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Smart polymer brush nanostructures guide the self-
assembly of pore-spanning lipid bilayers with
integrated membrane proteins

G. Wilhelmina de Groot,†a Sophie Demarche,†bc M. Gabriella Santonicola,*ad

Louis Tiefenauerb and G. Julius Vancso*a

Nanopores in arrays on silicon chips are functionalized with pH-responsive poly(methacrylic acid) (PMAA)

brushes and used as supports for pore-spanning lipid bilayers with integrated membrane proteins.

Robust platforms are created by the covalent grafting of polymer brushes using surface-initiated atom

transfer radical polymerization (ATRP), resulting in sensor chips that can be successfully reused over

several assays. His-tagged proteins are selectively and reversibly bound to the nitrilotriacetic acid (NTA)

functionalization of the PMAA brush, and consequently lipid bilayer membranes are formed. The

enhanced membrane resistance as determined by electrochemical impedance spectroscopy and free

diffusion of dyed lipids observed as fluorescence recovery after photobleaching confirmed the presence

of lipid bilayers. Immobilization of the His-tagged membrane proteins on the NTA-modified PMAA brush

near the pore edges is characterized by fluorescence microscopy. This system allows us to adjust the

protein density in free-standing bilayers, which are stabilized by the polymer brush underneath. The

potential application of the integrated platform for ion channel protein assays is demonstrated.
Introduction

Membrane proteins inserted into or attached to lipid bilayer
membranes are the gatekeepers of cells and therefore the
largest class of drug targets. More than 60% of the pharma-
ceutical compounds currently on the market target membrane
proteins.1,2 Among these targets, ion channels that mediate
passive ion translocation across cell membranes are especially
relevant, as they are involved in many essential biological
processes, including signal transmission for controlling muscle
or cardiac cell contraction.3 Biosensor surfaces having pore-
spanning lipid bilayers with integrated membrane proteins are
expected to signicantly improve the high-throughput
screening of drug candidates.4–6 Due to their ion transport
function, the class of transmembrane ion channels would
particularly benet from integration into porous platforms, as
access to both sides of the proteins can simplify their screening,
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as well as the scientic investigation of the diverse structure–
function relationships of these proteins.7

There are many challenges in the development of biosensors
for membrane protein screening. The surface property is one
important factor and appropriate chemical modication of
supports enhances fusion of liposomes resulting in supported
bilayers.7 Articial lipid membranes obtained by liposome
fusion are preferred over lipid membranes from painting lipids
dissolved in organic solvents, as residual aliphatic molecules
might interact with the membrane proteins and impair their
function. Moreover, membrane protein systems reconstituted
over solid nonporous surfaces have several disadvantages. First,
a solid support might impede the protein functionality by a
direct contact, and secondly the accumulation of ions in the
space between the bilayer and the support leads to fast satura-
tion and causes low sensitivity for analytical electrochemical
applications.3 Silicon-based membranes with predetermined
pore arrays have been used to achieve stable and functional
painted lipid bilayers.8 In that work, the long-term stability of
lipid bilayers was investigated for several lipids, and the bilayer
functionality conrmed by electrochemical measurement aer
insertion of the potassium transporter valinomycin.

Schmitt and colleagues reported the chemical modication
of a nanoporous platform to promote liposome fusion into a
free-standing, solvent-free lipid bilayer with a membrane
resistance too low to record the single channel activity but high
enough for the collective activity of ion channel ensembles.9 A
cholesterol derivative was chemisorbed via a thiol end group to
This journal is © The Royal Society of Chemistry 2014
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the porous alumina substrates and large unilamellar vesicles
(LUVs) were fused on the surface. Recently, Korman et al.
described nanopore-spanning lipid bilayers over a Si3N4 pore
array of 40 000 pores.10 Prior to the lipid bilayer formation from
rupture of small unilamellar vesicles (SUVs) of 200 nm diam-
eter, the silicon nitride membrane with pores of 130 nm was
functionalized by an organosilane layer to achieve a hydro-
phobic surface. The membrane uidity of the established lipid
bilayer was assessed by uorescence recovery aer photo-
bleaching (FRAP) and found to be comparable to similar bila-
yers deposited on silanized glass. A high electrical resistance
(>1 GU) was measured by electrochemical impedance spec-
troscopy (EIS). However, it is questionable if such hydrophobic
nanoporous surfaces are useful as supports for lipid bilayers
with embedded transmembrane proteins, since the hydro-
phobic transmembrane domain of the proteins preferentially
interacts with the hydrophobic surface.

Polymers, either physically adsorbed or covalently attached to
the surfaces, are generally used as cushions for supporting lipid
membranes on solid supports.11,12 In the work by Sugihara and
colleagues a lipid bilayer is formed over a pore of 800 nm
diameter lled with a polyelectrolyte multilayer (PEM).13 The
lling prevents diffusion of the small unilamellar vesicles (50 nm
diameter) through the pore, and the lipid bilayer is preferentially
formed at the top side of the chip. Fusion to PEMs is promoted if
oppositely charged lipids are used for the liposomes. Such
polymer-supported bilayers exhibit an increased lifetime and a
high membrane resistance. Moreover, the PEM is permeable for
monovalent ions. The use of charged polymers to induce the
rupture of lipid vesicles made of zwitterionic lipids (net charge
zero) on functionalized surfaces has recently been investigated
by our group. A zwitterionic polymer layer of sulfobetaine
methacrylate (SBMA) was covalently graed from initiator
molecules bound to the surface using atom transfer radical
polymerization, and a supported lipid bilayer was formed from
fusion of DOPC liposomes.14 The DOPC membranes on poly-
(SBMA) layers showed high uidity and stability as determined
by uorescence microscopy and AFM investigations.

A major bottleneck in the development of membrane protein
assays is to integrate proteins into a free-standing bilayer over
pores, so that both sides of the bilayer are accessible to the
aqueous compartments and proteins are not impeded by inter-
action with the supporting surface. Specic coupling chemistries
offer an efficient way to control the location of proteins on
surfaces, most notably via the selective and reversible immobi-
lization of His-tagged proteins to NTA-modied interfaces. This
approach is used to create protein patterns on the micrometer
and nanometer scale,15 and to immobilize membrane proteins
within a supported lipid bilayer allowing structural investiga-
tions,16–18 or functional studies of the proteins.19–21 Polymers are
oen chosen as interfaces for modication with NTA groups and
subsequent protein immobilization.22,23 To our knowledge,
however, a pore-spanning lipid membrane with integrated
membrane proteins over the pores is yet to be demonstrated.

In this study we present a novel system featuring a controlled
immobilization of membrane proteins in free-standing lipid
bilayers suspended on nanopores. We rst functionalize the
This journal is © The Royal Society of Chemistry 2014
inner walls of the nanopore array of a silicon nitride membrane
with pH-responsive poly(methacrylic acid) (PMAA) brushes and
further modify these with nitrilotriacetate groups. The nano-
pore functionalization with pH-sensitive polymer brushes
allows the opening and closing of pores on command. Chemical
modication was achieved by surface-initiated atom transfer
radical polymerization (SI-ATRP), a versatile controlled poly-
merization technique that allows for the synthesis of robust
polymer architectures on surfaces.24–26 Recently, we have
demonstrated the functionalization of nanopore arrays with
PMAA brushes using SI-ATRP, and we used the pH-driven
reversible switching of the polymer brush as a way to control ion
permeability across the nanopores.27 This work and other
previous studies from our group28 showed that under physio-
logical conditions negatively charged PMAA brushes swell and
ll the pores. Another advantage of the functionalization with
PMAA brushes is the availability of the carboxylic acid groups
that can be coupled to the amine group of the NTA moiety aer
activation by N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide
hydrochloride/N-hydroxysuccinimide (EDC/NHS).29 We use this
modication to position liposomes with integrated His-tagged
membrane proteins, specically bacterial ion channels NaCh-
Bac (from Bacillus halodurans) and KvAP (from Aeropyrum per-
nix), above the pores. This study presents the next logical step
towards controlled transport through membrane protein
assays, which would nally enable a selective pharmaceutical
screening using membrane proteins.

Results and discussion
Functionalization of nanopore chips with NTA–PMAA brushes

The nanopore array chips have a silicon nitride surface that was
rst functionalized with PMAA brushes using surface-initiated
ATRP of sodium methacrylate, and subsequently the carboxylic
acid groups of the polymer were activated and coupled to ami-
nobutyl NTA via EDC/NHS chemistry (Scheme 1). The PMAA
brush functionalization was performed on the trans side of the
nanopore chips (Fig. 1a).

During vapor phase deposition of the ATRP initiator, the cis
side of the chips was placed on a protecting PDMS layer. In the
subsequent processes, the polymer brush is synthesized only on
the trans side of the chip surface, as well as on the walls of the
nanopores. This procedure was used to functionalize only the
area around the nanopores on one side of the chips.

Nanopore chips with a pore size of 200 nm were chosen to
match the extent of the swollen PMAA brush in the physiolog-
ical buffers used for the proteolipid membranes, therefore
providing a polymer support for the membrane assembly on the
porous platform. This estimate was based on previous work
from our group on the pH-induced pore switching between
closed and open states aer PMAA brushes were graed from
the nanopore walls under similar conditions.27 At the same
time, nonporous silicon substrates were functionalized in
parallel to the nanopore array chips to check the graing of the
polymer brushes by various surface-sensitive techniques. Typi-
cally, surface-initiated ATRP was conducted for one hour,
resulting in PMAA brushes of a thickness of 177 � 5 nm, as
Nanoscale, 2014, 6, 2228–2237 | 2229
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Scheme 1 Reaction scheme of the functionalization of silicon nanopore chips with NTA-modified PMAA brushes: (1) immobilization of the ATRP
initiator (3-(2-bromoisobutyryl)propyl)dimethylchlorosilane on the pre-activated silicon surface by vapor phase deposition; (2) synthesis of PMAA
brushes by surface-initiated ATRP of sodium methacrylate; (3) conversion of the carboxylic acid groups of PMAA into an active ester by N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS); (4) reaction of the ester with aminobutyl NTA.

Fig. 1 (a) Cross-sectional scheme of the nanopore array chips used in
this study. The nanopores are generated in a 300 nm thick silicon
nitride membrane with an area of 0.5 � 0.5 mm2. (b) SEM images of an
array chip at the cis side (pore diameter 200 nm) before and after
surface-initiated grafting of the PMAA brush.

Fig. 2 Transmission FTIR absorbance spectra of a PMAA-brush func-
tionalized nonporous silicon surface in the carbonyl region, before and
after coupling with aminobutyl NTA via EDC/NHS activation.
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View Article Online
measured by ellipsometry in air. SEM images were taken at the
cis side of the nanopore chips before and aer polymerization
from the trans side (Fig. 1b). No conductive coating was
deposited on the chips to avoid modication of the graed
polymer layer. The SEM images of the nanopores aer surface-
initiated ATRP conrm that the PMAA brush (the white non-
conductive part in Fig. 1b) is graed from the nanopore walls all
the way through to the cis side of chips.

His-tagged proteins were added to the covalently attached
NTAmoiety present within the pores in the presence of Ni2+ ions.
Derivatization of the carboxylic acid groups of PMAA by ami-
nobutyl NTA was conrmed by Fourier transform infrared (FTIR)
spectroscopy. Fig. 2 shows the FTIR spectra of PMAA brushes
before and aer NTA coupling in the carbonyl absorption region.
Both spectra were obtained aer immersing the sample for
15 minutes in a phosphate solution of pH 8 to ensure that most
of the carboxylic acid groups were deprotonated (absorbance
2230 | Nanoscale, 2014, 6, 2228–2237
band at 1558 cm�1). Under this condition the absorbance signal
from the characteristic peptide C]O stretch at 1685 cm�1 (the
amide I band) is prominent avoiding contribution from the
unreacted protonated carboxylic acid groups (absorbance band
at approximately 1705 cm�1). The spectra conrm the presence
of the amide group and thus a successful coupling of NTA to the
PMAA brush. Measurements of water contact angles in
advancing mode on the nonporous silicon surface functional-
ized with a PMAA brush before and aer NTA coupling gave
values of 5.4 � 2� and 6.5 � 3�. This indicates that the hydro-
philicity of the brush-coated surfaces has not changed by the
NTA aminobutyl coupling.

The immobilization of a His-tagged protein to the NTA-
modied PMAA brush was investigated by uorescence
confocal microscopy (Fig. 3). A nonporous at substrate was
functionalized with the PMAA brush and subsequently modi-
ed with the NTA moiety, only on one half of the surface. Next,
This journal is © The Royal Society of Chemistry 2014
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View Article Online
the chip was rst incubated with a solution containing Ni2+ ions
and then with His-tagged green uorescent protein (His-GFP) as
a model protein.

Fig. 3a clearly shows the uorescence of His-GFP immobi-
lized exclusively on the area where NTA moieties are present. In
addition, the immobilization of the purple His-mCherry-
NaChBac to the NTA-modied PMAA brush is shown (Fig. 3b).
By rinsing the sample with a solution of EDTA, the protein is
released from the surface and the uorescence intensity
decreased by 92% (Fig. 3c and d). These results conrm the
specic and reversible immobilization of the His-proteins to the
NTA moiety, which allows for the efficient regeneration of the
NTA-modied polymer surface.
Fluorescence confocal microscopy of nanopore-spanning lipid
membranes

Nanopore array chips with 16 384 pores, each of 200 nm diam-
eter, were functionalized with NTA-modied PMAA brushes as
described (see the Experimental section). The cis side of the
polymer functionalized chips was incubated overnight in a
suspension of POEPC/NBD-PC (97%/3%) liposomes of 50 nm
diameter. Aer incubation, the chips were rinsed with buffer
solution and imaged by uorescence confocal microscopy.

Fig. 4 presents uorescence confocal measurements aer
incubation of the liposomes with NTA–PMAA-functionalized
nanopore arrays and a control with a polymer-free chip for
comparison. The uorescence images conrm the presence of
the lipids on the cis side of the nanopore chip. In the control
Fig. 3 Top: fluorescence confocal images of the PMAA brush grafted
from a nonporous silicon surface partially functionalized with NTA
after incubation with (a) His-GFP (green) and (b) His-mCherry-
NaChBac (purple). Bottom: silicon surface functionalized with a NTA–
PMAA brush after incubation with His-GFP (c), and after subsequent
incubation in EDTA solution (0.5 M) for 10 min (d). The black pattern in
(c) and (d) is a scratch used as a reference area.

This journal is © The Royal Society of Chemistry 2014
(Fig. 4b), only very low uorescence is detectable indicating that
the liposomes are almost completely detached by the washing
step. In Fig. 4a, the slightly uneven distribution of the uores-
cent intensity across the chip surface may be an indication that
the lipid membrane is not completely at over the polymer-
functionalized nanopores. The surface-initiated polymerization
that we used for the synthesis of the PMAA brush is well
controlled, generating polymer structures that are homogenous
in length to the order of �5 nm, as conrmed by ellipsometry
measurements. However, given the small thickness of the lipid
bilayer (3–4 nm),30 even such a low polydispersity in polymer
brush growthmay not be sufficient for a at pore-spanning lipid
membrane.

During uorescence experiments, lipid membrane forma-
tion over the PMAA brush was investigated using positively
charged POEPC liposomes of different sizes ranging from 50
nm to 400 nm. The best results in terms of uorescence
intensity detected from the pore-spanning membrane were
obtained when POEPC liposomes of 50 nm diameter fused to
the negatively charged PMAA brush at physiological pH. It
should be noted that the lipid membrane only forms on the cis
side of the 200 nm-wide nanopores, even when liposomes of
50 nm diameter are used. In fact, at physiological pH the
nanopores are completely lled with the swollen PMAA brush
and are not permeable to the liposomes. Previously, we had
reported an investigation of the protonation of pH-responsive
PMAA brushes graed from silicon surfaces, both neat and
porous, as a function of pH.17 The pKa value of the carboxylic
acid groups of the PMAA brush was 6.5, meaning that the
polymer brush is negatively charged, and thus swollen when
immersed in buffers under physiological conditions (pH 7.4).
The effect of pH variations on the conguration of PMAA
brushes graed from nanopores was also analyzed in AFM
experiments. The investigations demonstrated that the 200 nm-
wide pores were closed at pH higher than 6.5 and open at lower
pH values.27

In order to conrm that liposomes have really fused and are
not just attached to the surface we investigated the pore-
Fig. 4 Fluorescence confocal images of a positively charged POEPC/
NBD-PC (97%/3%) membrane on a nanopore array chip with a pore
diameter of 200 nm (a) functionalized with the NTA-modified PMAA
brush and (b) without the polymer brush. The brighter fluorescent
areas of (a) are the pore-spanning part of the lipid membrane.
Nanopore chips are imaged from the cis side, on which lipid
membrane formation occurs after liposome incubation at room
temperature overnight.

Nanoscale, 2014, 6, 2228–2237 | 2231
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spanning membranes using uorescence recovery aer photo-
bleaching (FRAP). A circular area with a diameter of�10 mmwas
bleached by laser and the recovery of dyed lipids, which is
related to the lipid mobility within the membrane, was followed
over time. Fig. 5 shows an example of a FRAP measurement of a
bilayer lipid membrane spanned over a NTA–PMAA-function-
alized nanopore array chip. From the FRAP recovery curves, the
diffusion coefficient (D) of the labeled NBD-PC lipid was
determined following the procedure by Axelrod et al.31 Three
replicate samples were taken, and for each sample an average D
value was calculated from a minimum of four bleached spots in
different regions of the nanopore array. The D values were
found to be 0.38� 0.14 mm2 s�1, 0.32� 0.14 mm2 s�1, and 0.12�
0.04 mm2 s�1, respectively, for the three samples. The recovery of
lipids within the bleached area was relatively fast and
completed in less than four minutes, thus conrming the
presence of a continuous lipid bilayer membrane formed on the
NTA–PMAA brush modied nanopores. For comparison, these
D values are higher than the ones obtained for lipid bilayer
membranes over nanopore chips lled with polyelectrolyte
multilayers (D ¼ 0.08 � 0.04 mm2 s�1),13 and they are closer to
the values reported for free lipid membranes as those of lipo-
somes in solution (D ¼ �1 mm2 s�1).32 As can be expected, the
values of the lipid diffusion coefficients in polymer-supported
bilayers will be lower than those in liposomes since the nega-
tively charged PMAA brush interacts electrostatically with the
positively charged lipids.

The rate of lipid diffusion within the membrane is an
important measure to assess its quality and potential useful-
ness for biosensor applications, as the membrane uidity may
be a crucial factor to retain the activity of the reconstituted
Fig. 5 Fluorescence recovery after photobleaching (FRAP) experi-
ment of a positively charged POEPC/NBD-PC (97%/3%) bilayer
membrane spanned over an array of nanopores functionalized with
NTA-modified PMAA brushes.

2232 | Nanoscale, 2014, 6, 2228–2237
proteins. However, lipid diffusion coefficients determined on
nanopore arrays should be judged with caution, as they include
contributions from the free-standing part of the membrane as
well as from the part that is in contact with the solid edges of the
nanopores.33
Electrochemical impedance spectroscopy of single-nanopore
spanned lipid membranes

In addition to FRAP measurements, electrochemical imped-
ance spectroscopy was used to conrm lipid bilayer formation.
Measurements of single-nanopore spanned lipid membranes
by EIS gave information on the membrane sealing properties
and electrical resistance. Silicon chips with a single pore of
200 nm diameter were functionalized with NTA–PMAA
brushes, charged with Ni2+ ions, and then incubated with the
POEPC liposomes at room temperature overnight. EIS spectra
were acquired aer extensive rinsing. Before incubation in the
liposome suspension, the bare nanopore chips and the NTA–
PMAA brush functionalized chips were measured. In most
cases, the total resistance increased. Since both the pH and
ionic strength of the system remained constant, it can be
assumed that the resistance change is due to the lipid bilayer
membrane formation on the nanopore. EIS measurements
were repeated up to four hours aer the end of the liposome
incubation, and no further signicant change was observed.
Fig. 6 shows a representative set of EIS spectra before and aer
the formation of the nanopore-spanning lipid membrane. The
bare single-pore chip has a slightly lower impedance than the
chip functionalized with the NTA-modied PMAA brush. This
is likely related to the presence of negative charges on the
PMAA brush at the physiological pH values of the buffer. At the
lowest frequency, the impedance is dominated by the lipid
membrane resistance. Several PMAA-brush functionalized
chips were incubated overnight in the POEPC liposome
Fig. 6 Electrochemical impedance spectra before and after formation
of a POEPC lipid membrane on a chip with a single pore of 200 nm
diameter. The solution of POEPC liposomes was incubated over the
nanopore chip at room temperature overnight.

This journal is © The Royal Society of Chemistry 2014
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solutions. The rate of the bilayer lipid membrane formation
with a resistance higher than 50 MU was 76%.

To investigate the role of the liposome charge on the lipid
membrane formation over the PMAA-functionalized nanopores,
EIS measurements were also performed using mixed liposomes
containing different ratios of POEPC (positively charged) and
POPC (zwitterionic) lipids. Analysis of the impedance spectra
indicated that formation of the pore-spanning lipid membrane,
at physiological pH values, occurred only when liposomes with
at least 80% of POEPC were used. This critical POEPC content
that is necessary for the mixed liposomes to fuse on the PMAA-
functionalized nanopores is strictly dependent on the pH of the
buffer solution, since that determines the net charge on the pH-
responsive polymer. Pore-spanning POPC/POEPC membranes
with different compositions can then be made to fuse on the
porous chips by varying the solution pH.
Fig. 7 (a) Fluorescent confocal image of the lipid component of a
proteolipid membranewith POEPC/TopFluor-PC (97%/3% bymol) and
His-mCherry-NaChBac suspended over nanopores functionalized
with the NTA–PMAA brush. (b) Fluorescence from the His-mCherry-
NaChBac protein integrated into the nanopore-spanning membrane.
Nanopore-spanning lipid bilayers with integrated His-tagged
membrane proteins

The integration of membrane proteins into preformed lipid
bilayers and with both sides of the protein accessible to
aqueous compartments is still difficult to achieve, and is thus
a limiting factor in the development of biosensors of
membrane proteins. In our concept a proteolipid membrane is
formed on top of an NTA-functionalized nanoporous support,
which allows for the immobilization of His-tagged membrane
proteins near the pore edges. In this study we used His-tagged
bacterial ion channels, His-NaChBac and His-KvAP, whose
functional purication was previously demonstrated by our
group.34,35 Bacterial ion channels represent good models in the
screening and functional studies of this class of proteins, due
to their abundance and simpler purication procedure than
the human homologues. In particular, NaChBac and KvAP are
voltage-gated ion channels that open to sodium and potas-
sium ions, respectively, upon depolarization of the lipid
bilayer. Two different protocols for the formation of the pro-
teolipid membrane were investigated.

(1) His-NaChBac protein was immobilized on the NTA-
modied PMAA brush of the nanopore array chip and the lipid
membrane was formed aer liposome incubation. For uores-
cence confocal microscopy, His-mCherry-NaChBac was deliv-
ered to the nanopore chips in the buffer used for protein
purication. This buffer contains a detergent (DDM, 0.03%w/v),
commonly used to solubilize membrane proteins in aqueous
solutions to maintain the 3D structure and functionality.36–38

Aer one hour of incubation, the solution on the cis side of the
nanopores was replaced by a solution of POEPC liposomes
containing uorescent TopFluor-PC (3% mol) and le over-
night. Following extensive rinsing, the nanopore chips were
inspected by uorescence confocal microscopy to detect the
uorescent signals from both components, the protein and the
lipid of the proteolipid membrane. Excitation at 488 nm and
emission at 503–523 nm showed the TopFluor-labeled lipids,
whereas excitation at 543 nm and emission at 550–650 nm
allowed the detection of themCherry-labeled protein. Images by
uorescence microscopy in Fig. 7 clearly show that both the
This journal is © The Royal Society of Chemistry 2014
His-tagged membrane proteins and the lipid membrane are
integrated into the nanopore array chip. Further, FRAP
measurements allow us to compare the uidity of the lipid
membrane containing the His-NaChBac protein to that of
the protein-free POEPC membrane. The lipid diffusion coeffi-
cient D for the proteolipid membrane decreased from 0.27 �
0.14 mm2 s�1 to 0.22 � 0.07 mm2 s�1 when the protein was
incubated at a concentration of 25 mg mL�1, and to 0.06 � 0.03
mm2 s�1 when the protein was incubated at 250 mg mL�1. As
expected, the presence of proteins in the lipid membrane lowers
its uidity. This can be ascribed to the hydrophobic and elec-
trostatic interactions between the embedded membrane
proteins and the surrounding lipids, which decreases the lipid
mobility. This effect is more pronounced, as more protein is
included in the pore-spanning lipid membrane. However,
the obtained D values are still consistent with the presence of a
lipid bilayer.39

Pore-spanning lipid membranes were formed on single-pore
chips with immobilized His-NaChBac proteins and analyzed by
electrochemical impedance spectroscopy. EIS spectra revealed
an increase in electrical resistance of the chips aer membrane
formation up to 97 MU, conrming the formation of the lipid
membrane adjacent to the immobilized membrane proteins.

(2) To further simplify the process and to reduce the risk of
membrane protein denaturation during immobilization onto
the nanopore chip, we formed the suspended proteolipid
membrane by direct rupture of preformed proteoliposomes of
POEPC containing the His-tagged membrane protein KvAP
(1/200 w/w) in the lipid bilayer. The successful integration of the
protein into the proteoliposomes was previously assessed by
recording the ion channel activity in the black lipid membrane.
Aer incubation of the proteoliposomes over the nanopore
chips modied with the Ni-NTA–PMAA brush, the EIS spectra
showed a lipid bilayer resistance over 90 MU in at least 50% of
the experiments, thus conrming a proteolipid membrane
formation over the polymer-functionalized pore arrays directly
from fusion of proteoliposomes. A third attempt was not
successful: His-tagged membrane proteins embedded in mixed
micelles of lipids and detergent and the subsequent removal of
the detergent molecules by Bio-beads™ led to membranes with
resistance below 30 MU.
Nanoscale, 2014, 6, 2228–2237 | 2233
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The function of ion channels reconstituted in articial lipid
bilayers can be measured by electrochemical methods when a
high membrane sealing is achieved on the support, so that the
background noise, that is the current due to ions moving
through the membrane defects, is sufficiently low as compared
to the current passing through the ion channel. Previously, the
activities of NaChBac and KvAP were measured in articial lipid
bilayers prepared on bare porous surfaces by the painting
method.34,35 Such articial membranes were characterized by
very high resistance values (�1 GU). These values cannot be
matched in our current work due to the presence of the swollen
polymer layer in contact with the proteolipid membrane.
However, to verify if the lipids used in our study could adversely
affect the functionality of the proteins, we formed black lipid
membranes fusing proteoliposomes containing POEPC and
His-KvAP as described above to a POEPC/POPC membrane. By
forming this black lipid system, the KvAP activity could be
measured and conrmed.

One of the signicant advantages of our concept is that the
sensor surface can be regenerated. Nanopore chips modied
with the NTA–PMAA brush aer bilayer formation were regen-
erated by cleaning with ethanol; chips with membrane proteins
were cleaned with EDTA solution (0.5 M) and protein cleaning
solution containing pepsin. EIS measurements of reused
nanopore chips showed that a pore-spanning lipid membrane
with an electrical resistance of 100 MU was obtained even aer
seven regenerations of the same chip also when incubated with
proteins.

Conclusions

Silicon nanopore chips were functionalized with NTA-modied
PMAA brushes to generate a useful platform for free-standing
lipid membranes with integrated membrane proteins. On the
nanopore array, the immobilization of the His-tagged
membrane proteins was controlled using the NTA moiety
present on the polymer brush. In a physiological buffer, the
pH-responsive PMAA brush (pKa ¼ 6.5) was swollen and lled
the pores, thus favoring the formation of free-standing POEPC
membranes. The lipid membrane was uid and with an elec-
trical resistance up to 142 MU, as demonstrated in FRAP and
EIS experiments.

An optimal procedure for the formation of the proteolipid
membrane was found by immobilization of the His-tagged
protein on the NTA-modied polymer brush followed by direct
rupture of the POEPC liposomes. For pore-spanning lipid
membranes containing His-NaChBac, it was also demonstrated
in FRAP experiments that the protein density could be varied in
a wide range (25–250 mg mL�1) without impairing the formation
of the lipid bilayer. This approach offers several advantages over
previously reported pore-spanning lipid membranes: (1) it
enhances the probability of suspending organic solvent-free
POEPC lipid bilayers from liposome fusion on the nanoporous
surface and (2) enables the controlled location of membrane
proteins integrated into lipid membranes; (3) the covalent
graing of the PMAA brush via surface-initiated polymerization
resulted in a universal platform for His-tagged membrane
2234 | Nanoscale, 2014, 6, 2228–2237
protein assays and (4) allowed the repeated use of the nanopore
chips; (5) this design could be particularly useful for measuring
the activity of ion channels, under conditions where the PMAA
brush is in its neutral (collapsed) state and the nanopores are
permeable to ions.

The electrical resistance achieved using the integrated
sensor platform of this investigation was in the best case one
order of magnitude lower than the one of painted bilayers,
which poses experimental limitations for the electrochemical
activity measurements of the reconstituted ion channels.
Nevertheless, our current platform will allow for optical activity
measurements of membrane proteins, for which the resistance
is not a critical parameter. In the future, several factors,
including pore shape and diameter, and the use of lipid
mixtures, will be investigated to increase the electrical resis-
tance of the membrane protein assay and enable electro-
chemical activity measurements.
Experimental
Materials

Allyl 2-bromo-2-methylpropionate (98%), chlorodimethyl-hydro-
silane, chloroplatinic acid hexahydrate ($37.50% Pt basis), CuBr
(99.999%), 2,20-bipyridine ($99.0%), N-(3-dimethylaminopropyl)-
N0-ethylcarbodiimide hydrochloride (EDC, $98.0%), N-hydrox-
ysuccinimide (NHS, 98%) and Na,Na-bis(carboxymethyl)-L-lysine
hydrate (aminobutyl NTA,$97.0%) were purchased from Sigma-
Aldrich and used without further purication. Sodium methac-
rylate (99%) was purchased from Sigma-Aldrich and washed with
toluene and dried under vacuum before use. 4-(2-Hydroxyethyl)-
piperazine-1-ethane-sulfonic acid (HEPES), potassium chloride
(KCl), sodium chloride (NaCl), sodium phosphate monobasic
(NaH2PO4) and nickel chloride (NiCl2), and protein cleaning
solution for electrodes (HI 7073L, HANNA Instruments Inc., USA)
were also purchased from Sigma-Aldrich. N-Dodecyl-b-D-malto-
pyranoside (DDM) was purchased from Affymetrix (Santa Clara,
USA). His-tagged green uorescent protein (His-GFP)
was purchased from BioVision (San Francisco, USA). 1-Palmitoyl-
2-oleoyl-sn-glycero-3-ethylphosphocholine (POEPC), 1-palmitoyl-
2-(12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl)-sn-
glycero-3-phosphocholine (NBD-PC) and 1-palmitoyl-2-
(dipyrrometheneboron diuoride) undecanoyl-sn-glycero-3-
phosphocholine (TopFluor-PC) were purchased from Avanti
Polar Lipids (Alabaster, USA). Working buffers with 10 mM
HEPES and 150 mM KCl at pH 7.4 were prepared in Milli-Q
water (Millipore Corporation, Darmstadt, Germany) and ltered
through a 0.2 mm lter. All solvents were of high purity, and
deionized water from a Milli-Q purication system (Millipore
Advantage A10) was used throughout. Phosphate solutions
(50 mM phosphate) with a pH value of 8 were prepared by
titrating a stock solution (pH 7.4) using KOH solution.
Nanopore functionalization with NTA–PMAA brushes

Chips with an array of pores or with a single pore accessible on
both sides in a 0.5 � 0.5 mm2 window with a 300 nm-thick
silicon nitride membrane were fabricated by Leister Process
This journal is © The Royal Society of Chemistry 2014
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Technologies (Axetris).40 Chips with 16 384 pores (pitch 0.4 mm)
of 200 nm diameter and 1 pore of 200 nm diameter were used.
Nanopore array chips were functionalized by combining ATRP
and the “graing from” approach following a previously pub-
lished procedure.28 Briey, chips were cleaned and activated in
piranha solution (H2SO4/H2O2 70 : 30 v/v) for 30 min (warning:
piranha solution reacts strongly with organic compounds and
should be handled with extreme caution), rinsed with water and
ethanol, and dried in a stream of nitrogen. Next, a monolayer
of the ATRP initiator (3-(2-bromoisobutyryl)propyl)dimethyl-
chlorosilane was deposited on the pore walls by vapor phase
deposition via the trans side of the chips, while protecting the
cis side by placing it on a polydimethylsiloxane (PDMS) layer.
The SI-ATRP of sodium methacrylate was performed at room
temperature for 1 h under an argon atmosphere. Polymeriza-
tion was performed in a water–methanol mixture 50 : 50 v/v to
improve the wetting of the pore walls and to allow for the
polymer brush growth inside the nanopores. Sodium methac-
rylate (50 mmol) was dissolved in the ATRP medium (10 mL)
and the solution degassed before addition to a Schlenk ask
with CuBr (1 mmol) and 2,20-bipyridine (2.2 mmol) under an
inert atmosphere. Aer stirring for 15 min, the ATRP mixture
was transferred to the argon-lled vials with the initiator-coated
nanopore chips. Aer polymerization, the chips were washed
with water and with EDTA solution (0.1 M, pH 7), and then
immersed in water overnight to remove any physisorbed poly-
mer. Finally, chips were rinsed with ethanol and dried under
nitrogen gas.

The activation of the carboxylic acid groups of the PMAA
brushes was performed via EDC/NHS chemistry.41,42 PMAA-
brush functionalized nanopore chips were immersed for 30
minutes in a 0.1 M EDC/NHS solution (1 : 1 ratio) in Milli-Q
water, rinsed subsequently with Milli-Q water and ethanol, and
dried in nitrogen ow. Next, the chips with activated PMAA
brushes were immersed for 1 h in a solution of aminobutyl NTA
(0.1 M), adjusted to pH 10 with NaOH solution, rinsed with
Milli-Q water and dried in nitrogen ow.
Characterization of PMAA brushes

Water contact angle measurements were performed with the
sessile drop method, in the static or advancing mode, using the
OCA15 instrument (Dataphysics, Germany) equipped with an
electronic syringe unit. Milli-Q water was used as the probe
liquid and for each sample three successive measurements were
made. The polymer brush thickness was measured using a
variable-angle spectroscopic ellipsometer (VASE) (J.A. Woollam
Co., Lincoln, NE, USA) in the range from 1.5 to 4.5 eV with a step
size of 0.1 eV. The measurements were performed at three
different incident angles (65�, 70� and 75�), and were averaged
over an area of 2 mm2. The ellipsometry spectra, i.e.J and D as
a function of the wavelength, were analyzed using the soware
package CompleteEASE (Woollam), employing the tabulated
dielectric functions for both silicon and silicon oxide as the
substrate. SEM images were taken with a JEOL JSM-6330F
eld emission instrument operated at 5 kV. No coating
with conductive materials was applied on the polymer-
This journal is © The Royal Society of Chemistry 2014
functionalized nanopore chips. FTIR spectra were obtained
with a Bio-Rad FTS-575C spectrometer equipped with a
nitrogen-cooled cryogenic mercury telluride detector (spectral
resolution of 4 cm�1, 1024 scans). The background spectrum
was obtained by recording the spectrum of a cleaned silicon
substrate. The PMAA brush graed from silicon was investi-
gated by immersing the sample in a phosphate solution of pH 8
for 15 minutes, rinsing it with ethanol, drying it under a
nitrogen stream, and placing it in the FTIR spectrometer. The
same procedure was repeated aer coupling of NTA to the
carboxylic acid groups of the PMAA brush.

Protein expression and purication

His-NaChBac and His-mCherry-NaChBac were expressed and
puried using a published protocol,34 with the following
modications. His-NaChBac was genetically modied to carry
a mCherry uorescent protein at its C-terminus, yielding a
His-mCherry-NaChBac protein. Gel ltration was performed
using a Superdex 200 column (GE Healthcare, Freiburg, Ger-
many). His-NaChBac and His-mCherry-NaChBac were stored
at �80 �C in gel ltration buffer (50 mM NaH2PO4, 300 mM
NaCl, 10% glycerol and 0.03% DDM at pH 8). His-KvAP (from
Aeropyrum pernix) was expressed and puried as previously
described.35

Preparation of (proteo)liposomes and incubation

Lipids in chloroform were mixed to the desired ratio in a test
tube and chloroform was evaporated under a nitrogen stream
(>3 h). Lipids were then hydrated with working buffer (>1 h) to a
nal lipid concentration of 10 mg mL�1 and vortexed. Lipid
solutions were extruded 31 times through a polycarbonate lter
(Nucleopore Track Etched membranes, GE Healthcare) of the
desired liposome diameter: 800 nm, 400 nm, 200 nm or 50 nm.
Liposome solutions were stored at 4 �C and used within few
days. His-KvAP proteoliposomes (protein/lipid ratio of 1/200
(w/w)) were formed using 100% POEPC liposomes of 50 nm
diameter.35 The functionalized nanopore chips were clamped
between two identical poly(methyl methacrylate) (PMMA)
compartments of 200 mL with a silicon sealing ring with an
aperture exposing the pore array to the compartments. Both
compartments were also open at the top side of the module and
were lled with working buffer. The cis side of the chips was
incubated in a NiCl2 solution (20 mM) for 10 min and rinsed 15
times with working buffer. When proteins were incubated
during the experiment, the cis side of the chips was rinsed with
gel ltration buffer, incubated for 1 h with the proteins at the
desired concentration, and nally rinsed with gel ltration
buffer. Liposome or proteoliposome solutions were diluted to a
nal concentration of 1 mg mL�1 and incubated in the cis
compartment overnight. Before EIS measurements the
compartment was rinsed extensively with working buffer.

Characterization of pore-spanning (proteo)lipid membranes

EIS spectra were acquired using an Autolab PGSTAT 12 (Eco-
chemie, Utrecht, The Netherlands) equipped with a FRA
module. Two Ag/AgCl electrodes were placed in each PMMA
Nanoscale, 2014, 6, 2228–2237 | 2235
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compartment (WPI reference electrode, Lot-Oriel AG, Germany).
EIS spectra were recorded from 1 MHz to 0.01 Hz at 0 V offset
potential by applying a signal amplitude of 10 mV. EIS
measurements were performed in a Faraday cage. Confocal
uorescence microscopy and FRAP investigations were per-
formed with a Leica microscope TCS SP5 (Leica Microsystems,
Wetzlar, Germany) equipped with an Ar laser (488 nm), a He–Ne
laser (543 nm), and a 63� glycerol objective (Leica Micro-
systems). Liposomes were prepared with POEPC and NBD-PC or
TopFluor-PC as uorophores (97%/3% by mol). Aer liposome
incubation, the chips were rinsed 30 times with working buffer
and placed in a Ludin chamber (Life Imaging Services, Basel,
Switzerland) mounted with a sample coverslip of thickness #1
(Menzel-Gläser, Germany). Images were analyzed with FRAP
wizard from the LAS AF soware (Leica Microsystems). From
the recovery curves, lipid diffusion coefficients were calculated
according to the theory developed by Axelrod et al.31 Fluorescent
images were acquired using the same setup.
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