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ABSTRACT: A better understanding of the electrodynamic
behavior of cells interacting with electric fields would allow for
novel scientific insights and would lead to the next generation of cell
manipulation, diagnostics, and treatment. Here, we introduce a
promising electrode design by using metal oxide high-k dielectric
passivation. The thermally generated dielectric passivation layer
enables efficient electric field coupling to the fluid sample comprising
cells while simultaneously decoupling the electrode ohmically from
the electrolyte, allowing for better control and adjustability of electric
field effects due to reduced electrochemical reactions at the electrode
surface. This approach demonstrates cell-size specific lysis with
electric fields in a microfluidic flow-through design resulting in 99.8%
blood cell lysis at 6 s exposure without affecting the viability of Gram-
positive and Gram-negative bacterial spike-ins. The advantages of this
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new approach can support next-generation investigations of electrodynamics in biological systems and their exploitation for cell

manipulation in multiple fields of medicine, life science, and industry.
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B INTRODUCTION

If a cell is exposed to an external electric field, the
transmembrane potential (TMP) is altered in a cell size,
membrane composition, and field strength dependent manner.
At TMP values >1 V, pores in the cell membrane are formed, a
process called electroporation or electropermeabilization. This
effect can be used either for cell manipulation through
reversible electroporation (e.g, gene transfer) or for cell lysis
(irreversible electroporation). Cell lysis is one prominent
example for electric field applications in biology. Concerning
molecular diagnostics, especially with respect to emerging
technologies such as lab on chip (LOC), micro total analysis
systems (uTAS), and biomedical microelectromechanical
systems (bioMEMS) leading to fully integrated point of care
(POC) devices, electric field induced cell lysis offers several
potential key advantages. In comparison to other techniques
such as chemical, mechanical, acoustical, or laser-assisted
thermal lysis, electric field induced lysis provides size specificity,
speed of operation, controllability, miniaturization, automation
and integration, cost efficiency, and no need for further
additives.” For instance, cell specific lysis has enormous
potential in the sample pretreatment of whole blood for sepsis
diagnostics, where pathogen enrichment and reduction of
human background for molecular biology based techniques is
urgently needed. Although first reports of key advancements

-4 ACS Publications  © 2016 American Chemical Society

concerning the interaction of electric fields and cells were
already published in the 1970s°~> and first patents were filed
already in the 1960s for industrial applications in food
processing,6 until today, different theories of pore formation
are still under debate; reported results are usually difficult to
compare, and conclusions are widespread. Surprising is the use
of nonpassivated electrodes in direct ohmic contact with the
cell-containing fluid sample in the majority of studies in
combination with missing discussions and results considering
the characteristics and causative effects of a faradaic current on
the biological samples when high potentials are applied. As cells
are suspended in an electrolyte and electric potentials are
applied to nonpassivated electrodes, electric field effects are
superimposed by secondary effects caused by a substantial
charge transfer at the electrode/electrolyte interface, leading to
electrochemical reactions, which induce electrode decomposi-
tion, electrolysis, pH changes, and bubble formation as well as
joule heating. For instance, Saulis et al.” showed the release of
Al ions from the Al electrode to the electroporation bufter,
which was accompanied by significant changes in the pH.
Similarly, Kim et al.® showed significant pH changes at the
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Figure 1. Potential and current simulation of nonpassivated and passivated electrodes. (a) Equivalent circuit comprising an AC source with internal
resistance (R; = 50 Q) and a model of the electric cell lysis unit (ECLU) including the passivation layer (Rp, Cp) and the cell-containing liquid
sample (R, = 57 Q, C = 1.1 uF). U, voltage of the AC source; Uy, voltage at the ECLU; I, current. (b) Simulation results of Uy, Uy, and I for
nonpassivated electrodes with a low transfer resistance between electrode and fluid sample (R, = 0.1 Q, Cp = 180 nF). (c) Simulation results of Uy,
Uy, and I for electrodes with an electrically insulating passivation layer (Rp = 3 MQ, Cp = 180 nF).

electrode surface induced by electrolysis during electroporation.
In addition, cytotoxic effects of cell-free culture medium after
exposure to nanosecond pulses due to electrochemical
oxidation processes were demonstrated.”

In an earlier paper cell size specific lysis with electric fields in
a microfluidic design using gold electrodes could not be
achieved due to detrimental superimposing side effects caused
by faradaic current passing through the sample.'” One strategy
to circumvent adverse bubble formation, heating, and electro-
chemical reactions is to increase the distance between
electrodes. Lee and Cho used a DC electric field across a
long channel with an orifice to concentrate the electric field
locally."" Kim et al. encased one electrode in a glass capillary to
locally separate variations in pH from the cell-containing
suspension.” In both concepts, however, a considerable part of
the applied voltage is converted into electrochemical reactions
at the solid to liquid interface, representing significant losses
and thus preventing an exact control of the electric field
strength within the sample. Furthermore, both strategies are
accompanied by the need to apply high voltages due to large
electrode distances while affecting only a small population of
cells at a time.

To increase throughput and efficiency, microfluidic flow-
through designs with planar electrodes and large effective
electric field areas would have a great impact for lab on chip and
point of care applications, and the reduction of the electrode
distance to the micrometer range would drastically reduce the
required voltages. Furthermore, for fundamental investigations
of electric field effects on a single-cell level, microfluidic designs
are preferred. For small electrode distances, however, diffusion
length and electrical resistance of the fluid in the interelectrode
space are drastically reduced. For nonpassivated electrodes the
influences of secondary faradaic current based effects therefore
increase in such a configuration. This is especially important for
flow-through designs where successive pulses need to be
applied for longer durations or when solely electric field
parameters need to be tested for single-cell studies. Hence, a
drastic reduction of the superimposing faradaic current based
effects is crucial for future study designs and more articulative
conclusions in the promising research area of electrodynamic
manipulation of biological material by electric fields. Cheng et
al. covered platinum electrodes with an agarose permeation
layer by a multistep process to keep cells away from
electrochemical reactions occurring at the electrode surface.'>"”

Although alleviating faradaic effects on cells directly, this

strategy does not entirely prevent electrolysis. The use of thin
oxide films for electrode passivation is a more promising
strategy for the full utilization of electric field effects. Talebpour
et al. used a 140 nm aluminum oxide film to block the
transmission of electrical current, which preserved macro-
molecule integrity for analysis.'* Although avoiding undesired
electrochemical processes, independent or cell specific electric
field induced lysis was not shown as this work concentrated on
joule heating induced lysis of bacteria in a sodium phosphate
buffer. Using a 50 nm silicon oxide thin film as electrode
passivation, our group was able to achieve electric field induced
cell specific lysis in batch experiments, but lysis efficiency was
low due to the inefficient electric field coupling originating from
the low dielectric constant of the passivation layer. * To address
this, focus must be set on the electrical properties of the
passivation layer to fully exploit the potential of faradaic current
liberated electric field applications. Hence, the introduction of
an optimized high-k electrode passivation, as presented here,
can act as a key enabling technology for electric field induced
cell lysis with a broad range of applications as well as a basic
research tool for profound investigations on the fundamental
effects of electric fields on cells.

B RESULTS

Electrical Considerations for Introducing High-k
Electrode Passivation. Electric decoupling of the electrode
material from the fluid sample by introducing an electrically
insulating passivation is essential to circumvent the secondary
effects originating from faradaic current passing through the
electrolyte. To illustrate this, Figure la shows a simplified
equivalent circuit comprising an electric cell lysis unit (ECLU)
consisting of two parallel electrodes with or without a
passivation layer in contact with the cell suspension between.
Figure 1b shows simulation results for two noninsulated
electrodes with ohmic contact to the fluid sample (R,
representing the transfer resistance between the blank electrode
and the liquid). In this case the ECLU is dominated by the
ohmic part, leading to faradaic current through the sample
accompanied by a significantly reduced voltage at the electrode
due to a high load in the range of the internal resistance of the
power source. Figure 1c¢ shows simulation results for electrodes
with an electrically insulating passivation layer between the
electrode surface and the fluid sample (R} representing the
resistance of the insulating passivation layer). The voltage/
current plot shows capacitive characteristic; hence, only a short
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Figure 2. Fabrication and characterization of high-k TiO, passivated electrodes and the electric cell lysis unit. (a) Temperature dependency of oxide
thickness in the range between 650 and 750 °C under atmospheric pressure, N = 4. (b) Oxide thickness after thermal oxidation at 650 °C for 1, 3, or
6 h, N = 3. (c) SEM image of a TiO, layer generated at 650 °C for 3 h. (d) Geometric design of fluidic channel between electrodes (formed by
double-sided adhesive). All measures represent millimeters. (e) Assembled electric cell lysis unit (ECLU). (f) Voltage and current characteristic of
efficiently passivated electrodes, 30 V, SO Hz square wave, ECLU filled with phosphate-buffered saline. (Inset) Measurement circuit. (g) Steady state

2D electric field simulation at the fluidic inlet when applying 30 V.

loading current from the power source to the electrode occurs
(ie, no faradaic current between the electrodes through the
electrolyte). The capacitor configuration enables an efficient
ohmic decoupling of analyte and metallic electrode and allows a
constant and accurate controllable electric field inside the liquid
sample affecting the cells of interest to be established.
Fabrication and Characterization of High-k Passi-
vated Electric Cell Lysis Unit. The impedances of the liquid
and the passivation represent a voltage divider where the
voltage across the liquid sample and thereby the electric field
experienced by the cell is reduced when the passivation
impedance increases. Therefore, the electrical passivation
characteristics represent the bottleneck in passivated electrical
lysis where the capacitive reactance needs to be minimized."’
Due to their high dielectric constant, high-k materials represent
a powerful strategy to achieve ohmic decoupling of the
electrode material from the liquid sample but at the same
time provide low capacitive reactance and hence good
transmission of the electric field. Therefore, titanium dioxide
(TiO,) as passivation layer was chosen due to two main
reasons. First, chemically inert and biocompatible titanium
dioxide with dielectric constants of 60—110 can be easily
produced by thermal oxidation of titanium at atmospheric
pressure.”> Second, grade 2 titanium (commercially pure
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titanium, cpTi, 99.2% purity) represents an attractive electrode
substrate because of good electrical conductivity, excellent
mechanical properties, cost effectiveness, and its widespread use
in the biomedical field. Different temperature and time profiles
were tested to thermally grow a TiO, film on cpTi foils under
atmospheric conditions to find the optimal titanium dioxide
layer thickness. Panels a and b of Figure 2 show the
dependence of TiO, thickness on the temperature and duration
of the heat treatment. Electrodes with an oxide layer generated
for 3 h at 650 °C showed optimal characteristics in regard to
closed, pinhole free layers, verified by a capacitive loading
behavior. In addition, these layers showed high mechanical
stability compared to layers formed above 750 °C, which were
prone to delamination. With the passivated titanium electrodes
a low-cost microfluidic flow-through electric cell lysis unit was
constructed (Figure 2d,e). To evaluate passivation quality, 1X
PBS was injected into the electric cell lysis unit and a voltage of
30 V, SO Hz square wave, AC was applied (all voltages
represent peak values). The voltage/current characteristics were
recorded, and only the capacitive loading current of the
titanium electrode was observed, followed by a sharp decline to
baseline current noise due to efficient ohmic decoupling
(Figure 2f). Steady state field distributions were calculated by
2D electrostatic simulations (Figure 2g) and prove the
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Figure 3. Influence of electric field strength, frequency, and flow rate on diluted whole blood lysis efficiency using the described ECLU. (a) Lysis
efficiency of whole blood cells at different applied voltages showing exponential dependency. (b) Lysis efficiency of whole blood cells at different flow
rates showing linear dependency. (c) Lysis efficiency of whole blood cells at different frequencies showing parabolic dependency. All data points
represent the median, and error bars depict range. (d) Microscopy images of whole blood 1:100 dilutions after application of 0, 18, and 20 V, 50 Hz
square wave, at a flow rate of 100 yL/min. Scale bars are 100 um. sqAC, square wave alternating current (all voltages given as peak values of the

square wave signal); R?, coefficient of determination.

homogeneous electric field between the top and the bottom
planar electrode in the first 200 ym of the 29.9 mm long
chamber. At the edge of the fluidic inlet drilled into the top
electrode, a very confined area of inhomogeneous electric field
distributions is shown, where the electric field strength is
increased >60% in a 12.5 ym radius around the edge.
Impact of Voltage, Time, and Frequency on Lysis
Efficiency of Diluted Whole Blood. As blood is widely used
for diagnostic approaches, the new passivation strategy was
validated in terms of efficiency and reproducibility of whole
blood cell lysis using 1:100 dilutions in iso-osmolar sucrose
solutions.'®"” The whole blood dilution was chosen to enable
the discrimination of single cells by automated cell counting.
Cell counts of the stock blood dilutions before and after the
experiments showed no effect on the total cell number (mean =
98.81 + 2.20%). Panels a—c of Figure 3 show voltage, flow rate,
and frequency dependent lysis. Microscope images of the cell
suspension after application of 0, 18, and 20 V at 50 Hz square
wave at a flow rate of 100 yL/min are shown in Figure 3d. Lysis
efficiency has exponential voltage dependence (R* = 0.984)
with reductions in cell number of 73.3% at voltages as low as 15
V and 97.1% at 20 V, corresponding to electric fields of 1.85
and 2.47 kV/cm, respectively. Diluted whole blood lysis by
electric fields shows linear dependence (R* = 0.996), and
efficient lysis was observed within seconds, proving the
rapidness of the technology. Using 18 V and a chamber
volume of 10 uL, 90, 73.1, 52.5, and 8.76% of cells were lysed at
an electric field exposure of 12, 6, 3, and 1.5 s, respectively. The
frequency spectrum (Figure 3c) shows a parabolic behavior in
the observed frequency range with maximum median lysis
efficiencies of 90.5 and 96.3% at 50 and 100 Hz and only 22.7
and 2.81% lysis efficiency at 10 Hz and 1 kHz, respectively.

Cell Specific Electric Field Induced Lysis. As cell lysis by
electric fields is achieved by inducing a transmembrane
potential, which depends on the size and composition (cell
wall thickness and rigidity, morphology of intracellular
structures) of the cell, this technique can be used for cell
type specific lysis if secondary effects are successfully sup-
pressed. To demonstrate the potential of efficient microfluidic
based cell specific lysis, whole blood dilutions spiked with
Gram-negative and Gram-positive bacteria were exposed to
different electric fields in the described electric cell lysis unit.
The voltage and current plots in Figure 4a show a capacitive
current characteristic confirming ohmic decoupling and a stable
potential at the electrode in the case of applying a 30 V—50 Hz
square wave signal to a 1:100 blood dilution. Figure 4b
demonstrates efficient and reproducible whole blood cell lysis.
At 40 V, diluted blood sample lysis efficiency was 99.8%,
representing the highest efficiency of the tested voltages. Cells
pumped through the device immediately after the voltage of 40
V was switched off (0 V post in Figure 4b) showed no
significant cell number alteration compared to 0 V control,
which proves the instantaneous effect of electric fields on cells.
Figure 4b also demonstrates the robustness of efficient whole
blood cell lysis as the data are gained from 11 different
experiments done with both EDTA and citrate anticoagluants,
samples collected from two donors on different days and three
electric cell lysis units showing a low overall standard deviation
in the range of 0.39% for the highest lysis efficiency at 40 V.
Figure 4c illustrates the results of post electric field exposure
cultivation experiments with Gram-negative Escherichia coli and
Gram-postive Lactobacillus fermentum showing no significant
effect of the applied electric fields on bacterial viability.

The importance of passivation is shown by comparison with
an electric cell lysis unit comprising nonpassivated titanium
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Figure 4. High-k electrode passivation enables reproducible cell specific lysis caused solely by electric fields. First row shows experiments done with
ECLUs comprising high-k passivated titanium electrodes. (a) Voltage and current plot (measurement circuit shown in Figure 2f) during application
of 30 V, 50 Hz square wave, to a whole blood dilution. (b) Lysis efficiency of whole blood dilution when applying 0, 10, 20, 30, and 40 V and
immediately after switching off the voltage (0 V post control). (c) Viability of Gram-positive and Gram-negative bacteria after application of 0, 20,
30, and 40 V to spiked whole blood dilutions. (d) Voltage and current plot during application of 30 V, SO Hz square wave, to a whole blood dilution
when using an ECLU with nonpassivated titanium electrodes, which shows faradaic current passing through the liquid sample. (e) Lysis efficiency of
whole blood cells and bacterial spike-in viability after application of 0, 20, and 30 V, 50 Hz square wave, showing that bacterial cells are susceptible to
this method, which prevents a cell specific lysis. (f) Whole blood cell lysis efficiency at different dilutions and buffer compositions. Bars represent the

mean, and error bars represent standard deviation.

electrodes (Figure 4d,e) where cell lysis was not specific.
Although a natural oxide layer of 3—8 nm thickness instantly
forms on titanium,'® this layer is too thin for complete ohmic
decoupling as can be seen as DC bias after initial capacitive
loading in the current and voltage plot in Figure 4d, leading to
current induced effects (joule heating, electrochemical effects)
superimposing electric field effects, and thus cell specificity is
lost (Figure 4e).

Dilution and Conductivity Dependent Lysis Efficiency.
Figure 4f shows diluted blood sample lysis dependent on
different blood dilutions in 250 mM sucrose using passivated
titanium electrodes. Over 97% lysis efficiency could be achieved
with 1:100 and 1:50 dilutions, respectively. The lysis rate
dropped to 93.8% for a dilution of 1:20, which is caused either
by the higher cell number or by the increased ionic
concentration of the sample. Phosphate-buffered saline (PBS)
represents a high ionic solution, which, if electric field effects
would be accompanied by faradaic current effects, would
increase lysis efficiency as discussed above. Using a 1:100 blood
dilution in 1X PBS, the opposite is observed using the high-k
passivation strategy.

B DISCUSSION

For a more profound investigation and exploitation of electric
field induced effects on biological materials, superimposing
faradaic current based effects need to be suppressed. This is
achieved by ohmic decoupling of the electrode material from
the electrolyte by the introduction of a passivation layer, which
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diminishes electron tunneling and charge transfer at the solid to
liquid interface. It needs to be considered, however, that by the
introduction of an insulating film, a voltage divider is
established, which can significantly reduce the electric field
experienced by the cells."” High-k dielectric thin films offer the
possibility to circumvent this problem by efficient electric field
coupling into the biological sample due to their high
polarizability. Hence, charge transfer between the electrolyte
and the electrodes is inhibited, liberating electric field
applications from current limitations such as the need for
high frequencies, micro- or nanosecond single pulses, or large
electrode spacings.'”~>' To demonstrate this new design
consideration, a microfluidic flow-through device with planar
2D titanjum dioxide (TiO,) passivated titanium electrodes is
shown. Upon the application of square wave voltage signals, a
capacitive current characteristic was observed, indicating
successful ohmic decoupling of the titanium electrode from
the fluid sample by the thermally generated TiO, thin film. To
test for the occurrence of electric field effects on cells, the
influences of (i) voltage, (ii) flow rate, and (iii) frequency on
the lysis efficiency of whole blood cells were investigated.
Reproducible and expectable results were gained concerning
the voltage and flow rate dependency of blood cell lysis
efficiency. The onset of blood cell lysis at electric fields >1.85
kV/cm is comparable to earlier results”'"**** and thus
demonstrates efficient electric field coupling due to the high-k
dielectric properties of TiO,. In contrast, due to the large
surface to distance ratio of the electrode design, efficient lysis at
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lower voltages (15—40 V) and higher throughput ((2—5) X 10°
cells/min) was achieved. Electrostatic simulations of the planar
microfluidic design indicate the occurrence of elevated electric
field strengths due to edge effects at the fluidic in- and outlets.
However, taking both, inlet and outlet, into consideration, these
areas represent only 0.03% of the cross-sectional area of the
29.9 mm long fluidic chamber, and taking into account the
parabolic fluid dynamics, these edge effects play a marginal role
in cell lysis compared to the predominantly homogeneous
electric field in the chamber. Additionally, the reduced lysis
efficiency at higher flow rates indicated that shear stress is
negligible (Figure 3b). The reason for the surprising and
interesting parabolic sloping of the lysis rate between 10 Hz
and 1 kHz has not been reported in the literature so far and
requires further investigations. As longer pulses and frequencies
<1 kHz are generally considered to cause more detrimental
electrochemical effects when using nonpassivated electro-
des,"”** the lower lysis efficiencies at 10 and 25 Hz compared
to 50 and 100 Hz additionally suggest that faradaic current
caused effects are successfully diminished using a high-k
passivation, thus emphasizing electric field effects. Specificity
of electric field induced lysis was proven by performing spike-in
experiments with Gram-negative E. coli and Gram-positive
L. fermentum. Postexposure cultivation assays showed no
alteration in the number of viable bacteria compared to the
untreated control. While all bacteria survived the electric field
treatment, efficient and reproducible blood cell lysis was
observed. Noticeably, a blood cell lysis efficiency of 99.8% was
shown at an electric field exposure time of 6 s and cell lysis
immediately stopped after switching off the voltage, demon-
strating the fast dynamics of electric field induced effects. Using
an electric cell lysis unit without thermally grown TiO,
passivated titanium electrodes, efficient cell lysis could be
shown but specificity was lost, demonstrating the occurrence of
secondary effects influencing all cells (pro- and eukaryotic) by
incomplete ohmic decoupling of the electrode from the sample.
Contrarily, cell lysis using the high-k passivated electrodes was
completely inhibited in a high ionic content buffer, which can
be explained by the attraction of counterions to the polarized
electrodes leading to a significant reduction of the electric field
penetration length. As larger faradaic current caused effects
would be expected in a higher conductive electrolyte, the
observed inhibition of cell lysis further demonstrates successful
isolation of electric field effects without influences of faradaic
current based effects at the electrode/electrolyte interface.

H CONCLUSION

The shown reproducible and efficient cell type specific lysis by
electric fields due to the introduction of a high-k dielectric
electrode passivation is a novel approach in comparison to
conventional lysis with nonpassivated electrodes. It has the
potential to open up a wide range of applications, especially
considering molecular diagnostics in combination with micro
total analysis systems. The simple setup for electric field
induced lysis offers several advantages including simple
integration, speed of operation, cost efficiency, automation,
and miniaturization of devices. Considering that sample
preparation is key for most molecular diagnostic approaches,
the cell specificity and controllability of electric field induced
lysis can additionally be exploited to either remove or enrich
cell types from certain cell types in complex biological samples.
One prime example where such an enrichment would have
exceptional positive effects would be for sepsis diagnosis, where

a reproducible, fast, and integratable strategy for pathogen
enrichment from blood is highly sought after for the realization
of a POC device facilitating sensitive and specific results with
short turn-around times. In contrast to chemical lysis, which
needs mixing, incubation, and termination,”> the electrical
breakdown of the cell membrane happens in a fraction of a
second and stops when electric field exposure is intermittent,
which in principle makes electric field induced sample
preparation faster. Additionally, chemical compounds such as
Triton-based reagents were shown to inhibit postprocessing®®
and to negatively affect bacterial viability.”® As cell specific
electric field induced lysis does not affect bacterial viability, this
sample preparation strategy can be combined with a wide range
of downstream analysis techniques such as nucleic acid based
(PCR), protein based (immunoassays), and cell-based
detection (antibiotic susceptibility testing) to speed sepsis
diagnosis. To make use of this concept, the current limitation of
diluting biological samples to reduce the ionic concentration
needs to be addressed. Due to the fast dynamics of electric field
induced lysis, more sample volume per time can be processed
by increasing the chamber volume. Owing to the scalability of
the design, this can be achieved by increasing the electrode
area. Additionally, the surface roughness of the dielectric can
also be increased to increase overall capacity, which minimizes
the Debye screening effect as supposed by Talebpour et al."* so
that whole blood dilutions below 1:20 can be processed
effectively.

Moreover, by drastically reducing superimposing faradaic
current based effects due to ohmic decoupling of the electrodes
from the cell-containing sample by incorporation of a high-k
dielectric thin film, fundamental electric field induced effects on
cells can be measured and studied more distinctively. Instead of
a vertical assembly of the high-k passivated electrodes, the
electrodes can be sandwiched between two optically trans-
parent slides in a horizontal manner, forming a microfluidic
channel between. Such a simple design change would allow for
real-time observations and the use of fluorescence markers.
This will tremendously help in the design and interpretation of
experiments considering fundamental research on the electro-
dynamic behavior of biological systems.

B EXPERIMENTAL PROCEDURES

Voltage and Current Simulations of Nonpassivated
and Passivated Electrodes. Computational simulations were
carried out using 5Spice Analysis 2.0. An equivalent circuit was
designed with the source voltage Us (30 V; square wave, SO
Hz), internal resistance of the power supply R, (50 Q),
passivation resistance R, (0.1 Q/3 MQ for nonpassivated/
ideally passivated electrodes), passivation capacitance Cp (180
nF according to the 90 nF (2C;) measured at the ECLU),
liquid resistance R; (57 Q calculated for PBS and the ECLU
dimensions), and liquid capacitance C (1.1 pF, calculated from
the electric cell lysis unit dimensions using an &, of 80). For
illustration purposes, raw data from the simulation were
exported to GraphPad Prism.

Fabrication and Characterization of High-k Passi-
vated Titanium Electric Cell Lysis Unit. Grade 2 titanium
foils were cut, and inlet and outlet ports were drilled using a 0.8
mm drill followed by deburring and cleaning with a series of
acetone, ddH,O, and 2-propanol washes in an ultrasonic bath
for 10 min each. Thermal oxidation was done in a muffle
furnace (L 9/11 P330, Schaefer & Lehmann, Germany) at
indicated temperatures and a temperature rise time of 2 h. After
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thermal oxidation at the indicated times, the furnace temper-
ature was allowed to cool down to room temperature before
the samples were withdrawn. Oxide thickness was measured at
lateral cuts using scanning electron microscopy (Zeiss SUPRA
40 field emission scanning electron microscope, Zeiss,
Germany). Microfluidic cell lysis units were constructed using
two titanium sheets thermally oxidized for 3 h at 650 °C and a
double-sided 81.3 um thick adhesive tape (Arcare 9044S,
Adhesive Research, Ireland) between, forming a 10 uL
chamber. The chamber geometry was cut into the adhesive
tape using a scalpel. Fluidic in- and outlet connectors were
realized using NanoPorts (NanoPort Std 6-32 Coned 1/32,
IDEX, USA), and the oxide layer was locally removed by a
diamond file on the opposite sides until surface resistance was
<1 Q for an eflicient electric contact. For voltage and current
plots a function generator (DG4102, Rigol, China) connected
to a voltage amplifier (Falco WMA-300, Falco Systems, The
Netherlands) was used as a power source. Voltage and current
(via a 2 Q resistor) were monitored with an oscilloscope
(DS1104B, Rigol, China) as seen in Figure 2f. Electrostatic
simulations were done based on a Finite Element Model
(FEM) implemented in Comsol Multiphysics 5.0. Titanium
was used as material for both 110 ym top and bottom
electrodes. A polymer (¢, = 1.5) was chosen for the 81 ym
electrode spacer (seen on the left-hand side of the 0.8 mm drill
hole in the top electrode), and the remaining interelectrode
space was assigned to water (&, = 80). Ground was set to the
top electrode, and a voltage of 30 V was assigned to the bottom
electrode. The solution was run on physics-controlled
triangular mesh with extra fine element size in a stationary
solver.

Electric Field Induced Lysis Experiments. Whole blood
was withdrawn from healthy volunteers using EDTA or citrate
collection tubes (Vacuette, Greiner Bio One, Austria) and
immediately stored a 4 °C. Each blood sample was used for a
maximum of 1 week. For the experiments, whole blood was
diluted 1:100 in isoosmolar sucrose solution (250 mM sucrose
in Milli-Q water) unless otherwise indicated. A 1 mL blood
dilution sample was transferred to a 1 mL syringe (Omnifix-F,
Braun, Germany) and applied with the indicated flow rate to
the electric cell lysis unit by a syringe pump (Fusion 200
Touch, KR Analytical Ltd., United Kingdom). To discriminate
between parameters, at least 5 times the electric cell lysis unit
volume (10 ul) was allowed to pass through the device after
each parameter change and before an aliquot was collected for
analysis. For blood cell lysis analysis, the cell suspension was
transferred to a hemocytometer (Thoma, Optik Labor,
Germany), and bright field images were taken with an inverted
microscope (CKX41 Fluo V2, Olympus, Japan) equipped with
a digital camera (Prosilica GT, Allied Vision, Germany). Cell
counts were performed using Image]’s automatic particle count
function.”” For bacterial spike-in experiments, Kanamycin
resistant E. coli and L. fermentum were added to 1 mL of
1:100 whole blood dilution in 250 mM sucrose solution to a
final concentration of 10* CFU/mL. As small cell numbers
result in larger variances, the bacterial cell concentration was
chosen to account for possible dilution inhomogeneity and to
better discriminate for electric field effects. After every voltage
change, 100 yL of sample was allowed to pass through the
electric field lysis unit before 100 uL of sample was collected. A
10 uL aliquot was transferred to a hemocytometer for blood
cell lysis control. For bacterial spike-in analysis, 90 uL of the
sample was plated on LB agar plates with 50 yg/mL kanamycin

and incubated overnight at 37 °C aerobically for E. coli.
L. fermentum spike-in samples were plated on MRS-Agar plates
and incubated for 3 days at 35 °C anaerobically. Bacterial
viability was evaluated by colony counting. The percent of
bacterial cell viability was referenced to a control, which was
not exposed to electric fields (0 V in Figure 4c). To control for
postexperiment contamination during plating and incubation, a
negative control (Figure 4c) consisting of 100 uL of 250 mM
sucrose solution without spiked-in bacteria was included and
plated in parallel.
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