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ABSTRACT

Functional access to membrane proteins, for example, ion channels, of
individual cells is an important prerequisite in drug discovery studies.
The highly sophisticated patch-clamp method is widely used for elec-
trogenic membrane proteins, but is demanding for the operator, and its
automation remains challenging. The dielectrophoretically-accessed,
intracellular membrane-potential measurement (DAIMM) method is a
new technique showing high potential for automation of electrophysi-
ological data recording in the whole-cell configuration. A cell suspen-
sion is brought between a mm-scaled planar electrode and a um-scaled
tip electrode, placed opposite to each other. Due to the asymmetric
electrode configuration, the application of alternating electric fields
(1-5MHz) provokes a dielectrophoretic force acting on the target cell.
As a consequence, the cell is accelerated and pierced by the tip elec-
trode, hence functioning as the internal (working) electrode. We used
the light-gated cation channel Channelrhodopsin-2 as a reporter protein
expressed in HEK293 cells to characterize the DAIMM method in
comparison with the patch-clamp technique.

INTRODUCTION

number of diseases, such as migraine, epilepsy, and
deafness,"” are caused by dysfunctions of ion channels.
Consequently, the investigation of ion channels is of high
importance for pharmaceutical and clinical research.>*
However, data acquisition regarding the effect of various drug can-
didates on ion channels by manual patch-clamp is relatively slow,
allowing only a low throughput.>® During the last years, this bot-
tleneck led to the development of a number of automated patch-
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clamp systems predominantly used for cellular screening along

the drug value chain.'' Both manual and automatic patch-clamp
systems share—apart from systems using antibiotics for membrane
perforation'*—that the cytoplasm of the cell is substituted by a
physiological solution.'® The substitution of the cytoplasm, which
often leads to run-down effects,'? is obsolete in several automated
systems based on metal microelectrodes, but they are not offering the
information depth of the patch-clamp methods. The majority of these
metal microelectrode arrays are designed to measure extracellular
processes'? or to stimulate nerve cells.'*'® Intracellular techniques
by means of invasive metal electrodes are only rarely found.'”'®

In the present communication, we introduce an electrophysiological
method based on metal microelectrodes: the dielectrophoretically-
accessed intracellular membrane-potential measurement (DAIMM)
method (Fig. 1). A cell suspended in a low-conducting medium is ex-
posed to a strongly inhomogeneous electric field and accelerated by the
positive dielectrophoretic force Fpgp in the direction of a metal micro-
electrode located in a disposable carrier. Fpgp is defined by

-2
FDEP=27U'38m Re[fCM]VErms (1)

where r is the radius of the cell, ¢, the permittivity of the surrounding
medium, Re[f¢y/] the real part of the Clausius-Mosotti-factor, and V the
nabla operator. For a detailed theoretical introduction to dielec-
trophoretic manipulation of cells, please consult published works by
Dimitrov,' Jones,?® and Zimmerman and Neil.?! While hitting the
electrode tip, the cell is penetrated and internally, electrically contacted.
The cell penetration is subsequently followed by spontaneous membrane
sealing in the electrode entry zone. Electrophysiological cellular mea-
surements can be performed when a seal of high resistance is established
between the cell membrane and the carrier matrix—similar to a con-
ventional patch-clamp setup, where a solution-filled glass microelec-
trode is used to penetrate the plasma membrane.

The DAIMM technique is characterized by significant differences
compared to the patch-clamp technique:

1. After penetration of the microelectrode, the cytoplasm is
preserved, and it can be expected that the physiological pro-
cesses will remain nearly unaffected. Thus, measurements are
also conceivable for periods of several hours provided that the
tip electrodes are slim, preventing severe damage on the cell,
for example, by rupture of the cell membrane.

ABBREVIATIONS: AFM, atomic-force microscopy; DAIMM, dielectrophoretically-accessed intracellular membrane-potential measurement; DEP, dielectrophoresis; HEPES,

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; PC, personal computer.
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(Fig. 2A). The main feature of this
chamber consisted of a pm-scaled
microelectrode (Ag/AgCl; single-
spike electrode) mounted on a dis-
posable carrier and a mm-scaled
planar reference electrode (Ag/AgCl)
located in opposite to the carrier in a
distance of about 200 um (r-axis).
Both electrodes were connected to
different peripheral devices via highly
insulated input leads (TQ-Range; see
also the Carrier Design section) to ap-
ply electric fields for cell manipulation,
and subsequently to record data from
the electrode-cell array. Fluid chan-
nels with opening located next to the
carrier (y-axis) allowed application/

Fig. 1. The DAIMM method: (A) The measurement setup, the theoretical electric field lines, and the
electronic circuit of the DAIMM method. Note that an important prerequisite is an asymmetric
electrode configuration to establish inhomogeneous electric field conditions in the reaction com-
partment of the perfusion chamber. (B) The spatial gradient of dielectrophoretic forces on a ma-
nipulated single cell. These forces result in a movement of the manipulated cell toward the area of
highest field (positive dielectrophoresis), that is, toward the tip of the smaller electrode of the
asymmetric electrode configuration (single-spike electrode). Critical for establishing a cell config-
uration as shown in (A) is that the field parameters are selected in a way assuring that the single-
spike electrode will penetrate the cell membrane without disruption of the cell. (C) Establishment of
the system configuration depicted in (A) by using a HEK293 cell in a low-conductive medium
(2 MHz, 30 V,, alternating field, pulses of 300-ms duration). White scale bar=10um. DAIMM,
dielectrophoretically-accessed intracellular membrane-potential measurement.

2. Using the dielectrophoretic force for cell attraction allows
electrophysiological measurements from cell suspensions with
a very low density, as every viable cell positioned between the
electrodes experiences a dielectric force.”! Because of this
sensitivity, dielectrophoresis (DEP) is used in many lab-on-the-
chip applications.??

3. In voltage-clamp experiments, the high capacitance and strong
polarization of the electrode (>100 pF/cm? at 10 Hz*?) lead to a
very high series resistance. Thus, the application of voltage-
clamp is not feasible.

In contrast, under zero-current clamp conditions, changes of
the membrane permeability by deactivation of ion channels are fast
reported.

In this communication, we show a proof of principle for the new
technique by using a lab model system and HEK293 cells expressing
the light-activated cation channel Channelrhodopsin-2.2* Changes
of the membrane potential of HEK293 cells mediated in response
to blue-light illumination were measured by use of the DAIMM
methods.

MATERIALS AND METHODS

Microfluidic Chamber and DAIMM Setup
Dielectrophoretically controlled formation of the cell-electrode

assembly was performed in a microfluidic measurement chamber
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disposing of cells and solution ex-
change. The chamber volume was re-
duced to the smallest possible volume
(about 50 uL) where no refraction of
the optical pathway (z-axis) could take
apart, and the quality of the micro-
scopic image was satisfying.

A clear lid on top of the chamber
prevented leakage of fluid during
perfusion and allowed microscopic
observation/filming of dielectropho-
retic cell attraction. The whole microfluidic chamber was fixed on the
cross table of a microscope (Axioskop; Zeiss) equipped with a high-
velocity camera (Sensicam; PCO), installed on a vibration-attenuated
table and protected by a faradic cage. Blue-light emission of a 50-W
HBO lamp was controlled by a shutter (VS25 series/VCM-D1 driver;
Vincent Associates). Note that the optical axis of the measurement
chamber used for visual inspection of the experiment was only initially
required to establish and optimize the workflow parameters, but auto-
mation of the workflow will make any visual inspection obsolete,
thereby clearly reducing the complexity of the setup, assuming that
other ion channels than the light-activated ChR2 will be expressed in
routine use (e.g., the pharmaceutical-relevant HERG cation channel).

Carrier Design

The carrier blank [poly(methyl methacrylate), 8 mm x7 mm X
4 mm] contained three consecutive tubes (Fig. 2B). In the internal tube
(1), the single-spike electrode was fixed by an UV adhesive, whereas
the electric contact was located in the middle borehole (2). The large-
scale borehole (3) mounted the input lead (a gold pin) with insulation.

Fine electrode tips were obtained by electrochemical etching
(atomic force microscopy [AFM]-tip).?>*® An Ag-bond wire (25-pum
diameter; Heraeus) was mounted on a metal cantilever and brought
for split seconds into an etching solution (20% perchloric acid in
methanol)®® located in a silver-wire loop (1-mm diameter; WPI)
while a voltage of 1.5 V was applied. An inverse microscope
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Fig. 2. Semiautomatic measurement set-
up for the DAIMM method. (A) The three-
axis chamber (computer-aided design;
Drawings 7.4, Dassault Systemes) is
designed with the electronic circuit in the
x-axis, the perfusion circuit in the y-axis,
and an optical pathway in the z-axis. Note
that the disposable carrier of the single-
spike electrode is placed in the cross
point of the three axis, and subsequently
the chamber is sealed via a transparent
glass lid. (B) Carrier blank. (C) The
manufacturing process of a carrier with
integrated single-spike electrode. A finely
etched Ag-bond wire is threaded through
the inner tube of the disposable carrier
along the x-axis. Adhesive and subse-
quently ultraviolet light are applied under
micromanipulator control using the y-axis.

Visual control is given via the z-axis.

(Axiovert25; Zeiss) was used to control the fine tip and taper for-
mation by a repolishing technique.?® Etching procedure was repeated
until a suitable tip form emerged (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertpub.com/adt). Note
that a sharp tip and a slender taper are required for successful cell
impalement by DAIMM. Subsequently, the etched silver tip was built
into the chip carrier blank (Fig. 2C) under microscopic control by
means of three micromanipulators installed on a vibration-attenuated
table. The tip was threaded through the tubes of the blank and posi-
tioned in the middle of the little tube protruding ~300 pm. The UV
adhesive (VL1605; Panacol) was filled into the little tube using a sy-
ringe needle (Microfil 34; WPI) until a convex shape was formed
outside the chip. The tip length of the single-spike electrode was ad-
justed to 4-50 um before the adhesive was hardened by UV illumi-
nation for 10min. Thereafter, the silver wire was cut from the
cantilever. The residue of the silver wire was coiled into the middle
tube, and the tube was also filled with conductive silver (Busch GmbH),
and a thin silver disk (200-um section of a 1-mm silver wire) was set
into the tube as the hindsight electric contact.

To exclude the occurrence of a short-circuit by leakage of the
carrier matrix or electrode insulation, control chips were built. They
either did not contain a silver wire, or the silver tip was covered with
UV adhesive. When measured in physiological solutions, real resis-
tances were higher than 1 TQ (frequency <1 Hz).

Reference Electrodes

A silver wire (1-mm diameter; WPI; elongated to 900 um) was
covered by the nonconducting electrode cylinder (Fig. 2A). The
protruding front end was polished by means of a fine abrasive paper
(P1200; Leco) to achieve a plan area in parallel to the chip surface.
Please note that a parallel arrangement is very important for repro-
ducible, dielectrophoretic experiments. The silver surface was chlo-
rinated at 20-30 pA in 0.1normality HCl within 15 h.

Electronic Devices

Cells and liposomes were dielectrophoretically manipulated using
alternating electric fields. According to Equation (1), the cell was
subjected to strong dielectrophoretic forces when the electric-field
intensity becomes high, that is, in proximity with the single-spike
electrode, and subsequently the cell was accelerated toward the mi-
croelectrode. To prevent destruction of the cell by the microelectrode
during the membrane penetration process, an amplitude modulator
was used to keep the forces applied to the cell under a threshold. The
amplitude modulator reduces the amplitudes from 30 V,,;, (¢enerated
by a function generator at 4 MHz; hp8116A; Hewlett Packard) down
to 0 within a free eligible time between 0.2 and 1s. Liposomes were
dielectrophoretically manipulated at frequencies of up to 50 MHz
without modulation. Cell membrane electroporation was achieved by
a pulse generator (hp214B; Hewlett Packard).

The frequency-dependent resistance of the electrodes was mea-
sured by means of a potentiostat (Femtostat FAS1; Gamry) connected
to a personal computer (PC). Data were recorded using software
Framework V 4.35 (Gamry), and Echem Analyst 1.35 (Gamry) and
Origin 7.5 (OriginLab Corporation) were used for data analysis. The
single-spike microelectrode was set as a working electrode (applying
the alternating field), whereas the reference and counter electrodes
were connected to the AgCl reference electrode. The applied AC field
ranged from 100 kHz to 1 Hz with amplitudes between 20 and 50 mV.

A patch-clamp amplifier (Axopatch 200B; Axon Instruments)
connected to a PC by an analog/digital converter (DigiData 1200;
Axon Instruments) was used for potential measurements. The single-
spike electrode was plugged in the patch-pipette position of the
headstage. Potential recordings were performed at zero current (I=0).
Data obtained by electrode recordings were low-pass filtered at 2 or
5 kHz and digitized at a sampling rate of 1-10 kHz using Clampex
9.1 (Axon). For data analysis, the software programs Clampfit
9.1 (Axon) and Origin 7.5 (OriginLab) were used.
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Solutions

The measurement chamber was perfused by physiological solu-
tions at a flow rate of up to 1 mL/min. If not stated otherwise, the
solutions contained 100 mM NaCl, 2mM CaCl,, and 2 mM MgCl,,
and 10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH 7.4. Osmolarity was adjusted to 280 mOsm by addition
of sorbitol. Dielectrophoretic attraction was performed in a low-
conducting DEP-Medium, which contained 0.1 mM calcium acetate
and 0.5 mM magnesium acetate and was adjusted to 200 mOsm by
sorbitol. In some experiments, sorbitol was replaced by the same
amount of Nycodenz© (Nycomed) to avoid sedimentation of cells
(N-DEP Medium).

Characterization of Electrodes

Single-spike electrodes (0.1-1nA, ~5min) were chlorinated
immediately before experiments in the measuring chamber in a
physiological solution. Successful chlorination was proved by a
significant drop of the resistance by at least a factor of 5 down to
2.2%2.2 GQ-um? (at 10 Hz; n=>52). This value is similar to that of
other silver microelectrodes (0.5 GQ-pm?)?*’” and much lower than
that of pure silver electrodes (38.2 GQ-um?)®®. The resistance was
clearly frequency dependent (1 Hz — 11.97 +3.02 GQ-um?; 100 Hz
— 1.67+0.63 GQ-pm?; n=8). A typical impedance measurement (1-
10° Hz) of a single-spike microelectrode before and after chlori-
nation is shown in Supplementary Figure S2. Note that the area-
specific resistance values were normalized to the theoretical elec-
trode area, which was calculated for the lateral area assuming a
cone form of the single spike (parameters were obtained from mi-
croscopic pictures). The variability of the area-specific electrodes
can be explained by the fact that the real geometric form of the
single-spike electrode often slightly differed from a cone. In ad-
dition, the effective electrode surface depends on the grade of
chlorination, as silver chloride deposition leads to a surface
enhancement.”®%°

Chlorinated silver single spikes mounted at the carrier showed
high potential stability (0.31+0.32 mV/min, n=55) in a physio-
logical solution, but not in Cl™ -deficient DEP solution. No signifi-
cant changes in potential were observed after a pH change in the
perfusing solution (pH 6-10). Indeed, a potential drift of >0.5mV/
min was exclusively observed from electrodes with surfaces
<500 um?®. Similarly, also a decrease of the area-specific electrode
conductivity was associated with an increased drift. Both obser-
vations can probably be traced back to an insufficient chlorina-
tion.”® Blue-light illumination of chlorinated silver single-spike
electrodes (required for activation of the light-gated ion channel
ChR2) evoked a slight light-dependent depolarization (1.02+
2.68mV, n=16).

The stability of electrodes during the cell manipulation process
was tested. Electric fields necessary for dielectrophoretic cell ma-
nipulation were applied to pure electrodes in DEP solution for several
minutes. Thereafter, in some cases, the resistance of the single-spike
electrodes and also the drift within a subset of the electrodes was
slightly increased, indicating the general robustness of the mea-

12 ASSAY and Drug Development Technologies JANUARY/FEBRUARY 2013

surement system. No significant changes in electrode isolation were
observed by applying the described regime.

Cell Attraction and Measurements

HEK293 and HEK293-ChR2-YFP cells were cultured as described
before.* Cells were harvested by centrifugation (4 min, 400 g) and
washed two times in DEP medium. Subsequently, cells were re-
suspended in (N-)DEP medium (200 mOsm) to a density of about
10° cells/mL.

To establish low-electrolyte conditions in the measurement
chamber, the microfluidic chamber was perfused for >10 min before
performing experiments. Subsequently, a cell suspension was applied
via the perfusion systems. The horizontal position (y-axis) of a single
cell was controlled by syringes connected to the cell reservoir (hy-
draulic control). Single-cell DEP was performed at amplitude mod-
ulation time of 0.2-0.5s and a voltage of 30 V,, at 2.5-4.5 MHz, and
documented by means of a high-velocity camera.

Alternatively, multi-cell attraction was performed without mod-
ulation at the same frequencies. When cells were located on the tip,
electroporation of the cell membrane was reached by applying a
series of four to five pulses with intensities of 40 V and 20-30-us
duration. Subsequently, a liposome suspension (see the Liposomes
section) was applied to insulate the free electrode surfaces.

Liposomes

The single-spike electrode was electrically isolated by dielec-
trophoretic attraction of electrolyte containing liposomes suspended
in a low-conducting medium. After attraction, development of a
stable lipid phase on the free electrode surface is expected.’® Ultra-
sonication (1 min) was used to suspend 20mg 1,2-dioleoyl-sn-
glycero-3-phosphocholine and 2mg cholesterol in 5mL liposome
buffer (120 mM KCl, 10 mM HEPES, 5 mM ethylenediaminetetraacetic
acid [EDTA], 50 mM Nycodenz©). Liposomes of 100-nm diameter
were produced using Liposofast (Avestin). Liposomes were trans-
ferred into a liposome buffer without Nycodenz (1:5) and centrifuged
(5 min, 4,500 g, 4°C). After two washing steps in DEP solution, the
pellet was resuspended in 1 mL DEP solution. The DEP-liposome
suspension was suitable for DEP up to 12 h. Electric-field frequency
was set to 35-45MHz, and an amplitude of 30 V,, was used. The
single-spike electrodes were completely loaded with liposomes 20s
after starting the electric field. This seal was mechanically stable, and
the impedance of the electrode was clearly enlarged by two orders of
magnitude.

Patch-Clamp Experiments

Light-dependent membrane-potential depolarization mediated by
the light-activated ion channel Channelrhodopsin-2 was recorded
using a patch-clamp setup described by Zimmerman et al**
The pipette solution consisted of 100 mM KCl, 20 mM KCI, 10 mM
HEPES, and 5 mM EDTA. The bath solution contained 100 mM NacCl,
2mM CaCl,, 2mM MgCl,, and 10 mM HEPES. Both solutions were
adjusted to 290 mOsm and pH 7.4 by sorbitol and HCI, respectively.



Measurements were performed in the current clamp mode at zero
current.

RESULTS AND DISCUSSION
Cell Access

The feasibility of the DAIMM technique was proven by means of a
handmade single-spike Ag/AgCl microelectrode chosen as a model
system. Indeed, upon application of alternating electric fields in the
one digit MHz range HEK293 cells (suspended in a low-conducting
DEP medium) were strongly accelerated by the positive dielec-
trophoretic force Fpgp toward the single-spike electrode, and sub-
sequently intracellularly contacted (Fig. 1C). To avoid adverse side
effects during cell perforation, the cell was moved in small, succes-
sive steps by modulating the applied alternating field from maximal
amplitude down to 0 mV within 0.2-0.3 s for every step. Nevertheless,
the kinetic energy of the moving cell was still so high that the single-
spike electrode could successfully penetrate the cell membrane. The
force required to penetrate the cytoplasm membrane is known from
AFM tips to be 10-30 nN.>" If the tip size is further miniaturized, even
a force of several hundred pN is sufficient to penetrate the membrane.
The dielectrophoretic force acting on a cell located close to the
single-spike electrode tip is calculated to be in the range of 0.05-1 uN
at a voltage amplitude and frequency of 30 V,, and 2 MHz, respec-
tively, assuming typical cell parameters (C,=0.7 uF/cm?; spheri-
cal shape; radius=10pum; conductivity of cytoplasm=3 mS/cm;
permittivity = 100 F/m).>*>? It has to be taken into account that there
is a further force acting contrary to Fpgp, the drag force. However,
drag force calculation according to the Stokes law>* reveals a value of
just 1 nN for a cell in DEP medium; thus, it is comparably small. Also,
other aspects like gravitation or Brownian force may be neglected, as
they play only a minor role during cell acceleration and/or pene-
tration. The sharp electrode geometry is very important for a high
penetration probability for several reasons. First, as can be concluded
from Equation (1), the dielectrophoretic force acting on a cell rises
with the square of the electric field,?' and thus is very strong close to
the electrode tip (see also Fig. 1B). Second, the force necessary for the
penetration decreases with a decreasing tip diameter, because the
affected membrane area is smaller. In general, the measuring re-
gime was established >5 min after introducing cells to the chamber.
Note that in an automated system based on microfluidic channels, the
same process can be decreased to a few seconds using an electronic
switch changing from DEP to potential measurement.

Nevertheless, the yield of penetrated cells was low. Essentially, this
was due to the fact that cells have been distracted from the course of
the attraction, mainly caused by a vertical drift (cell sedimentation).
As a consequence, the distracted cells were prevented from perfo-
ration, because they were guided to the electrode base/taper instead
of being impaled by the electrode tip (Supplementary Fig. S3), and
once cells or cell compounds stacked at the electrode surface, suc-
cessful impalement of a second cell was also prevented. In general,
we were able to decrease the cell sedimentation by enhancing the
density of the DEP medium by use of Nycodenz, which is also suitable
in high-field-frequency experiments.>>>® Nevertheless, we expect
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that these problems will be drastically reduced in an automated high-
throughput system. As the single-spike microfluidic chamber was
designed for microscopic control, a vertical carrier position was re-
quired. In contrast, in a high-throughput device, the working elec-
trode would be placed on a plane surface, and thus sedimentation
would not negatively affect the cell attraction. Also, by choosing an
appropriate chamber design, cell positioning can become arbitrary;
for example, the insulator design could be adapted such that lateral
attachment of the cell to the electrode surface is hampered by ap-
propriate structures (Supplementary Fig. S3). In some experiments,
we observed convections known as jet streams®’*® affecting the
positioning of cells. Jet streams occur when conductivity of the cell
suspension is too high and the medium is locally warmed due to the
high electric-field intensity, causing cells to be rejected away from
the single-spike electrode (Supplementary Fig. S3). In high-
throughput systems, these effects can be eliminated by a decreased
chamber volume with optimized solution exchange. In single-spike
experiments, the distraction problems were circumvented by at-
traction of cell groups of 10-15 cells (multi-cell attraction) instead of
just one single cell (single-cell attraction). The advantage was an
enlarged electrode surface of the single-spike electrode (from ~15
to ~40 um) accompanied by both, a decrease in the access resistance
and an increase of potential stability. However, cells attracted by the
multi-cell attraction technique could not be mechanically penetrated
by the single-spike tip and had to be perforated by a series of square
pulses to reveal intracellular contact.

In contrast to other electrophysiological methods in DAIMM, cells
are required to be suspended in a low-conducting medium before
establishment of the measurement regime. That is, before electro-
manipulation of cells, they have to be washed and suspended in a
medium with ion concentration in the submillimolar range. As the
Clausius-Mosotti factor [see Eq. (1)] is influenced by the frequency-
dependent permittivity and conductivity of the medium and cell,
respectively, the cell velocity is significantly lowered if the con-
ductivity of the cell suspension is high. Furthermore, a lowered os-
molarity of the DEP medium (200 mOsm) is required for successful
membrane perforation. Under iso-osmolaric conditions, HEK293
cells exhibit membrane invaginations, whereas when they are ex-
posed to a hypo-osmolaric medium, the membrane will be stretched
and the cytoskeleton will decompose. Even though HEK293 cells
show a slight regulatory volume decrease at 200 mOsm,** osmolarity
was not further lowered to ensure good cell viability. One may argue
that the exposition of cells to a low-ionic medium and electric fields
could negatively influence the cell function. However, similar con-
ditions have been used in several standard cell culture protocols for
the last three decades.'®?! Furthermore, we could recently show that
membrane protein behavior remained unchanged after exposition of
ChR2-expressing eukaryotic cells to electric fields.**>°

After establishment of the measurement array by dielectrophoretic
attraction, the resistance increased from 1-50 MQ (electrode resis-
tance) to 0.3-0.8 GQ. It has to be emphasized that the epoxy resin
used for insulation of the single-spike electrode is chemically inert
and is an excellent electrical insulator.*® However, no sealing
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between the epoxy resin and membranes was observed; thus it was
necessary to isolate the electrode-solution interface by liposomes.
Similarly to other devices based on the planar patch-clamp tech-
nique, the seal resistance measurement (also by impedance spec-
troscopy) could offer a standard output to gauge cell health.*'

In an automated system, however, the insulating matrix should
exhibit good sealing properties. As known from the patch-clamp
techniques, it would be desirable that the polymer behaves similarly
to glass, so that a high seal resistance between cell membrane and
polymer is facilitated, as it is known from Orcomer® or poly-
dimethylsiloxane.”>** High seal resistances are more important in
voltage-clamp experiments, but a system based on the DAIMM
method is not suitable to clamp the membrane potential, because the
metal electrode exhibits a strong polarization in the contact surface
between electrode and solution.””?®** The layer of oppositely-
charged ions alongside the surface behaves as a strong capacitor,
with a magnitude of 0.1-10 mF/cm? (10Hz).*> For high-quality
measurements, it is necessary to keep the electrode impedance as low
as possible.”® Indeed, series resistances of single-spikes used in
DAIMM measurements ranged between 1 and 50 MQ. Compared to
other metals, at low frequencies, chlorinated silver electrodes com-
bine low impedance and very high stability of the electrical potential
of even the smallest electrodes (0.31+0.33 mV). Typically, after cell
impalement, the recorded potential was stable for >15min and
negatively shifted compared to that of the cell-free electrode in
100 mM NaCl. This potential change is not put on the same level as
the membrane potential, since it also contains the electrode-potential
change due to change of the chloride concentration, which could not
be systematically evaluated with our model system.

We recorded light-induced changes in the membrane potential of
HEK293 cells expressing ChR2%**® in a side-by-side study of patch-
clamp (Fig. 3A) and DAIMM (Fig. 3B) method, respectively. In patch-
clamp measurements, the membrane potential was depolarized upon
blue-light illumination (473 nm), showing a characteristic transient
peak followed by a stationary potential. Similarly, in DAIMM ex-
periments, light-induced depolarization of the membrane potential
of up to 25 mV was observed (Fig. 3B), but the transient peak was
absent (three independent single-spike electrodes). The light-induced
depolarization was repeated several times in every measurement.
Note that a relatively low light-intensity was used in DAIMM ex-
periments (HBO lamp <2 mW/mm?), because the design of the
chamber did not allow coupling a laser source into the system. It is
well known from ChR2 that when the light intensity is low, the
transient peak current disappears.*” Besides that, the overall time
resolution of the single-spike electrode was lower than that of the
patch-clamp electrode (for details, see Supplementary Fig. S4).

Silver chloride is light sensitive,*®*° and the electrode potential
changes upon illumination (Bequerel effect).”® Indeed, the silver
chloride single-spike electrode responded to illumination by blue
light with a slight potential change (Fig. 3B, lower trace; 1.02+2.68
mV; see the Materials and Methods section), but the amplitude was at
least one order of magnitude lower than ChR2-mediated membrane-
potential changes and tended to show a slight hyperpolarization.
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However, DAIMM of control HEK293 cells without ChR2 expression
illumination did not reveal any significant potential changes (Fig. 3B).

Due to the challenging and time-consuming manual manufacture
process (one carrier in 20 min), it is inappropriate to use the single-
spike-model electrode in high-throughput systems. Instead, micro-
electrodes with a symmetrical and reproducible electrode geometry
are required to avoid any asymmetry of the electric field. For optimal
penetration of the membrane, the electrode should be as thin as
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Fig. 3. Comparative measurements on HEK293 cells expressing
ChR-2 with the DAIMM and the patch-clamp method. (A) A typical
zero-current clamp measurement using the patch-clamp technique
on a ChR2-expressing cell is shown. Note that during blue-light
illumination (indicated by the arrow), a steady-state depolarization
of the cell with an initial transient potential component occurs.*¢
(B) Measurements by means of the DAIMM method using com-
parable experimental conditions as in (A). The three voltage curves
represent typical results in absence or presence of blue-light illu-
mination experiments under zero-current clamp conditions by us-
ing HEK293 cells expressing ChR2, control HEK293 cells, and in the
absence of any cells (insets).



possible, but on the other hand, for electrical reasons, a sharp tip
(DEP) and extended electrode surface (potential measurement) are
valuable. Metal microelectrodes with a geometrical form fulfilling
both requirements may be produced by galvanic deposition of metal
in a template, such as in ion-track etched polycarbonate films, or in
3D forms designed for photoresistance by two-photon polymeriza-
tion (2PP).>'™>* We expect that findings from the single-spike elec-
trode can be transferred to smaller electrodes, because micro- and
nanometal electrodes show comparable miniaturization effects.*

In general, the DAIMM method has some strong advantages, which
demonstrate its potential not only in the high-throughput screening
for medically relevant substances, but also in environmental ana-
lytics. First, the dielectrophoretic force used for cell manipulation
allows maintenance of even low cell concentrations, which is not the
case with many planar patch-clamp systems requiring a high amount
of cells to collect and place cells on the holes by low pressure.®
Secondly, due to the fact that dielectrophoretic cell manipulation is
applicable to low cell densities,” the benefit of the DAIMM method in
pharmacological characterization of native cell probes, such as
pathogenic tissue of patients, is very probable. Thirdly and most
importantly, using the new DAIMM method, the cytoplasm does not
need to be substituted by artificial solutions. This may enable elec-
trophysiological measurements under more physiological conditions
than in many high-throughput systems based on the planar patch-
clamp method.®®'® However, the new technique cannot supersede
patch-clamp measurements, since the intracellular conditions are not
defined and the membrane potential cannot be clamped by the metal
electrode. Yet, taking all facts into account, the DAIMM method of-
fers a good opportunity to analyze the interaction of compounds with
cell types or ion channels in high-throughput systems. We expect
that successful concepts of the high-throughput technology, like
population patch-clamp (several electrodes are interrogated in one
experiment, and data points are pooled) and dynaflow (the electrode
is placed in a platform with many fluid channels for compound
supplementation), can be transferred to the DAIMM technology.'"*®
Furthermore, the microdesign of the system would also allow com-
bining the DAIMM method with cell sorting®"~® and/or microcell
fusion,®'~® making further cell types accessible to high-throughput
electrophysiology, for example, by enlarging yeasts>® which are ideal
candidates not only in channelopathy®® but also for sensing envi-
ronmental conditions.®” Finally, we would like to mention that
dielectrophoretic cell attraction may also be included in high-
throughput systems based on the planar patch-clamp method by
simply inserting a metal microelectrode in each hole.
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