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Ion channel recordings on an injection-molded
polymer chip†

Simone Tanzi,a Marco Matteucci,a Thomas Lehrmann Christiansen,a Søren Friis,b

Mette Thylstrup Christensen,b Joergen Garnaes,c Sandra Wilson,b

Jonatan Kutchinskyb and Rafael Taboryski*a

In this paper, we demonstrate recordings of the ion channel activity across the cell membrane in a biological cell
by employing the so-called patch clamping technique on an injection-molded polymer microfluidic device. The find-
ings will allow direct recordings of ion channel activity to be made using the cheapest materials and production
platform to date and with the potential for very high throughput. The employment of cornered apertures for cell
capture allowed the fabrication of devices without through holes and via a scheme comprising master origination
by dry etching in a silicon substrate, electroplating in nickel and injection molding of the final part. The most critical
device parameters were identified as the length of the patching capillary and the very low surface roughness on
the inside of the capillary. The cross-sectional shape of the orifice was found to be less critical, as both rectangular
and semicircular profiles seemed to have almost the same ability to form tight seals with cells with negligible leak
currents. The devices were functionally tested using human embryonic kidney cells expressing voltage-gated
sodium channels (Nav1.7) and benchmarked against a commercial state-of-the-art system for automated ion chan-
nel recordings. These experiments considered current–voltage (IV) relationships for activation and inactivation of
the Nav1.7 channels and their sensitivity to a local anesthetic, lidocaine. Both IVs and lidocaine dose–response
curves obtained from the injection-molded polymer device were in good agreement with data obtained from the
commercial system.
Introduction

The patch clamping technique was introduced in 1976 by
Neher and Sakmann1 and has become the accepted stan-
dard for fundamental studies of ion channel proteins and
the discovery of drugs that affect them. Ion channels play a
central role in the excitability of nerves and muscles; they
underlie the heartbeat, muscle contractions and brain activ-
ity as well as many other basic physiological actions.2 Ion
channels are macromolecular pores with the ability to regu-
late the movement of ions across the otherwise
impermeable cell membrane.2 Ion channels are also
involved in a diverse range of disorders and pathological
conditions, called channelopathies.3,4 Mutations in ion
channel genes have been associated with diseases such as
cystic fibrosis, hypertension, ataxia, arrhythmia and several
types of epilepsy.4,5 In pharmacology, ion channels repre-
sent highly attractive targets for drug discovery with an esti-
mated market of US $12 billion.6,7

Despite their enormous potential as druggable targets, the
use of ion channels for drug discovery has been well behind
the expectation, mainly due to the lack of adequate screening
technology.8 Conventional manual patch clamping delivers
high information content, but it is a complex technique that
requires skilled personnel and suffers from extremely low
throughput, while, on the other hand, all indirect screening
methods suffer from low specificity and, thus, the associated
risk of generating false negative or positive results.8,9 With
the promise of removing this trade-off, the first automated
parallel patch clamping system (APC) was made available in
2003.10 Since then, 5 companies (Molecular Devices, Sophion
Bioscience, Nanion, Cytocentric, and Fluxion) have entered
the market, establishing APC as an essential technology for
secondary screening, lead optimization and cardiac safety
yal Society of Chemistry 2013
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testing.11 Performances of the different systems have been
discussed in a few reviews.11–14 APC systems replace the use
of conventional glass micropipettes with single-use, dispos-
able devices fabricated using materials such as quartz15 and
silicon/silicon dioxide.16 The majority of the available plat-
forms share the so-called planar approach, where cells in
suspension are blindly positioned by suction onto micro-
apertures made as through holes in thin membranes.15

Alternatively, a lateral approach has been proposed, where
suspended cells are trapped at lateral apertures generated at
the junction of two microfluidic channels.17

The ability to form a high electrical resistance seal, pref-
erably in the order of G� (the so-called gigaseal) between
the aperture and the biological cell membrane, and the fab-
rication of such micro-sized through holes in thin sub-
strates (10–20 �m) are the two most relevant benchmarks.
These constraints have traditionally narrowed the range of
usable materials and technologies to almost exclusively
micromachining of silicon and glass, at least for commer-
cial use.

The use of polymeric substrates has also been widely investi-
gated, and planar microfluidic chips have been demonstrated
in hybrid polydimethylsiloxane–polyimide (PDMS–PI),18

polyimide,19 oxygen plasma-treated PDMS20,21 and polyethylene
glycol (PEG)–SU-8 mixture.22 Unfortunately, all the aforemen-
tioned polymer devices have so far failed to deliver relevant
electrophysiological results. It has been more or less implicitly
believed in the community that silicon oxide surfaces possess a
unique surface chemistry for forming gigaseals, essentially
through van der Waals interactions.23–25 The interaction
between lipid membranes and other surfaces is, however, com-
plicated and only poorly understood and, thus, leaves some
leverage for challenging the uniqueness of these surfaces26–30

by employing polymers. Ionescu-Zanetti et al. implemented lat-
eral junctions in a microfluidic device fabricated by casting of
polydimethylsiloxane (PDMS).17,31 In 2009, this device was even-
tually commercialized by Fluxion, and it remains the only APC
system relying on cornered apertures to date.32

Looking at all of the commercially available APC systems,
the manufacturing cost per device is still prohibitive for
establishing APC as a routine technique.33 Of the two mate-
rials employed nowadays, silicon remains extremely costly to
purchase and machine, while PDMS is less suitable for mass
production. Moreover, PDMS has issues when used for bio-
logical applications such as high permeability for small mole-
cules, non-cross-linked oligomers, and surface diffusion of
low molecular weight chains.34

The aim of this work is to propose a method for massive
production of extremely cheap APC systems without
compromising functionality. The trick lies in understanding
the requirements to form tight seals between thermoplastic
polymers and the cells. By shaping apertures that allow for a
considerably larger effective interface area between low-
energy polymer surfaces and the cell membrane, we demon-
strate the formation of gigaseals, enabling high-quality ion
channel recordings. The proposed device consists of only two
This journal is © The Royal Society of Chemistry 2013
parts: an injection-molded part in TOPAS cyclic olefin copoly-
mer (COC) comprising the microfluidics and a polymer film
of the same polymer grade, which is thermally bonded to the
injection-molded part.35 For comparison, the commercially
available QPlate™ from Sophion Bioscience comprises several
materials, thermoplastic polymer, elastomer, ceramic, glass,
and silicon. Moreover, TOPAS has none of the previously
mentioned limitations of PDMS. Furthermore, the materials
and fabrication platform fulfills all the requirements for
cheap manufacturing in terms of “design for manufacturabil-
ity”, “economy of scale” and production yield, and it avoids
all drawbacks typical of prototyping methods.36 After an ini-
tial investment in master mold origination, injection molding
delivers a cost per part that exponentially decreases with the
number of parts, becoming the cheapest technology when
production is greater than ~10 000 units.36 After assembly
into chips, the systems were tested with HEK cells expressing
Nav1.7, a voltage-gated sodium channel appropriate for
benchmarking studies. Experiments were designed to explore
current–voltage (IV) relationships for activation and inactiva-
tion of Nav1.7 channels and their sensitivity to a local anes-
thetic, lidocaine. Both IVs and lidocaine dose–response
curves obtained from the injection-molded polymer device
were benchmarked against the commercially available
QPatch™ system from Sophion Bioscience. In the following
section, we provide the details of the device layout and func-
tionality, benchmarking tests against existing state-of-the-art
methods, and finally a surface topology characterization of
the patching capillaries.
Materials and methods
Device fabrication

Chips were manufactured according to the methods recently
reported by some of the same authors,37 which in brief con-
sist of lithography, dry etching of the silicon, electroplating
in nickel and injection molding of the polymer parts. Two
etching processes were employed to form the patching capil-
laries: Bosch reactive ion etching for sample A and continu-
ous reactive ion etching for sample B. This was to obtain,
respectively, rectangular and semicircular profiles. However,
in order to replicate patch clamping orifices smaller than the
lateral apertures demonstrated for cell trapping,37 the overall
process was partially modified. Silicon oxide used as masking
material was replaced by standard photoresist, while a thin
layer of oxide was applied after the first etching step to pre-
vent damage to the patching channels during the rest of the
process. Fabrication was then completed by alternating wet
etching steps and oxidation in order to smooth the surfaces
around the patching orifices. Details of the full process are
given in the ESI.† Parts were molded from COC (TOPAS 5013,
Advanced Polymers GmbH). A 100 �m thick extruded poly-
mer film (TOPAS 5013F-04, Advanced Polymers Extrusion
Lab) was used as a cover lid. The two parts were bonded by
UV-assisted thermal bonding.35
Lab Chip, 2013, 13, 4784–4793 | 4785
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Cell culture

Human embryonic kidney 293 cells (HEK 293) expressing
the subtype of the voltage-gated sodium channel Nav1.7
were provided by Scottish Biomedical Ltd. The cells were
grown and maintained under standard culture conditions at
37 °C and 5% CO2. The cells were cultured in T175 culture
flasks (Nunc A/S) to a maximum 80% confluence in high-
glucose Dulbecco's modified Eagle's medium (DMEM,
Sigma-Aldrich D0819) supplemented with 10% fetal bovine
serum (FBS, Sigma-Aldrich F2442), 2 �g ml�1 blasticidin S
(Sigma-Aldrich 15205) and 600 �g ml�1 geneticin (Sigma-
Aldrich G8168). The cells were sub-cultured for two weeks
before reaching a stable growth pattern and then used in
the experiments. For sub-culture, the culture medium was
removed and the cells were washed with phosphate-buffered
saline (PBS) without calcium chloride and magnesium chlo-
ride (Sigma-Aldrich D8537). Trypsin/EDTA (Sigma-Aldrich
T4174) was added to the culture flask, and the flask was
incubated at 37 °C for 2 minutes. The medium was added
to the flask, and the cells were re-suspended and placed in
a new mother flask. Directly before experiments, the culture
medium was removed and the cells were washed with
PBS without calcium chloride and magnesium chloride.
Detachin (VWR) was added to the culture flask, and the
flask was incubated at 37 °C for 5 minutes or until the cells
showed a round shape indicating detachment from the flask
surfaces. The cells were re-suspended in serum-free CHO
medium (Sigma-Aldrich C5467) supplemented with 25 mM
HEPES (Sigma-Aldrich H0887), 100 �g ml�1 penicillin/strep-
tomycin (Sigma-Aldrich P4333) and 0.04 mg ml�1 soybean
trypsin inhibitor (Sigma-Aldrich T6522). Cell density and via-
bility were determined by diluting an aliquot 1 : 2 in Trypan
blue (Sigma-Aldrich T8154) and performing a cell count
using the dye exclusion method in a hemocytometer. Cell
concentration in the suspension was 2–3 M ml�1.

Solutions and compounds

The intracellular electrolyte solution contained (in mM):
135 CsF, 1/5 ethylene glycol tetraacetic acid (EGTA)/CsOH,
10 mM HEPES and 10 NaCl. The pH was adjusted to 7.3 with
KOH and osmolarity to 320 mOsm with sucrose. The extracel-
lular electrolyte solution contained (in mM): 1 CaCl2, 1 MgCl2,
5 HEPES, 3 KCl, 140 NaCl, 0.1 CdCl2 and 20 TEA–Cl. The pH
was adjusted to 7.3 with NaOH and osmolarity to 320 mOsm
with sucrose. All chemicals were purchased from Sigma-
Aldrich. Both solutions were stored in a fridge at 4 °C and
vacuum degassed for 20 minutes before use. Lidocaine hydro-
chloride monohydrate (Sigma-Aldrich L5647) was dissolved
in dimethyl sulfoxide (DMSO) to give a 100 mM stock solu-
tion kept in the freezer. Subsequent dilutions were performed
in an extracellular electrolyte solution.

Instrumentation

Recordings were carried out using a HEKA Patch Clamp EPC
9 amplifier (HEKA Electronics) at room temperature. Pulse
4786 | Lab Chip, 2013, 13, 4784–4793
software (v 8.53, HEKA Electronics) was used for data acquisi-
tion. The device was mounted into a customized aluminum
box and positioned on the stage of an Olympus IX70 inverted
microscope. The two inlet ports connected to the recording
patching channel were connected to two reservoirs filled
with electrolyte solution and from them to a custom-made
pressure controller and controlled with Labview software
(National Instruments). Electrodes were electrically connected
to the EPC9 head stage mounted on the customized alu-
minum box, and the chip resistance could be monitored by
applying a 10 mV test square pulse for 10 ms. Before cell
trapping, a positive pressure of 3–5 mbar was applied to the
patching channel to prevent aperture contamination. A cell
was captured at the hole after applying suction (negative
pressure of 400 mbar) to the patching channel. The amplifier
offset potential was zeroed prior to patching the cell, and the
holding potential was held at �90 mV. Response currents
were sampled at 10 kHz and filtered at 2.9 kHz with a 4-pole
Bessel filter. The experiments on the QPatch™ were set up
using standard assay settings. In brief, cells were positioned
with a negative pressure of �100 mbar until a gigaseal was
formed. The cell membrane was then ruptured with a nega-
tive pressure pulse of �250 mbar in order to get electrical
access to the cell membrane. During this process, the offset
potential, the chip capacitance and the cell capacitance were
canceled out. The actual experiment protocol with the
relevant voltage protocols and compound additions was
programmed in the Sophion Assay Software, and it was exe-
cuted after whole-cell formation was established. QPatch™

data were sampled at 10 kHz and filtered with an 8-pole
Bessel filter at 3 kHz.

Whole-cell recordings

Once the cells were trapped, a suction of �400 mbar was
applied for about 20 seconds and then reduced to �30 mbar.
The resistance across the aperture was continuously monitored
by applying a 10 mV pulse for 10 ms. At this stage, the resis-
tance was typically between 100 and 200 M�. Some of the cells
showed whole-cell configuration immediately after patching.
Otherwise, the whole-cell configuration was achieved by apply-
ing combined suction pulses (from �30 mbar to �400 mbar)
and electrical pulses. Achievement of whole-cell configuration
was verified by depolarizing the cell. Eventually, the cells
reached whole-cell configuration and the resistance gradually
increased over minutes during the experiments.

Voltage protocols

For IV relationship experiments, a protocol with incremen-
tal steps of +10 mV from �90 mV to +70 mV of 1000 ms
duration was used. Steady-state inactivation was investi-
gated at +10 mV for 100 ms after the 1000 ms pre-pulse.
Each incremental sweep took place with 5 second intervals.
For concentration–response experiments, two consecutive
depolarizations to +0 mV, respectively of 100 ms and 20 ms
duration from a holding potential of �100 mV were used.
This journal is © The Royal Society of Chemistry 2013
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The two depolarizations were spaced out by 15 ms at the
holding potential.

Results and discussion

The chip design contains four independent lateral apertures
600 �m apart, which are aligned along a straight channel
reserved for extracellular electrolyte solution, as shown in
Fig. 1a–c. The side channels are connected at the other end
to four separate inlet channels which contain intracellular
electrolyte solution. The patching channel is Y shaped and
consists of a straight capillary with a rectangular profile and
rounded corners (approximately 2 �m × 2 �m) at the end
where the cell is captured and a wider opening at the
Fig. 1 (a) Layout of the microfluidic device. (b) Close-up of the key part of the design w
(c) SEM micrograph of the Y-shaped patching channel connecting extra- and intracellula
the cell membrane is seen to protrude a distance of about 50 �m into the patching capill
experiments. (f) Illustration of the setup used for the recordings. The polymer device is c
Ag/AgCl electrodes are connected to the head stage of the amplifier. Syringes are used t
lidocaine through one of the lateral apertures, respectively. (g) Schematic of the patch c
the orifice.

This journal is © The Royal Society of Chemistry 2013
opposing end for the reduction of the total hydraulic resis-
tance. In addition, a second type of device with a semicircu-
lar profile was molded and tested. The two groups of devices
will be called type A (rectangular profile) and type B (semicir-
cular profile). A cell trapped at one of the patching orifices is
shown in Fig. 1d. It was observed that the cell membrane
tends to protrude a long distance into the patching capillary,
as also previously reported for PDMS devices.17,38 In order to
find the optimal length of the patching channels, we made
all four channels with different lengths. The optimal length
of the straight capillary fraction appeared to be the largest we
had (45 �m), while shorter capillaries did not show good
sealing properties. This indicates that the gigaseal formation
must occur due to interaction between the cell membrane
ith patching channel, channel for compound perfusion and channel for cell loading.
r channels. (d) Optical microscope image of a captured HEK cell. Highlighted in red,
ary shortly after being captured. (e) A single-use injection-molded device used for the
onnected to two intracellular solution reservoirs and then to the pressure controller.
o transport cells by convective flow from the inlet to the patch zone and to perfuse
lamping recording: a cell trapped to a lateral aperture. Electrodes are located across

Lab Chip, 2013, 13, 4784–4793 | 4787

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c3lc50760b













