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Abstract Black lipid membranes (BLMs) are significant in
studies of membrane transport, incorporated proteins/ion
transporters, and hence in construction of biosensor devices.
Although BLMs provide an accepted mimic of cellular mem-
branes, they are inherently fragile. Techniques are developed
to stabilize them, such as hydrogel supports. In this paper, we
present a reusable device for studies on hydrogel supported
(hs) BLMs. These are formed across an ethylene tetrafluoro-
ethylene (ETFE) aperture array supported by the hydrogel,
which is during in situ polymerization covalently
Bsandwiched^ between the ETFE substrate and a gold elec-
trode microchip, thus allowing direct electrochemical studies
with the integrated working electrodes. Using electrochemical
impedance spectroscopy (EIS), X-ray photoelectron spectros-
copy and contact angle measurements, we demonstrate the
optimized chemical modifications of the gold electrode micro-
chips and plasma modification of the ETFE aperture arrays
facilitating covalent Bsandwiching^ of the hydrogel. Both
fluorescence microscopy and EIS were used to demonstrate
the induced spontaneous thinning of a deposited lipid

solution, leading to formation of stabilized hsBLMs on aver-
age in 10min. The determined specific membrane capacitance
and resistance were shown to vary in the range 0.31–0.49 μF/
cm2 and 45–65 kΩ cm2, respectively, corresponding to par-
tially solvent containing BLMs with an average life time of
60–80 min. The characterized hsBLM formation and devised
equivalent circuit models lead to a schematic model to illus-
trate lipid molecule distribution in hydrogel-supported aper-
tures. The functionality of stabilized hsBLMs and detection
sensitivity of the platform were verified by monitoring the
effect of the ion transporter valinomycin.
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1 Introduction

Biomimetic lipid membranes can constitute a suitable envi-
ronment for membrane spanning proteins (Castellana and
Cremer 2006; Kim et al. 2012; Nielsen 2009), such as ion
channels (Andersson et al. 2007; Michalke et al. 2001;
Steinem et al. 1997) and receptors (Goennenwein et al.
2003; Robelek et al. 2007). Consequently, a wide range of
biophysical and biotechnological applications have been pub-
lished, including studies of receptor-ligand interaction
(Goennenwein et al. 2003), construction of screening plat-
forms for detecting potential drug candidates (Kelety et al.
2006) as well as fabrication of biosensor (Castellana and
Cremer 2006; Kim et al. 2012; Nielsen 2009) and separation
(Nielsen 2009) devices.
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Many applications of biomimetic membranes and incorpo-
rated membrane proteins rely on electrochemical measure-
ments of membrane capacitance and resistance. Free-
standing black lipid membranes (BLMs), Bpainted^ across
an aperture from a lipid-containing alkane solution, based on
the technique originally demonstrated by Mueller et al.
(1962), are therefore still considered as the most suitable
Bnature-like^model for many biophysical applications on vir-
tue of, for instance, complete access of ions and molecules to
both sides of the membrane (Castellana and Cremer 2006),
and formation of a defect-free lipid mosaic (Lipkowski
2010). Direct deposition of lipid bilayers on solid supports
(SLBs), introduced by Tamm andMcConnell (1985), has sim-
plified the necessary experimental protocols and also resulted
in electrochemical applications based on either lipid layers in
direct contact with an electrode surface (Lipkowski 2010;
Marquês et al. 2012; Wardak and Tien 1990) or on a self-
assembled monolayer (SAM) of thiols (Michalke et al.
2001; Plant 1993; Steinem et al. 1997). However, despite suc-
cessful SLB applications, these are affected by the proximity
of the underlying substrate, causing differences in the lateral
diffusion of lipids in the two membrane leaflets (Hetzer et al.
1998) and forming an insufficient or non-existent aqueous
environment under the lipid bilayer (Castellana and Cremer
2006; Guidelli et al. 2001; Lipkowski 2010). These factors
can especially hamper applications using transmembrane pro-
teins or relying on ion transport.

A great deal of efforts have been devoted for constructing
supported lipid bilayers, which are characterized by the same
thermodynamic and molecular dynamic properties as free
standing BLMs but without the detrimental influence of the
direct substrate contact. This has been achieved creating either
tethered (tBLM) or hydrated polymer (hydrogel) supported
(hsBLM) lipid membranes (Knoll et al. 2008; Mccabe and
Forstner 2013; Sackmann 1996; Tanaka and Sackmann
2005). In both cases, an ultrathin (often nanometer thickness)
hydrophilic spacer/cushioning layer is deposited on the solid
support, such as an electrode surface. The spacer of tBLMs is
typically composed of hydrophilic macromolecular brushes,
one end of which has a thiol functionalization facilitating for-
mation of a SAM on the electrode surface while the other end
may have a lipid moiety facilitating anchoring into the lower
leaflet of the formed lipid bilayer (Knoll et al. 2008; Tanaka
and Sackmann 2005). The hydrogel supports of hsBLMs are
composed of a thin layer of, e.g., polyacrylamide, cellulose,
agarose, polyethylene glycol, or a copolymer comprising dif-
ferent monomers (Mccabe and Forstner 2013; Tanaka and
Sackmann 2005). Both tBLMs (Andersson et al. 2007;
Knoll et al. 2008; Naumann et al. 2003) and hsBLMs
(Costello et al. 1999; Kibrom et al. 2011) constructed on elec-
trode surfaces have been applied for electrochemical record-
ing ofmembrane capacitance and resistance upon introduction
of ion transporters, ion channels and other membrane proteins.

The decoupling between the membrane and the substrate has
been demonstrated to provide an improvement for studies uti-
lizing transmembrane proteins. However, especially in the
case of tBLMs, defects and disorder in the underlying SAM
(Bunjes et al. 1997; Guidelli et al. 2001) and insufficient aque-
ous environment in the macromolecular spacer (Leitch et al.
2009) can still influence conducted studies.

hsBLMs have emerged as the most promising way to create
lipid bilayers, which approach the properties and qualities of
BLMs formed across an aperture as originally demonstrated
by Mueller et al (1962). Hydrogel supports do not only pro-
vide decoupling between the membrane and substrate but cre-
ate a pseudo-cellular aqueous environment on both sides of
the formed membrane (Kühner et al. 1994), effectively mim-
icking the cytosol/cytoskeleton (Kibrom et al. 2011) and ex-
tracellular matrix (Tanaka and Sackmann 2005) functionality,
which ultimately facilitates design of Bphantom cells^
(Sackmann 1996). To enhance the aqueous environment on
both sides of lipid bilayers, we have previously demonstrated
the versatility of thick hydrogel supports (up to 500 μm thick-
ness) with tunable water permeability polymerized in arrays of
microapertures in ethylene tetrafluoroethylene (ETFE) parti-
tions (Roerdink Lander et al. 2011). The combination of thick
hydrogel support and microaperture arrays facilitated sponta-
neous thinning and stabilization of lipid membranes rapidly
forming fully functional BLMs upon deposition of a lipid
solution on top of the apertures without need for Bpainting^
(manual thinning).

To further extend the versatility of our hsBLM arrays for
biophysical studies and biosensor applications of BLMs, we
describe in this paper a reusable device having the in situ
polymerized hydrogel support covalently sandwiched be-
tween an electrode array microchip and the ETFE aperture
array. The device interfaces the cytosol mimicking hsBLM
arrays directly to electrodes for electrochemical impedance
spectroscopic (EIS) measurements, which are used here to-
gether with fluorescencemicroscopy to characterize the stages
in the device construction and the spontaneous thinning of
membranes, resulting in formation of a compact lipid mosaic
without defects in the continuity of lipidmolecule distribution.
On average, 10–15 min after introduction of a lipid solution,
the formed hsBLMs reach stable membrane capacitance and
resistance. The suitability and sensitivity of the device is dem-
onstrated here using valinomycin ion transporter incorporated
into hsBLMs.

2 Experimental section

2.1 Chemicals

Poly(ethylene glycol)-dimethacrylate (PEG-DMA) (PEG
block, Mw. 1000 g/mol) was purchased from Polysciences,
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Inc. (Warrington, PA, USA). 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) and 1-oleoyl-2-{6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-
phosphocholine (NBD-PC) were from Avanti Polar Lipids
Inc. (Alabaster, AL, USA). 2-hydroxyethyl methacrylate
(HEMA), 1,4-butanedioldiacrylate (BDDA), silicon dioxide
particles (diameters 0.5–10 μm), ammonium persulfate
(APS), N,N,N’,N’-tetramethylethylenediamine (TEMED),
30% hydrogen peroxide and 3-(trimethoxysilyl propyl) meth-
acrylate (TMS-PMA), n-decane and phosphate buffered saline
(pH 7.4) (PBS) were from Sigma-Aldrich Corporation (St.
Louis, MO, USA). All aqueous solutions were prepared using
ultrapure water (resistivity 18.2 MΩcm) from a Milli-Q® wa-
ter purification system (Millipore Corporation, Billerica, MA,
USA).

2.2 Fabrication and surface modification of electrode
microchips

Gold electrode microchips (Fig. 1a), comprising the electrode
structures (3 working electrodes (WE), one counter (CE) and

one reference electrode (RE)), leads and contact pads, were
fabricated according to a previously published protocol
through standard lithographic process using wet-oxidized
500 μm thick 4-inch silicon wafers (one side polished)
(Dimaki et al. 2014). The active electrode areas and contact
pads on the patterned metal structures (10 nm Ti adhesion
layer and 150 nm Au) were opened by reactive ion etching
of the 500-nm thick silicon nitride layer deposited through
plasma-enhanced chemical vapor deposition. The electrode
microchips were cleaned for 10 min with a mixture of H2O2

(25 % v/v) and KOH (50 mM) followed by a potential sweep
from -200 to -1200 mV in 50 mM KOH, using the on-chip
three electrode set-up (Heiskanen et al. 2008). To obtain a
good adhesion between the hydrogel and the electrode chip,
the latter was chemically modified (Fig. 2a). To form a uni-
form layer of hydroxyl groups on the silicon nitride surface
and gold electrodes, the chips were treated with 3 % (v/v)
H2O2 (1 h) (Dawgul et al. 2003) and 200 mM aqueous β-
mercaptoethanol (1 h), respectively. The hydroxyl groups
were further functionalized by 1-h incubation in a 2 % (v/v)
aqueous solution of 3-(trimethoxysilyl propyl) methacrylate at

Fig. 1 aAn image of the electrode microchip with gold electrodes: three
working electrodes (WE) (activeWE area: Ø 1.5 mm) surrounded by two
larger electrodes used as counter (CE) and reference electrode (RE)
during electrode characterization. The chip surface is passivated with
silicon nitride, which is reactive ion etched to open the active electrode
areas and contact pads (CP). Each electrode has a dedicated contact pad
(Ø 1 mm) at the edge of the chip for electric connection to the impedance
analyzer. b A microscope image of one 3x3 aperture array fabricated by
laser ablation in the 17.2 mm×11.3 mm ETFE substrate. The diameter of
each aperture is 300 μm and the distance (center-to-center) between each
aperture is 400 μm. c A schematic view of the system assembly: 1- the
bottom plate of the system assembly, 2- a recession for placement of an
electrode microchip, 3- a schematic view of an electrode microchip, 4- an
O-ring with a central area (Ø 5 mm) that provides access to the WEs and

two Bloops^ (Ø 2 mm) for administering hydrogel polymerization solu-
tion, 5- an ETFE aperture array (a schematic magnification of the three
3×3 aperture arrays is shown in the insert), 6- the top plate of the system
assembly, 7- a cylindrical electrochemical cell (Ø 5 mm), 8- one of the
two apertures for administering hydrogel polymerization solution, 9-
printed circuit board (PCB) with spring loaded pins (not visible) for
electric connections, 10- one of the two openings for administering hy-
drogel polymerization solution, 11- an opening to the electrochemical
cell, 12- one of the five apertures for electrical contacts with spring loaded
pins, 13- a recession in the upper plate for placement of the PCB, 14- an
O-ring for sealing the PCB around the electrochemical cell, 15- one of the
four screws for assembling top and bottom plate, 16- one of the four
screws for assembling the PCB to the system
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pH 4 adjusted with 1 M acetic acid (Vidič et al. 2005). After
eachmodification step, the microchips were rinsed thoroughly
with water.

2.3 Fabrication and modification of ETFE aperture arrays

The ETFE substrates (17.2×11.3 mm2) with three 3×3-aper-
ture (Ø=300 μm) arrays (Fig. 1b and c) were defined in Tefzel
LZ200 f i lm ( th i ckness 50 .8 μm) f rom DuPont
Fluoropolymers (Detroit, MI, USA) using a Syndrad 48-5 S
Duo Lase carbon dioxide laser (Mukilteo, WA, USA) with a
power output of 50 W, as described elsewhere (Hansen et al.
2009). The fabricated aperture arrays were cleaned in acetone
and ethanol followed by thorough rinsing with water. After
cleaning, they were modified using a combination of water
and Ar plasma in an Atto Plasma System (Diener Electronic
GmbH, Ebhausen, Germany) equipped with a 13.56 MHz RF
generator (3 min at the total pressure of 25 Pa and plasma
power of 10 W). Immediately after plasma modification, they
were subjected to either X-ray photoelectron spectroscopic
(XPS) characterization and contact angle (CA) measurements

or further chemical modification through silanization according
to the procedure described in section 2.2. XPS characterization
was done using a K-Alpha Photoelectron Spectrometer
(Thermo Scientif ic, Waltham, MA, USA) with a
nonmonochromatic AlKα photon source (energy 1487 eV) at
the anode voltage of 12 keV and pressure of 10−5 Pa. The
energy scale was calibrated towards an Ag sample. The take-
off angle of photoelectrons was 90° against the sample surface.
Five areas with an elliptical shape (200-μmmajor radius) were
analyzed on each ETFE sample. Contact angle measurements
were made using an OCA 20 system (DataPhysics Instruments
GmbH, Filderstadt, Germany).

2.4 Fabrication and assembly of the device components

The electrochemical measurement platform was constructed
from two 6mm thick Teflon® plates (supplied by LinatexA/S,
Herlev, Denmark), depicted as the top and bottom plates (grey
plates in Fig. 1c), machined using a Mini-Mill/3Pro
micromilling system (Minitech Machinery Corporation,
Norcross, GA, USA) executing G-code generated by EZ-
CAM17 Express software (EZCAM Solutions, Inc., New
York, NY, USA). The top plate defines a cylindrical electro-
chemical cell (height 6 mm and diameter 5 mm) and seven
apertures (Ø 2 mm), two for administering hydrogel polymer-
ization solution and five for electric contacts. The bottom plate
has a recession for placement of an electrode microchip.
During assembly of the platform (schematically illustrated in
Fig. 1c), a tailor-made PDMS O-ring, casted in a micromilled
mold using Sylgard® 184 Elastomer kit (Dow Corning
Corporation, Midland, MI, USA) according to the manufac-
turer’s standard protocol (curing at 50 °C for 12 h), was placed
between the electrode array microchip and the ETFE aperture
array (a magnification of a 3x3 array shown in Fig. 1b). The
aperture arrays are automatically aligned on the WEs of the
underlying electrode microchip by placing the ETFE aperture
array in a recession in the lower side of the top plate (not
shown in Fig. 1c). The construct was closed by placing the
top and bottom plate against each other, and then tightened
with screws. Electric contact to the underlying electrode mi-
crochip was formed using a tailor-made micromilled printed
circuit board (PCB) (yellow plate in Fig. 1c) having spring
loaded pins (Mill-Max Mfg. Corp., Oyster Bay, NY, USA). A
tailor-made PDMS O-ring was placed between the top plate
and PCB to avoid access of electrolyte under the PCB, and the
system was tightened with screws.

2.5 In situ hydrogel polymerization

The silanized electrode microchip and ETFE aperture array in
the assembled electrochemical measurement platform were
further subjected to in situ polymerization of hydrogel. The
polymerization mixture contained 23 mg PEG-DMA, 560 μl

Fig. 2 a A schematic representation of the chemical modification of the
electrode microchip to achieve a robust adhesion of the composite
pHEMA hydrogel (1: a cleaned gold electrode microchip; 2: hydroxyl
functionalization of the silicon nitride surface; 3: β-mercaptoethanol
SAM formation on gold; 4: silanization of the microchip with TMS-
PMA; the shading indicates the residual unsilanized OH-groups). b Rep-
resentative impedance spectra acquired on one of the gold WEs on the
electrode microchip after each of the modification steps shown in (a): 1:
(○); 2: (◇); 3: (△); 4: (□). The solid lines represent NLLS fit of the data
(extracted parameters shown in Table 1) to the equivalent circuit model
shown in the insert (Rs – solution resistance, CPE – constant phase
element). (Electrolyte: PBS – pH 7.4)
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HEMA, 8 μl TEMED, 5 μl BDDA, 140 mg silicon dioxide
particles and 1000 μl MiliQ water forming a milky suspen-
sion. 60 μl of an aqueous solution of the initiator, APS
(170 mg in 1000 μl MiliQ water), was added immediately
prior to polymerization. The mixture was vortexed for 10 s
and introduced immediately through the filling aperture of the
top plate (Fig. 1c). The excess of the polymerization solution
was allowed to flow out through the aperture on the opposite
side. After polymerization, the pHEMAwas hydrated by fill-
ing the well of the electrochemical cell with PBS and stored
for 24 h at room temperature. A schematic view of the hydro-
gel Bsandwiched^ between the ETFE partition array and gold
electrode microchip can be seen in Fig. 3.

2.6 BLM formation

The lipid solution for BLM formation contained 495 μl of
DPhPC stock solution (25 mg/ml) doped with 24 μl of
NBD-PC stock solution (1 mol%), a fluorescence probe used
for fluorescence microscopic analysis of lipid membranes.
Commercially available DPhPC and NBD-PC lipid solutions
in chloroform (10 mg/ml) were dried under nitrogen gas flow
and subsequently redissolved in decane. The lipid solution
was prepared 1 day before use and stored at -20 °C until
use. Prior to the electrochemical measurements, the ETFE
array was pretreated according to previously described proce-
dure by applying 4 μl of lipid solution in decane, which was
allowed to evaporate for 10 min at room temperature
(Roerdink Lander et al. 2011). After that, the electrochemical
cell was filled with 100 μl of PBS followed by filling the
apertures of the three 3×3 ETFE arrays with 4 μl of the lipid
solution.

2.7 Incorporation of valinomycin in BLMs

Valinomycin stock solution (1.8 mM in 96 % ethanol) was
stored at 4 °C until use in experiments. BLMs were formed
as described in section 2.6. After BLM formation, the concen-
tration of K+ was elevated from the original 2.7 mM in PBS to
20 mM while retaining the total volume at 100 μl. After hav-
ing acquired an impedance spectrum at the elevated K+ con-
centration in the presence of the formed BLMs, 2 μl of the
valinomycin stock solution was added in the vicinity of the
BLMs, corresponding to 35 μM (Hansen et al. 2009) in the
total volume. An impedance spectrum was acquired immedi-
ately after addition of valinomycin and repeated twice at 5 min
interval.

2.8 Fluorescence microscopic visualization of BLMs

Fluorescence imaging of BLMs using the fluorescent probe
NBD-PC was performed under a Zeiss Axio Imager M1m
microscope equipped with an AxioCamMRc5 computer con-
trolled CCD camera, 2.5x objective and filter set 38 (Carl
Zeiss AG, Göttingen, Germany). The images were acquired
using Zeiss AxioVision software (V. 4.8).

2.9 Electrochemical characterization

Each step of electrode microchip modification was character-
ized (see Fig. S1 in the Electronic supplementary material for
the electrochemical cell used for characterization of electrode
modifications) by electrochemical impedance spectroscopy
(EIS) using the on-chip CE and RE (frequency range:
100 mHz – 1MHz; 10 data points per decade). The capacitive
and resistive properties of the ETFE/hydrogel support, cova-
lently attached on the electrode array microchip, and the
formed BLMs were characterized by EIS using a platinum
wire CE placed at a distance of 1.5 mm (height adjustment
using a micromanipulator) from the top of the ETFE aperture
array (frequency range: 1 Hz – 1 MHz; 5 data points per
decade). In each case, the applied sinusoidal potential had
the amplitude of 10 mVrms with respect to the open circuit
potential. EIS analysis was performed using a computer con-
trolled Reference 600 potentiostat from Gamry Instruments
(Warminster, PA) operated by EIS300 software (V. 5.30).
Data analysis was done using EchemAnalyst software (V.
6.10) fromGamry Instruments by fitting the data to equivalent
circuit models using nonlinear least-squares (NLLS)
regression.

3 Results and discussion

Applications of, e.g., ion channels, ligand-receptor interaction
and GPCR activation, require stable lipid membranes

Fig. 3 A schematic representation of the covalent Bsandwich^ structure
suitable as lipid membrane support: (1) The composite pHEMA hydrogel
is covalently sandwiched between (2) the silanized electrode microchip
(grey - silicon wafer; green – silicon oxide, yellow – cross section of a
gold electrode, red – silicon nitride) and (3) ETFE aperture array
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associated with an aqueous environment to facilitate mem-
brane protein reconstitution under conditions resembling their
native state in living cells. In our previous study, we demon-
strated formation of hydrogel supported black lipid mem-
branes (hsBLMs) across an ETFE aperture array. The hydro-
gel was initially formed in a mold and transferred to the mea-
surement platform to function as a partition between the cis
and trans chamber (Roerdink Lander et al. 2011). In compar-
ison with free-standing BLMs suspended only in an ETFE
aperture array (Hansen et al. 2009), the hydrogel supported
lipid membranes were characterized by a prolonged lifetime
and spontaneous self-thinning process resulting in BLM
formation.

In the present study, we address the design, fabrication and
characterization of a compact analysis device aimed for stud-
ies on hsBLMs, demonstrating the versatility of integrating an
electrode microchip with an in situ polymerized hydrogel sup-
port connected to an ETFE aperture array. Hence, only one
chamber is required for depositing a lipid solution and
conducting EIS measurements on arrays of hsBLMs as-
sociated with a pseudo-cellular matrix. Once assembled,
the platform facilitates continuous usage in experiments.
Both the in situ polymerized hydrogel support and
hsBLMs are formed simultaneously on each working
electrode, improving reproducibility and facilitating
parallelization of measurements. The presented device
concept serves as a basis for further development of
miniaturized devices (Zagnoni 2012) for automated ex-
periments on hsBLMs under fluidic control.

3.1 Construction and characterization of ETFE/hydrogel
support on gold electrode microchips

For successful function of a hydrogel support interfaced
with an electrode microchip and ETFE aperture array, i)
there should be no electrolyte flux around the hydrogel
to the electrode surface, and ii) the hydrogel should
have a strong contact with the ETFE substrate for ef-
fective stabilization of the formed BLMs. Preliminary
experiments indicated that only by achieving a sufficient
adhesion of the in situ polymerized hydrogel on the
electrode microchip and the ETFE substrate both re-
quirements could be met. To achieve this goal, covalent
sandwiching of the in situ polymerized hydrogel be-
tween the gold electrode microchip and the ETFE aper-
ture array (schematically illustrated in Fig. 3) was per-
formed. The electrode microchip-hydrogel-ETFE con-
struct is encased in the Teflon® housing schematically
shown in Fig. 1c. A detailed description and character-
ization of all the steps of electrode microchip and ETFE
aperture array modification leading to the covalently
sandwiched hydrogel are presented below.

3.1.1 Modification and characterization of gold electrode
microchips

The electrode microchips (Fig. 1a), comprising three working
electrodes (WE) surrounded by two larger electrodes (counter
and reference electrode during electrochemical characteriza-
tion of electrode modifications), were fabricated using stan-
dard UV-lithography. The active electrode areas were defined
in the insulating silicon nitride layer using reactive ion etch-
ing. To provide covalent bonding of the hydrogel (primarily
composed of 2-hydroxyethyl methacrylate monomers), both
material constituents of the electrode microchips, i.e. gold and
silicon nitride, needed to be modified with acrylate function-
alities to allow participation during in situ polymerization. To
achieve acrylate functionalization in a one-step modification
reaction, both silicon nitride and gold surfaces had to be con-
verted initially to intermediary hydroxyl functionalities.

A thin oxide layer can be formed on silicon nitride surfaces
during storage at ambient condition. However, initial
functionalization tests of silicon nitride surfaces having the
native oxide layer present (or after removing it (Sung et al.
1999)) using silane coupling agents (Ulman 1996) were not
successful. The polymerized hydrogel was readily detached
from the microchip surface. Tests with H2O2 oxidation of
silicon nitride (Dawgul et al. 2003) proved to form a suffi-
ciently dense hydroxyl functionalization, which after
silanization with TMS-PMA followed by hydrogel polymeri-
zation yielded a hydrogel that could not be removed from the
silicon nitride surface without breaking the bulk polymer and
leaving a residual layer.

Functionalization using alkane thiols with different end
groups is well established for modification of metal surfaces
(Ulman 1996). Hence, β-mercaptoethanol SAM can be used
to obtain a coverage of hydroxyl functionalities on gold, fa-
cilitating silanization with TMS-PMA, which is analogous to
silanization of β-mercaptoethanol modified quantum dots
using amino functionalized silane (Wu et al. 2011).
Modification tests of gold surfaces followed by hydrogel po-
lymerization yielded a strongly bonded hydrogel similarly as
for the modified silicon nitride surfaces. A schematic view of
all the modification steps adapted for silicon nitride/gold sur-
faces is shown in Fig. 2a.

The chemical modifications of the electrode microchips
were characterized using EIS, which has been widely applied
for characterization of electrode modifications in biotechno-
logical applications (Guan et al. 2004; Heiskanen et al. 2008).
EIS-based characterization of the electrode interface after
chemical modifications allows comparison with the interface
in the presence of hydrogel and BLMs. Figure 2b shows typ-
ical impedance spectra (impedance magnitude vs. frequency
on a logarithmic scale) of a bare gold electrode and the same
electrode after sequential modification steps (hydroxylation of
silicon nitride surface, β-mercaptoethanol SAM formation on
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gold and silanization). The spectra were fitted to the equiva-
lent circuit model shown in the insert of Fig. 2b, which repre-
sents the ohmic resistance of an electrolyte (Rs) (may also
comprise the impedance of electric connections to an imped-
ance analyzer) in series with the double layer capacitance of
the electrode surface. The purely capacitive behavior of the
double layer has been replaced by the impedance of a constant
phase element (CPE), which more accurately represents a sol-
id electrode interface showing current distribution due to sur-
face inhomogeneity (Brug et al. 1984).

The CPE parameters, Q representing the magnitude of CPE
and α, which is a constant having a value between 0 and 1,
obtained from the NLLS fit of the spectra to the equivalent
circuit model, were converted to an effective equivalent ca-
pacitance (Ceff) to provide an easier comparison. Since the
presented impedance spectra (Fig. 2b) were acquired in PBS
without any faradaic processes taking place, the conditions
resemble those of a blocking electrode (Brug et al. 1984;
Hirschorn et al. 2010), for which Ceff=[QRe

(1-α)]1/α, where
Re, the global ohmic resistance of the systemwhen the angular
frequencyω→∞, may be approximated by Rs. Table 1 shows
the values of Rs, Q and α together with the corresponding
value of Ceff after each electrode treatment. The applied gold
cleaning procedure generates a reduced gold surface
(Heiskanen et al. 2008), the double layer capacitance of which
is decreased by each modification step in accordance with the
general behavior of electrode modifications as capacitors in
series with the double layer capacitance of a bare metal elec-
trode (Heiskanen et al. 2008). The values of α, being about
0.960, indicate that the electrode interface behavior is close to

a pure capacitance. However, after H2O2 treatment, the
resulting oxidized gold surfaces show a significant decrease
in α indicating an increased inhomogeneity of the interface,
which is, though, eliminated by thiol SAM formation.

3.1.2 Modification and characterization of ETFE aperture
arrays

In an analogous manner, as was presented above for the elec-
trode microchip modification, incorporation of covalently
bound acrylate functionalities on ETFE can result in covalent
tethering of the in situ polymerized hydrogel. ETFE, a copol-
ymer composed of alternating CH2-CH2 and CF2-CF2 units, is
chemically inert and highly hydrophobic. Plasma modifica-
tion of fluorohydrocarbons, such as ETFE, has been demon-
strated as an effective means to achieve surface
functionalization. Especially, Ar plasma has been shown to
increase the oxygen contents on ETFE surfaces, however,
primarily by carbonyl functionalization (Inagaki et al. 2002).
Modification of ETFE substrate using Ar plasma in the pres-
ence of HEMA monomers has been reported to covalently
bond to an ETFE substrate facilitating tethering of an in situ
polymerized pHEMA hydrogel (Roerdink Lander et al. 2011).
Preliminary results in the present study indicated, however,
that for sandwiching of the hydrogel support between an elec-
trode microchip and ETFE substrate, such a modification was
not sufficiently robust.

To obtain a modification of the ETFE aperture array anal-
ogous to that of the electrode microchip (sections 2.2 and
3.1.1), the combination of Ar and H2O plasma was optimized.

Table 1 Extracted EIS parameter values for characterization of electrode modifications, ETFE/hydrogel construct, and BLM formation on one
working electrode (WE)

Electrode microchip preparation Q
[nS sα]

α Ceff

[nF]
Rser,hg

[Ω]
Rpar,hg

[Ω]
Cpar,hg

[pF]
Rm

[Ω]
Cm

[nF]

Cleaningb 758 0.960 528f n/a n/a n/a n/a n/a

Hydroxylationb,c 1161 0.835 227f n/a n/a n/a n/a n/a

Thiol SAMb 230 0.961 156f n/a n/a n/a n/a n/a

Silanizationb 198 0.963 134f n/a n/a n/a n/a n/a

ETFE/hydrogeld 320 0.934 180g 745 1.8×103 530 n/a n/a

BLM array on hydrogel supporte 8.2 0.98 n/a 2.4×103 8.5×106 22 10.1×106 1.9

Calculated value of effective equivalent capacitance (Ceff) based on the parameters (Q and α) of constant phase element impedance (ZCPE) for each
electrode microchip treatment

n/a – not applicable
a Uncertainty between individual WEs±8 %
b Impedance spectra and equivalent circuit model in Fig. 2b
c Silicon nitride hydroxylation with H2O2 leads to electrode oxidation
d Impedance spectrum and equivalent circuit model in Fig. 5
e Impedance spectrum and equivalent circuit model in Fig. 6c
f In the conversion of ZCPE to Ceff, Re≡Rs was 225 Ω
g In the conversion of ZCPE to Ceff, Re≡Rs+Rser,hg was 970 Ω
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H2O plasma can generate hydroxyl functionalities on polymer
surfaces already containing, for instance, carbonyl functional-
ities (Long et al. 2006; Tompkins et al. 2013), facilitating
silanization (Long et al. 2006). To minimize surface etching
of ETFE, easily caused by Ar plasma primarily composed of
ions (Inagaki et al. 2002), the plasma generation power was
set to 10 W and the exposure time was set to 3 min. In the
utilized plasma system, Ar and H2O were introduced simulta-
neously through separate inlets under the total pressure of
25 Pa. In previous studies using H2O plasma, a significantly
higher power has been applied (Long et al. 2006; Tompkins
et al. 2013). However, in this study, the decreased power and
longer exposure time were sufficient for the functionality-
introducing surface reactions of the radical species (e.g.,
OH·and H·) characteristic of H2O plasma (Steen et al.
2001). Silanization of the plasma modified ETFE substrates
with TMS-PMA yielded a sufficiently dense acrylate
functionalization, resulting in strongly bonded hydrogel,
which in peeling tests left hydrogel residues on the modified
ETFE surfaces. Although only a brief optimization of the
plasma conditions was conducted, the results can guide further
optimization (e.g., serial introduction of Ar and H2O under
different power, pressure and exposure time). To our best
knowledge, this study presents the first demonstration of the
applicability of Ar/H2O plasma for modification of ETFE sur-
faces with subsequent silanization.

Three different sets of ETFE samples (untreated, Ar plasma
treated and Ar/H2O plasma treated) were characterized using
both XPS and water CA measurements. Typical XPS spectra
of C1s and O1s for untreated and plasma treated ETFE surfaces
are shown in Fig. 4a and b, respectively. The averaged
oxygen/carbon (O/C) ratio, binding energies (BE) together
with the assigned chemical components (based on XPS char-
acterization), and CA values are summarized in Table 2.
Untreated samples of ETFE showed the presence of oxygen,
which is assigned to adsorbed oxygen (Samide et al. 2010)
during storage of ETFE sheets. The two observed carbon
peaks at 290.9 eVand 286.0 eV represent CF2 and CH2 com-
ponents, respectively (Inagaki et al. 2002). Under the applied
plasma conditions, an increase in O/C ratio was observed,
being most prominent when using the combination of Ar/
H2O plasma. Based on the shift in both carbon and oxygen
binding energy to slightly higher values, the effect of Ar plas-
ma was attributed to an increased carbonyl (C=O)
functionalization (Inagaki et al. 2002), while the effect of
Ar/H2O plasma was attributed to the combination of C=O
and hydroxyl (OH) (Samide et al. 2010) functionalization.
No significant shift was observed in the carbon peak corre-
sponding to CF2. Moreover, the fluorine/carbon ratio
remained unchanged (results not shown). Together these find-
ings indicate that under the applied plasma conditions neither
Ar nor Ar/H2O plasma caused defluorination of ETFE unlike
was shown by Inagaki et al. (2002), the modifications being

limited to the ethylene components of ETFE. The CA de-
creased significantly as a consequence of both Ar and Ar/
H2O plasma treatment, corroborating the observed increase
in oxygen contents.

3.1.3 EIS characterization of ETFE/hydrogel support

The assembly of the device (Fig. 1c) resulted in a 500 μm high
fluidic path between the electrode microchip and ETFE aper-
ture array, facilitating introduction of silane solution followed
by the hydrogel polymerization solution. During the
silanization step, both the electrode microchip and ETFE sub-
strate were modified with methacrylate moieties, which were
then incorporated into the formed hydrogel, facilitating cova-
lent sandwiching. The constructed ETFE/hydrogel support
integrated on the electrode microchip was characterized using
EIS measurements to provide a deeper understanding of its
capacitive and resistive properties as a prerequisite for the
study of hsBLMs.

Figure 5 shows a characteristic impedance spectrum of a
hydrogel covalently sandwiched between an ETFE aperture
array and electrode microchip. To provide a reference for
comparison, the impedance spectrum obtained after
silanization of the electrode microchip is included in the figure
(dashed line). Significant differences in the impedimetric be-
havior can be observed throughout a wide frequency range

Fig. 4 Typical (a) C1s and (b) O1s XPS spectra of ETFE surfaces:
Untreated ETFE ( ), Ar plasma treated ETFE (——), and Ar/H2O
plasma treated ETFE (- - -)
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(from ~100 Hz to 1 MHz). Hence, to fit the spectrum, the
equivalent circuit representing a cleaned/chemically treated
gold electrode (Fig. 2b) was modified, including an additional
resistor in series (Rser,hg) with solution resistance (Rs) and an
additional time constant in the form of a capacitor (Cpar,hg) and
resistor (Rpar,hg) in parallel (Fig. 5). The analysis of the spec-
trum in Fig. 5 (summarized in Table 1) shows that the pres-
ence of the hydrogel causes an increased resistance to ionic
current (Rser,hg). The covalent bonding of the hydrogel makes
it an integral part of the electrode interface impedance, signif-
icantly changing the parameters of the ZCPE from the ones
obtained after silanization. The decrease in α indicates a de-
crease in the surface homogeneity. A calculation shows that
the observed change in ZCPE corresponds to an increase in the
charge storing capacity of the electrode interface (Ceff). Due to
the thickness of the hydrogel (500 μm), its bulk structure also

constitutes a capacitive (Cpar,hg) and resistive (Rpar,hg) path-
way, indicating more complex impedance properties com-
pared to nanometer hydrogels (Kibrom et al. 2011).

3.2 Characterization of hsBLMs

3.2.1 Fluorescence microscopic visualization of membrane
formation

Upon depositing the lipid containing decane solution on top of
the ETFE aperture arrays, a multilayer of lipids fill the aper-
tures and partially cover the surrounding surface of the ETFE
substrate, which in the presence of the fluorescent probe
(NBD-PC) appear intensely green (Fig. 6a; left panel). The
hydrogel support induces a spontaneous spreading of the sol-
vent towards the edges of the apertures resulting in thinning of
the lipid layer inside the apertures. During continuous micro-
scopic observation, the progress of the thinning is seen as the
fluorescing area in each apertures diminishes when the mem-
brane reaches the thickness of a few nanometers characteristic
of a lipid bilayer (Ries et al. 2004). Further expansion of the
black lipid bilayer area leaves only a fluorescing solvent filled
annulus (Fig. 6a (right panel) and schematically shown in
Fig. 6b). The remaining annulus in each aperture serves as a
stabilizing bridge between the thinnedmembrane and the edge
of the aperture. The dimension of the annuli in the entire
aperture array determines the total area occupied by the
formed membrane, which based on a rough estimation is on
average 80–90 % of the total area of the apertures.

3.2.2 Membrane array characterization using EIS

Traditionally, monitoring of the capacitance and resistance of
a membrane formed either across a single aperture or an array
of apertures is conducted through voltage clamp measure-
ments by placing an electrode on each side of the membrane
(Roerdink Lander et al. 2011). For data analysis, a parallel
circuit of a resistor and capacitor is a suitable model describing
the membrane resistance and capacitance, respectively. Even
in a system utilizing a hydrogel support together with an ap-
erture array, a parallel circuit is a sufficiently good

Table 2 XPS analysis of oxygen/carbon molar ratio (O/C), C1s and O1s binding energy (BE) with assignment of the corresponding chemical
components, and measured water contact angle (CA) of untreated, Ar plasma and Ar/H2O plasma treated ETFE substrates

ETFE sample treatment
(plasma)

XPS CA

O/C (%mol) C1s (peak 1) C1s (peak 2) O1s

BE (eV) Chemical component BE (eV) Chemical component BE (eV) Chemical component (°)

Untreated 0.02 286.0 CH2 290.9 CF2 532.4 Oadsorbed 103

Ar 0.06 286.2 C=O 291.0 CF2 533.0 C=O 88.7

Ar/H2O 0.08 286.4 CH2-OH 291.0 CF2 534.0 CH2-OH 78.4

Fig. 5 An impedance spectrum (■) acquired on the chemically modified
WE (Fig. 2) after covalent attachment of ETFE/hydrogel support on the
microchip. The solid line represents the NLLS fit of the data (extracted
parameters in Table 1) to the equivalent circuit model shown in the insert
(Rser,hg – ETFE/hydrogel resistance in series, Rpar,hg – ETFE/hydrogel
resistance in parallel, Cpar,hg – ETFE/hydrogel capacitance in parallel).
The dashed line represents the impedance spectrum acquired on the same
WE after silanization (Fig. 2b)
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approximation of the properties of the membrane since the
impedance of the hydrogel can be considered negligible in
comparison with that of the membrane (Roerdink Lander
et al. 2011). In EIS measurements, commonly used to study
lipid bilayers on an electrode surface (Knoll et al. 2008;
Michalke et al. 2001; Naumann et al. 2003; Plant 1993;

Steinem et al. 1997), the interface impedance of the underly-
ing electrode has to be taken into consideration when analyz-
ing the measurement data. The equivalent circuit describing
the acquired impedance spectra comprises solution resistance
in series with the double layer capacitance combined with a
parallel circuit of the membrane resistance and capacitance
(Knoll et al. 2008; Michalke et al. 2001; Naumann et al.
2003; Steinem et al. 1997). When a hydrogel support is cova-
lently tethered on the underlying electrode, as is the case in the
device presented here, the total impedance comprises both the
electrode surface and the bulk hydrogel (Fig. 5).

Figure 6c shows a typical impedance spectrum for hsBLMs
formed in the 3x3 ETFE aperture array. For comparison, the
impedance spectrum acquired after in situ polymerization of
the hydrogel has been included in the figure (dashed line).
Figure 6c shows the equivalent circuit model that includes
the influence of the hydrogel combined with a parallel circuit
accounting for the membrane capacitance (Cm) and resistance
(Rm). NLLS analysis of the spectrum yields Cm and Rm for the
entire 3x3 array of hsBLMs (Table 1). The array specific
membrane capacitance (Cm,sp) can be obtained by normaliza-
tion of Cm with respect to the area occupied by hsBLMs. As
shown in Fig. 6a (right panel) and b, due to the formed solvent
annulus, the total area of hsBLMs is smaller than the area
determined by the diameter of the apertures (0.00636 cm2).
If considering an average area of hsBLMs equal to 85% of the
total area of the apertures, the calculated Cm,sp for the hsBLMs
represented by the spectrum in Fig. 6c is 0.35 μF/cm2, which
is in the same range as we previously showed for hsBLMs
formed in 8x8 ETFE aperture arrays (Roerdink Lander et al.
2011). Based on a corresponding estimation, the array specific
membrane resistance (Rm,sp) is over 54 kΩ cm2.

EIS characterization of the hsBLM arrays indicated that the
stabilized Cm,sp varied from experiment to experiment in the
range from 0.31 to 0.49 μF/cm2. Correspondingly, the Rm,sp

varied between 45 and 65 kΩ cm2. Benz et al. have reported
0.3–0.4 μF/cm2 as the characteristic range of specific mem-
brane capacitances for decane-containing free-standing BLMs
(Benz et al. 1975), which indicates that the formed hsBLMs
are primarily decane containing. The presence of the hsBLMs
also causes changes in Cpar,hg (range: 20–30 pF) and Rpar,hg

(range: 5–10 MΩ), as well as the double layer capacitance
(represented by ZCPE: Q in the range of 8–10 nS sα and α→
1) from the values characteristic of the hydrogel without
BLMs (Table 1). This leads to the conclusion that the hydro-
philic side of the lower leaflet of the lipid membrane is directly
interacting with the hydrogel support as illustrated in Fig. 6b.

Due to spontaneous thinning of the deposited lipid solu-
tion, resulting in BLM formation promoted by the hydrogel
support, the stabilized Cm,sp and Rm,sp could be obtained in
roughly 10 min (details of the spontaneous thinning of mem-
branes monitored as a function of time using voltage clamp
are shown in Fig. S2 in the Electronic supplementary

Fig. 6 a Fluorescence microscopic visualization of lipid membrane
formation: (Left panel) Distribution of the lipid solution immediately
after introduction on the ETFE substrate. A thick fluorescing lipid layer
covers the ETFE surface filling the apertures. (Right panel) Progress of
BLM formation (spontaneous thinning of the lipid layer) initiated by
spreading of the solvent towards the edges of the apertures in the ETFE
substrate (the image was acquired 4 min after introduction of the lipid
solution). bA schematic view of a hydrogel supported hsBLM formed in
an aperture. The formed solvent annulus is shown in the periphery of the
aperture. c An impedance spectrum (▲) acquired on the WE with the
covalently attached ETFE/hydrogel support (Fig. 5) after formation of
hsBLMs (15 min after introduction of the lipid solution). The solid line
represents the NLLS fit of the data (extracted parameters in Table 1) to the
equivalent circuit model shown in the insert (Cm – membrane capaci-
tance, Rm – membrane resistance of the BLM array). An impedance
spectrum (■) acquired on the same WE after disruption of the BLMs.
The solid line represents the NLLS fit of the data to the equivalent circuit
model shown in Fig. 5. The dashed line represents the impedance spec-
trum acquired on the same WE after covalent attachment of the ETFE/
hydrogel support (Fig. 5). (Electrolyte: PBS – pH 7.4)
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material). Considering this time window, experiments on
hsBLMs could be conducted under stable conditions 15 min
after deposition of the lipid solution. After stabilization of Cm,

sp and Rm,sp, the life time of hsBLMs varied between 60 and
80 min, which is similar to our previous study where the
hydrogel support was formed during ex situ polymerization
(Roerdink Lander et al. 2011). If the thinning process is not
completed, the acquired impedance spectra show discrete
steps due to changes in the lipid layer thickness that are faster
than the acquisition time of a spectrum (an example is shown
in Fig. S3 in the Electronic supplementary material). NLLS
analysis of such spectra does not yield very accurate estima-
tions of Cm and Rm although rough estimations show that
immediately after deposition of the lipid solution, the values
are below 100 pF and 30–40 MΩ, respectively, indicating the
presence of a thick lipid layer.

Occasionally, sudden discrete changes were observed in
the acquired impedance spectra of the initially stabilized
hsBLMs, which were interpreted as further thinning due to
elimination of solvent from the annuli. In such cases, the esti-
mated Cm,sp rose above 0.6 μF/cm2 (details of the further
membrane thinning monitored as a function of time using
voltage clamp are shown in Fig. S2 in the Electronic supple-
mentary material). However, removal of solvent from annuli
compromises the stability of hsBLMs and their remaining
lifetime is shortened. When under such conditions all the in-
dividual hsBLMs in an array are broken, the resulting imped-
ance spectrum shows essentially the baseline behavior of the
original hydrogel (Cpar,hg, Rpar,hg, and ZCPE return to values
prior to hsBLM formation) with only a slight increase in the
high-frequency impedance reflected by the value of Rser,hg. A
typical impedance spectrum acquired after hsBLMs were bro-
ken is shown in Fig. 6c, indicating a complete overlap with the
spectrum of the hydrogel before hsBLM formation in the fre-
quency range below 100 kHz. This behavior can be explained
by the fact that both the solvent and lipids are removed from
the apertures due to phase separation in the aqueous medium.

3.2.3 EIS characterization of valinomycin incorporation
into hsBLM array

Incorporation of the potassium ion transporter valinomycin
was used to characterize the sensitivity of the constructed
platform in monitoring changes in Cm and Rm. Figure 7 shows
a set of typical impedance spectra acquired in the presence of
20mMK+ before and after incorporation of valinomycin in an
hsBLM array. The insert shows a magnified view of the spec-
tra in the frequency range between 1 Hz and 1 kHz where the
influence of valinomycin is most clearly manifested. The
spectra were analyzed using the equivalent circuit model in
Fig. 6c. It can serve as an approximation of the effect of
valinomycin-mediated K+ transport (Naumann et al. 2003),
which does not require the presence of a diffusion impedance

characteristic of ion channels (Michalke et al. 2001; Steinem
et al. 1997). Although the total concentration of K+ (20 mM)
in the solution was only 1/10 of the one used in our previous
study (Hansen et al. 2009), demonstrating the function of
valinomycin in hsBLMs in an ETFE aperture array, the ob-
served trend in membrane resistance is the same. During the
first 5 min after introduction of valinomycin, only a gradual
decrease in Rm could be seen, whereas after 10 min the max-
imal decrease was obtained. Correspondingly, Cm increased
with time although the changes were not drastic, which is in
accordance with results reported elsewhere for solid supported
lipid membranes with incorporated valinomycin (Naumann
et al. 2003). Table 3 shows the calculated values of Cm,sp

and Rm,sp based on the same assumption of the effective
hsBLM area as described in section 3.2.2. The presented val-
idation of the functionality of the device using valinomycin, as
well as incorporation of α-hemolysin in our previous study

Fig. 7 An impedance spectrum (■) acquired on the WE with the
covalently attached ETFE/hydrogel support (Fig. 5) after formation of
BLMs (15min after introduction of the lipid solution); impedance spectra
acquired immediately (t=0) (○), 5 min (▲), and 10 min (▽) after intro-
duction of valinomycin. The solid lines represent NLLS fit of the data
(calculated values of Rm,sp and Cm,sp in Table 3) to the equivalent circuit
model shown in Fig. 6c. The insert shows a magnified view of the spectra
in the frequency range from 1 Hz to 1 kHz. (Electrolyte: PBS – pH 7.4,
[K+]=20 mM; [Valinomycin]=35 μM)

Table 3 Calculated array specific membrane capacitance (Cm,sp) and
resistance (Rm,sp) before and after introduction of valinomycin

Experimental conditiona Cm,sp
c,d Rm,sp

c,d

[μF/cm2] [kΩ cm2]

No valinomycin 0.35 58

Valinomycinb (t=0) 0.37 48

Valinomycinb

(t=5 min)
0.40 44

Valinomycinb

(t=10 min)
0.42 32

a Electrolyte: PBS (pH 7.4), [K+ ]=20 mM
b [Valinomycin]=35 μM
cCalculated based on spectra in Fig. 7
dData fitted to the equivalent circuit model in Fig. 6c
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(Roerdink Lander et al. 2011), outline the potential of the
device for lipid membrane studies. Upon further validation
using functional proteins and other mobile ion transporters
the scope of applications can be extended.

4 Conclusion

We fabricated a reusable device for electrochemical impedance
spectroscopic (EIS)monitoring of hydrogel supported black lipid
membranes (hsBLMs) formed in an ethylene tetrafluoroethylene
(ETFE) aperture array. The novel feature of the device is the in
situ polymerized hydrogel, primarily composed of poly(2-
hydroxyethyl methacrylate) (pHEMA), covalently sandwiched
between a silicon-based gold electrode microchip with three
working electrodes and an ETFE aperture array both functional-
ized using 3-(trimethoxysilyl propyl) methacrylate. To allow
silanization, the surfaces of the material constituents of the elec-
trode microchips, gold and silicon nitride, were hydroxylated by
β-mercaptoethanol SAM and hydrogen peroxide oxidation, re-
spectively. Correspondingly, hydroxylation of ETFE surfaces
was achieved using an optimized Ar/H2O plasma treatment.
The modification steps of the electrode microchips and polymer-
ized hydrogel were characterized using EIS, and the plasma
modification of ETFE was characterized using the combination
of XPS and contact angle measurements. Conducted fluores-
cencemicroscopic and EISmonitoring of hsBLMs demonstrated
the versatility of the device in facilitating spontaneous thinning of
membranes without need for manual painting, reaching stabili-
zation of membrane capacitance and resistance in about 10 min.
The functionality of the device and sensitivity of the integrated
electrodes in EIS detection were demonstrated by incorporation
of valinomycin in hsBLMs. Further work is being conducted to
demonstrate the potential of the device for studies involving
functional proteins and other mobile ion transporters. This work
also comprises further improvement of membrane life time by
optimization of aperture size/number per electrode, precision of
aperture patterning to enhance the stability of the formed annuli,
and smoothening of the hydrogel support using layer-by-layer
deposited polyelectrolytes. Although the electrochemical cell of
the assembled platform is reusable and facilitates continued ex-
perimentation on three electrodes, parallelization of the platform
can be increased by redesigning electrode microchips.
Furthermore, the construct of sandwiched hydrogel can be incor-
porated in amicrofluidic environment for automated experiments
on hsBLMs.
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