the released bacteria stem from the trapping and not
from side effects such as leakage between the cell suspension
inlets or unspecific retention of bacteria in the channel. In
contrast to the experiment with acoustics, we observed no
cell accumulation at the wall and found the cell
concentration at the outlet and inlet were nearly identical at
1 x 10% cells mL™ during the first step (“capturing”, but due
to the absence of acoustic forces effectively just flushing of
the tubing and chip with cell suspension). This suggests that
no cells were actively trapped in the channel. Furthermore,
during washing with ultrapure water, we still measured a
bacteria concentration of 1.5 x 10’ cells mL™" in a total
volume of 5 pL, which is in agreement with the assumption
that at the beginning of the wash step the inner chamber of
the device (approx. 1 pL of volume) was still filled with cell
suspension. At the same time, this suggests no substantial
leakage of cells from the cell suspension channel into the
main channel during the wash step. Finally, during the third
step of the protocol without acoustics, the cell concentration
is 60-fold lower than during the capturing step. The strongly
reduced cell number during the third step confirmed that the
washing time and flow rate was sufficient to exchange close
to all the residual volume in the chip and thus avoid cross-
contamination between the cell suspension and the released
cells in the new medium. As these numbers were obtained by
counting CFUs, it only includes viable cells with the ability to
reproduce and form colonies on plates. Further, we can
exclude a negative influence of the acoustic particle
manipulation on the cell's viability, since the difference in
overall recovery rate of bacteria without (78.7 + 2%) and with
(82.4 + 2%) acoustics is in the range of the standard
deviation. In summary, the protocol allows the medium
exchange for ~4 x 10° cells in a volume of 20 uL per round.
The protocol takes only 210 seconds and is thus much
quicker than repetitive centrifugation with durations of up to
20 minutes per step.®®

4.3 Functional analysis of medium exchange

After capturing, washing and releasing bacterial cells, we
determined whether the cells are electrocompetent.
Electrocompetence implies that the growth medium was
sufficiently exchanged by ultrapure water and that the
acoustic treatment had no negative impact on the cells
viability. Therefore, we mixed the released cells in the liquid
in which we had recovered them with the DNA of a 2.7 kbp
reference plasmid, pUC19®” and electroporated them using a
micropulser. Cells released from the acoustofluidic device
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exhibited a time constant of between 5.6 and 5.8 ms. In
general, a time constant above 5 ms is a strong indicator for
high transformation efficiency®® and indicates that the media
was, in fact, exchanged very effectively. We performed
electroporation in the micropulser on a dilution series of LB
in ultrapure water to estimate the achieved grade of medium
exchange. The time constant of around 5.7 ms reached by
our sample corresponds to a dilution of 1:256 of LB in
ultrapure water. We next examined successful transformation
by plating the electropulsed cells on selective media. We
measured around 40’000 successfully transformed colonies
(around 1% of the initial cells) per electroporation of our
acoustically washed cells, resulting in a transformation
efficiency of 10° transformations per microgram of plasmid.
Further, we performed a control experiment with the same
parameters as described before, except that we used a
centrifuge for the medium exchange and larger volumes (see
ESIT). The control experiment revealed an order of magnitude
higher transformation efficiency (13 + 1%), demonstrating
that our acoustofluidic device still needs to be developed
further. However, we would like to highlight that the aim of
the manuscript at hand is not to improve the performance of
standard lab protocols, but to develop an automated
alternative for microliter volumes that could potentially save
manual labour. The cells released without acoustics as well
as those without medium exchange yielded fewer than 250
CFUs per run on selective plates. The significantly higher
transformation efficiency of cells washed with our device
highlights that the presented acoustofluidic device is highly
beneficial for medium exchange and in particular for the
preparation of cells for electroporation, as often required in
biotechnology. With our new device and our simplified
protocol, we present a quick and viable alternative to
centrifugation which allows us to also handle small sample
volumes.

5 Conclusion & outlook

In this work, we presented a new acoustofluidic device design
with a novel trapping principle that outperforms similar
approaches in terms of throughput and particle size. We then
successfully demonstrated the device's capabilities by semi-
continuous medium exchange for the model bacterial
workhorse E. coli from growth medium to ultrapure water. As
an example of successful medium exchange, we
electroporated the cells prepared with our acoustic device
and showed successful transformation with plasmid DNA. In
contrast to centrifugation, our device works well for
microliter volumes, is automated and can be integrated into
microfluidic systems. It presents a crucial step towards
automating transformation. Furthermore, we carried out
numerical studies to get an insight into the physical
phenomena that lead to particle trapping at the thin
vibrating silicon wall. The simulations revealed that at a
frequency close to the experimental resonance frequency, the
thin silicon wall located between the water and the air

This journal is © The Royal Society of Chemistry 2021
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channel has its maximal displacement, while the liquid
channel exhibits a maximum in average acoustic energy
density. A Gor'kov potential minimum forms at half of the
wall's height, leading to strong particle attraction towards
this point. Additionally, counter-rotating streaming vortices
are generated, which limit the movement of particles close to
the wall. Both effects lead to trapping of particles even in the
range of the critical particle radius. In contrast to other
designs, we can utilise straight channel walls for the particle
trapping, thus preventing contamination with bubbles.

The device's performance has been determined through
experimental medium exchange. At a flow rate of 10 pL
min~" we successfully trapped 70 + 5% of the bacteria. After a
washing step, 47 + 3% of the total bacteria were released into
the new medium - ultrapure water. From these released
bacteria, 40000 were successfully transformed after
electroporation with a pUC19 plasmid in a micropulser,
leading to a high transformation efficiency of approximately
10° ug DNA™. The proposed protocol is thus sufficient to
perform genetic engineering.

In the future, we will try to improve the device
performance by using thinner walls, for which the etch
process needs to be further optimised. Furthermore, we will
test new innovative designs to increase the trapping
efficiency.

Our device demonstrated the capability to transfer
complex biological protocols into miniaturized dimensions.
We believe that our novel approach is useful for a wide range
of applications, including medium exchange, particle coating,
and cell concentration.
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