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ABSTRACT: Facilitated ion transport across an artificial lipid bilayer coupled to
a solid substrate is a function common to several types of bioelectronic devices
based on supported membranes, including biomimetic fuel cells and ion channel
biosensors. Described here is fabrication of a pH-sensitive transducer composed
of a porous sol—gel layer derivatized with poly(aniline) (PANI) nanowires
grown from an underlying planar indium—tin oxide (ITO) electrode. The upper
sol—gel surface is hydrophilic, smooth, and compatible with deposition of a
planar supported lipid bilayer (PSLB) formed via vesicle fusion. Conducting tip
AFM was used to show that the PANI wires are connected to the ITO, which

convert this electrode into a potentiometric pH sensor. The response to changes

in the pH of the buffer contacting the PANI nanowire/sol—gel/ITO electrode is blocked by the very low ion permeability of the
overlying fluid PSLB. The feasibility of using this assembly to monitor facilitated proton transport across the PSLB was
demonstrated by doping the membrane with lipophilic ionophores that respond to a transmembrane pH gradient, which produced
an apparent proton permeability several orders of magnitude greater than values measured for undoped lipid bilayers.
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B INTRODUCTION

Facilitated ion transport across a lipid membrane is a funda-
mental process in biological energy transduction,' > and crea-
tion of artificial lipid bilayers that mediate transmembrane ion
flux underlies the development of several types of bioelectronic
devices, including biosensors and biomimetic fuel cells.*°
Facilitated transmembrane ion transport has been most fre-
quently studied using vesicles."®'°~'* Notable examples include
(1) an artificial photosynthetic system that uses a photogener-
ated, transmembrane proton gradient to drive ATP synthesis,'"
and (2) proton pumping by integral membrane proteins across a
lipid bilayer coated on a mesoporous silica particle.'>'* Vesicular
assemblies, however, are not readily interfaced to a physical
transducer to provide a direct electrical readout. Ion-responsive
optical probes confined to the vesicle interior are typically used to
detect transmembrane ion gradients.

Membrane—transducer integration can be accomplished by
coupling a planar lipid bilayer to a solid electrode.” Numerous
types of lipid bilayer architectures supported on a variety of
planar electrode materials, including Au, doped Si, and indium—
tin oxide (ITO), have been prepared and characterized (e.g,, refs
9,15—18 and references therein). Coupling the membrane to an
electrode allows transmembrane ion transport to be monitored
electrochemically, usually using voltammetry, potentiometry, or
impedance spectroscopy. Planar lipid bilayer/electrode assem-
blies have been used as hosts for ionophores, ion channels, and
proton pumping proteins such as cytochrome oxidase.'””** For
example, Steinem and co-workers used nanoporous electrodes
coated with planar bilayers to support the proton-pumping

v ACS Publications © 2011 American chemical Society

activity of incorporated bacteriorhodopsin.”® These and other
examples suggest the potential for “wiring” a planar membrane to
substrate electrode to allow use of the transmembrane potential
gradient to drive a coupled electrochemical process.

Optical detection of transmembrane proton transport across
planar lipid membranes using either fluorescence or absorbance
detection has also been reported.”*>” When the membrane
assembly is supported on an optically transparent electrode such
as indium—tin oxide (ITO), both optical and electrochemical
methods can be combined in a complementary manner.***%%°
For example, McBee et al.”® deposited a planar bilayer on a self-
assembled film of poly(aniline) (PANI) and poly(acrylic acid)
(PAA) that was coated on an ITO electrode. A redox-active
proton shuttle was used to couple electron and proton transport
across the membrane. Proton transport was detected as a change
in the visible absorbance of the PANI film using planar waveguide
attenuated total reflection (ATR) spectroscopy. In this construct,
however, the adhesion of the membrane to the PANI/PAA film
was very weak, resulting in frequent defect formation and conse-
quent ion leakage across the membrane. This paper describes an
improved approach for coupling a planar bilayer to ITO that has
been modified with PANI to make it sensitive to proton activity.

PANI is a pH-sensitive conducting polymer that has been
widely utilized as a sensor transducer.” >° It is typically depos-
ited onto electrodes using electrochemical polymerization or
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Figure 1. Schematic diagram of two porous sol—gel glass layers coated
on a planar ITO electrode. PANI nanowires are electrochemically
polymerized from the ITO surface through the pores of the lower
sol—gel layer. A planar supported lipid bilayer (PSLB) is deposited on
the upper sol—gel layer. Valinomycin, an ionophore, and CCCP, a
protonophore, are dissolved in the PSLB, where P, HP, and VAL
represent deprotonated CCCP, protonated CCCP, and valinomycin,
respectively. A transmembrane pH gradient drives transmembrane
proton transport via HP/P™ and aided by VAL. This process decreases
the pH below the PSLB, which is detected as a change in the potential of
the PANI/sol—gel/ITO electrode.

adsorption from solution; however, a PANI coating is not a
suitable surface for deposition of a lipid bilayer by vesicle
fusion.”® An interpenetrating network of a conducting polymer
in a porous sol—gel glass offers an alternative.*® The sol—gel not
only provides a mechanically stable matrix for polymer incor-
poration, but also adheres well to ITO and other types of electrode
materials®*® and is compatible with vesicle fusion.*”** PANI can
be synthesized within sol—gels by first allowing the aniline
monomers to diffuse into the porous glass network, followed
by electrochemical polymerization,*"** or by premixing the
monomers with the sol—gel precursor solution, followed by
deposition onto an electrode and subsequent electrochemical
polymerization.’*** The latter strategy was employed here to
prepare a sol—gel layer on ITO functionalized with PANI
nanoelectrodes. A second thinner sol—gel layer was then applied
to create a smooth hydrophilic surface suitable for deposition of a
planar supported lipid bilayer (PSLB) by vesicle fusion. The
overall structure of the supramolecular assembly, which incorpo-
rates ionophores into the membrane, is shown in Figure 1. The
feasibility of using this PANI nanoelectrode/sol—gel hybrid layer
to monitor ionophore-facilitated proton transport across the
PSLB was demonstrated.

B EXPERIMENTAL SECTION

Reagents. The following chemicals were purchased from Aldrich
and used without further purification: tetraethyl orthosilicate (TEOS),
99.999%; methyltriethoxysilane (MTES), 99%; valinomycin, 98.0%; and
carbonyl cyanide 3-chlorophenylhydrazone (CCCP), 98.0%. Aniline
(Aldrich, 99.5%) was distilled before use. Deionized (DI) water was
obtained from a Barnstead Nanopure system with a measured resistivity
0f 18.0 MQ2 - cm or higher. L-0.-phosphatidylcholine (egg, chicken) (egg
PC), and 1-palmitoyl-2-[6-[ (7-nitro-2-1,3-benzoxadiazol-4-yl)amino]-
hexanoyl]-sn-glycero-3-phosphocholine (NBD-PC) were obtained from
Avanti Polar Lipids.

ITO Substrates. Polished soda lime glass, 1 mm thick, coated with
ITO, was purchased from Applied Films Corporation. The sheet
resistance was <20 € per square, and the thickness of the ITO layer

was about 84 nm with a refractive index of 1.91 (measured by ellipsometry
with a Sentech SE 400 ellipsometer at 633 nm at a reflection angle of
70°).1TO substrates were cleaned by gently scrubbing with a cotton pad
soaked with Alconox, then rinsing with DI water. Substrates were then
sonicated in ethanol for 15 min, blown dry with nitrogen, and cleaned in
an air plasma (Harrick model PDC-3XG) for S min at 15 W. Cleaned
substrates were used immediately upon removal from the plasma cleaner.

Aniline Doped Sol—Gel Layer Preparation. Sol—gel layers
doped with aniline were prepared from a precursor solution consisting of
1.8 mL of TEOS, 0.2 mL of MTES, 600 uL of ethanol, 2 4L of aniline,
and 646 uL of 43 mM HCl as the catalyst. This solution was vigorously
stirred in the dark for 6 h at room temperature to yield a clear liquid.
Within the ensuing 1 h, the precursor solution was diluted 1:1 (v/v) with
methanol, then passed through a 0.45 ym syringe filter and spun cast
onto cleaned ITO substrates at 3000 rpm for 1 min. This process was
performed in air at 10—15% relative humidity (RH). The coated
electrodes were cured in the dark at room temperature at approximately
15—20% RH for 48 h prior to electrochemical polymerization of the
entrapped aniline.

Electrochemical Polymerization. Cyclic voltammetry (CV) was
performed utilizing an EG&G potentiostat (PAR, model 263A). The
electrochemical cell consisted of an ITO working electrode coated with a
sol—gel layer with an exposed surface area of 0.8 cm? a Ag/AgCl reference
electrode (Bioanalytical Systems), and a platinum wire counter electrode.
Electrochemical polymerization of aniline entrapped in the sol—gel layer
was performed by scanning the potential from —0.4 to 1.2 V at a rate of
50 mV/s with the sol—gel/ITO electrode immersed in 0.1 M acetate buffer,
pH 4.5. After electrochemical polymerization, sol—gel/ITO electrodes were
cured at room temperature at 15—20% RH for 2 days.

Deposition of Sol—Gel Capping Layer on PANI-Doped
Sol—Gel/ITO Electrodes. Sol—gel capping layers were prepared
from a precursor solution containing 4 mL of TEOS, 1.2 mL of ethanol,
1.244 mL of DI H,0, and 48 uL of 0.25 M HCI. This solution was
vigorously stirred for 6 h, mixed with 1.2 mL of ethanol and 7.692 mL of
methanol, and used within the subsequent 1 h. Deposition of this
solution on sol—gel/ITO electrodes was performed by dip coating at a
withdrawal rate of 17 cm/min. Just prior to deposition, sol—gel/ITO
electrodes were treated in a low temperature air plasma for $ s under low
power to generate a hydrophilic surface. The electrodes coated with two
sol—gel layers were cured at room temperature at 15—20% RH for at
least 36 h and then rehydrated in 10 mM buffer solution (pH 3 or pH 6)
overnight prior to further experimentation.

PSLB Deposition. To prepare small unilamellar vesicles (SUVs)
for vesicle fusion, an appropriate amount of egg PC dissolved in
chloroform, or NBD-PC mixed with egg PC at a 5:95 molar ratio, was
added into a cleaned glass vial and dried under an Ar stream, followed by
drying under vacuum for 4 h. The lipids were then resuspended in
10 mM pH 7 phosphate buffer at a final concentration of 0.5 mg/mL,
followed by vortexing for 30 s, and then sonicating at 25 °C in a Branson
sonicator fitted with a cup horn until the solution turned clear. The SUV
solution was then injected into the cell containing the sol—gel coated
ITO electrode. Vesicle fusion was allowed to proceed for 30 min, after
which unfused vesicles were rinsed out with phosphate buffer.

Analytical and Physical Characterization. CV and potentio-
metry were used to characterize the electrochemical properties of PANI-
doped sol—gel/ITO electrodes. Potentiometric measurements were
performed using a pH meter (Denver Instruments, model 215) with
40.1 mV measurement accuracy and 6 x 10" Q input impedance. The
steady state potential of coated electrodes was measured after an
equilibration time of S min in a series of 10 mM buffers containing
50 mM KCl. The buffer components and pH values were phosphate
(pH 3, 6, 7, and 8), acetate (pH 4, 5), and borate (pH 9).

Tapping mode atomic force microscopy (AFM) was performed on a
Dimension 3100 Nanoscope IV system (Veeco) in air. Tapping mode
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etched silicon probes with a nominal force constant of 42 N/m and
device frequency of about 320 kHz were used. Conducting tip AFM
measurements were performed using a Dimension 3100 Nanoscope IV
system with a tunneling AFM (TUNA) application module. A diamond-
like carbon-coated Si tip with a nominal force constant of 2.8 N/m
(DDESP, Veeco) was mounted onto an electrical cantilever holder and
coupled to the TUNA module through a sample bias pin. Measurements
were performed in contact mode in air, with application of a minimal
initial force to engage the tip, followed by incrementally raising the force.
Both height and current images were generated and recorded simulta-
neously upon the application of an appropriate sample bias. Water
contact angle measurements were performed using a Kruss Drop Shape
Analysis (DSA 10Mk2) instrument at ambient temperature and humidity.

Fluorescence imaging and fluorescence recovery after photobleach-
ing (FRAP) measurements on PSLBs were performed using a Nikon
Eclipse TE2000-U microscope. For FRAP, PSLBs composed of egg PC
(the blank) or NBD-PC/egg PC (the sample) were formed in the two
compartments of a liquid cell. PSLBs on glass microscope slides (Gold
Seal Products #3010; cleaned in Piranha solution for 30 min and rinsed
thoroughly with DI water before use) were used as a reference for PSLBs
on sol—gel coated ITO.

B RESULTS AND DISCUSSION

Aniline Electropolymerization in Sol—Gel Layers on ITO.
The electropolymerization of aniline was performed using CV.
Panel (a) of Figure 2 shows a CV recorded with an aniline
loading density of 3.4 mM in the sol—gel layer. The potential
sweep, initiated at —400 mV, shows very little faradaic current
until approximately S00 mV, where a sharp increase in the anodic
current indicates the initiation of aniline oxidation and polym-
erization. The polymerization current reaches a maximum
around 735 mV and then declines, which is likely due to the
diffusion limit of aniline in the sol—gel pores. During the
subsequent cathodic scan, a large peak centered at about 196 mV
is assigned to the reduction of the PANI formed during the
anodic scan.

The redox activity of electrochemically polymerized PANI was
then examined. Panel (b) of Figure 2 shows a CV of a PANI-
doped sol—gel layer in 0.1 M pH 4.5 acetate buffer. To prevent
polymerization of the residual aniline monomer, the potential
sweep range was restricted to —400 mV to 500 mV. One pair of
redox reaction peaks was observed, with a midpoint potential of
224 mV and a peak-to-peak separation of 40 mV, showing that
the PANI is electrically connected to the underlying ITO. These
results are in qualitative agreement with those reported by
Cihaner and co-workers.** In a mixed water/organic solvent
electrolyte, aniline can only be partially oxidized to the EB/ES
form on the electrode surface. Consequently, only one pair of
redox peaks is observed. The nonzero peak separation is con-
sistent with expectations for a PANI redox reaction that is limited
by the diffusion of counterions and solvent in the pores of the
sol—gel network.

AFM Characterization of PANI-Doped Sol—Gel Layers on
ITO. AFM characterization (Figure 3a) shows that the surface ofa
cleaned ITO electrode is relatively rough with a rms surface
roughness of approximately 1.4—2 nm. Deposition of a sol—gel
layer can generate a smoother surface. The layer thickness after
aging in dark for 2 days was about 300 nm (Table 1). A typical
AFM image of a sol—gel layer on ITO prior to PANI formation is
shown in panel (b) of Figure 3. The film surface is relatively
smooth with a rms surface roughness of about 0.4 nm over a
10 um X 10 ym scan area. Occasional pinholes were observed
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Figure 2. (a) Initial cyclic voltammogram of a sol—gel layer doped with
aniline (3.4 mM loading density) and coated on an ITO electrode in 0.1 M
acetate buffer at a scan rate of 50 mV/s. The onset potential of aniline
polymerization is around S00 mV. (b) Cyclic voltammogram of a
sol—gel layer containing electrochemically polymerized PANI on an
ITO electrode in 0.1 M acetate buffer, pH 4.5, at a 50 mV/s scan rate.

that likely arose from rapid solvent evaporation during spin
coating. After electrochemical polymerization, PANI nanoelec-
trodes emerged from the pores of sol—gel. Typical AFM images
are shown in panels (c) and (d) of Figure 3. Because the surface
of the sol—gel layer prior to PANI growth was relatively smooth
and featureless, all of the features shown as white particles (in the
height image, Figure 3c) or protrusions (in the 3D image,
Figure 3d) are considered to be PANI nanoelectrodes.

To further confirm that these features are PANI in electrical
contact with the ITO electrode, a conducting tip AFM (C-AFM)
study was performed. C-AFM can map simultaneously the
topography and conductivity of a surface with high spatial
resolution and has been applied to characterization of molecular
junctions and their electrical properties down to the nanometer
scale.® ™ To enhance the resolution, a thinner sol—gel layer
(80 nm thick) doped with 2.8 mM aniline was prepared and
electropolymerized. The C-AFM height image and correspond-
ing current image of this sample are shown in panels (a) and (b)
of Figure 4, respectively. The correlation between the locations
of the surface protrusions (Figure 4a) and the areas of relatively
higher current (Figure 4b) is clear. This is strong evidence that
the surface protrusions are PANI nanoelectrodes that are in
electrical contact with the underlying ITO electrode.
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Figure 3. Tapping mode AFM height images of (a) the surface of a cleaned ITO electrode; (b) a sol—gel layer doped with aniline on an ITO electrode,
prior to aniline polymerization; and (c) a sol—gel/ITO electrode after electrochemical polymerization of aniline. (d) Three-dimensional image of the
surface shown in panel (c). The scan areas are S #4m X S um in panel (a) and 10 yum X 10 ym in panels (b—d).

Table 1. Static Water Contact Angle and Film Thickness Analysis of PANI-Doped Sol—Gel/ITO Electrodes before and after

Deposition of a TEOS Capping Layer

substrate contact angle before rehydration (deg)”
PANI-doped sol—gel/ITO electrode 9+ 1.1
CL/PANI/sol—gel/ITO electrode 47 £0.9

contact angle after rehydration (deg)’ film thickness® (nm)

14+13 297 + 3.3
<5 402 + 1.9°

“n = 5. " The thickness of the capping layer, obtained by difference, was 105 & 2.6 nm.

Potentiometric Measurements of PANI Nanoelectrodes as
pH Transducers. The potentiometric behavior of PANI-doped
sol—gel/ITO electrodes to changes in buffer pH was studied. To
remove the organic solvent and residual aniline in the sol—gel
layer as well as rehydrate it, electrodes were soaked in 10 mM pH
3 phosphate buffer overnight before use. Figure 5 shows a typical
potentiometric response curve to changes in pH. A pseudo-
Nernstian response with a slope of 48 mV/pH was observed over
pH 3—9. The response time was typically less than 2 min.

The 48 mV/pH slope is less than the value of about 57 mV/pH
measured for self-assembled PANI/PAA films on ITO.?° A lower
slope is expected for PANI entrapped in a sol—gel glass because
the high number density of silanol groups in the pores makes the
solvent in the Jpores more acidic than the bulk solvent in contact
with the glass.*® pH changes in the pores that result from changes
in the bulk pH will consequently be buffered by the silanol
groups, which are much more numerous than the basic sites on

PANI (Supporting Information). The wide dynamic range of the
pH response in Figure 5 is expected. The close proximity of
silanols in the pores, as well as heterogeneities in the surface
chemistry and morphology of the pores, should produce a broad
distribution of chemically inequivalent sites and a correspond-
ingly broad response to changes in bulk pH, as observed for other
types of sol—gel pH sensors.*”*° Furthermore, PANI is a
polyelectrolyte containing both amine and imine groups. The
proximity of these groups in the polymer chains and differences
in their local chemical environment (e.g,, due to variations in
chain packing in the pores) should further broaden the distribu-
tion of inequivalent basic sites.*”>>3">

In previous papers,”®**** we showed that the pH response of
self-assembled PANI/PAA films on ITO could be monitored
using visible ATR spectroscopy on a multimode planar wave-
guide. It was not possible to use this approach here because the
surface coverage of the PANI wires in the sol—gel/ITO electrodes
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Figure 4. C-AFM height image (a) and current image (b) of a sol—gel/ITO electrode containing electropolymerized PANI. Scan area is 6 4m X 6 ym.

was much lower than that of PANI in the self-assembled films
studied in the earlier work. The requisite sensitivity could be
achieved by using a much thinner electroactive waveguide.>*
Sol—Gel Capping Layer Deposition and Characterization. As
shown in panels (c) and (d) of Figure 3, the PANI nanoelectrodes
protrude from the sol—gel layer. These protrusions increase the
roughness and the hydrophobicity of surface. To form a continuous,
uniform PSLB by vesicle fusion, a hydrophilic substrate surface with
low surface roughness is usually required.*>*® To generate a surface
more compatible with PSLB deposition, a TEOS capping layer was
deposited on PANI-doped sol—gel/ITO electrodes by dip-coating.
After aging for 2 days at room temperature in ambient atmosphere,
the measured thickness of the capping layer was about 105 nm
(Table 1). A representative AFM image (Figure 6a) of this multi-
layer structure, denoted CL/PANI/sol—gel/ITO, shows that the
surface is featureless and relatively smooth, with a rms surface
roughness of about 0.3 nm. Comparing this image to those in

Figure 3, it is clear that the PANI protrusions have been encapsu-
lated in the TEOS matrix.

Static water contact angle measurements were performed to
characterize the surface hydrophilicity. The results are summarized
in Table 1. Prior to rehydration overnight in 10 mM pH 3 phosphate
buffer, the surface before and after the capping layer deposition was
moderately hydrophobic, with values of 55° and 47°, respectively.
After rehydration, the contact angle on both surfaces declined
significantly to 14° and <5°, respectively. These decreases are likely
due to leaching of organic byproducts and unreacted aniline from
the porous sol—gel layers. The lower contact angle of the capping
layer surface is attributed to the different compositions of the
sol—gel layers. The lower layer contains methyl groups due to
the use of MTES as a precursor and PANI protrusions; both
components should increase surface hydrophobicity. In contrast,
the capping layer is fabricated from TEOS, and the encapsulated
PANI does not protrude from its upper surface.
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Figure S. Potentiometric response as a function of pH from 3 to 9 of a
PANI-doped sol—gel/ITO electrode. Measurements were made after a
S min equilibration time at each pH. The slope is 48 mV/pH over the pH
range of 3—9 (R* = 0.9947). The error bars represent the standard
deviation of three measurements at each pH.
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Figure 6. (a) Tapping mode AFM height image of a CL/PANI/
sol—gel/ITO electrode (scan areas is 10 um X 10 um). The rms
surface roughness is about 0.30 nm. (b) Potentiometric response as a
function of pH from 3 to 9 of a CL/PANI/sol—gel/ITO electrode.
Measurements were made after a S min equilibration time at each pH.
The slope is 38 mV/pH over the pH range of 3—9 (R* = 0.9975). Error
bars represent the standard deviation of three measurements at each pH.

The potentiometric behavior of CL/PANI/sol—gel/ITO
electrodes to changes in buffer pH after overnight rehydration
was examined. A typical potentiometric response curve is shown
in panel (b) of Figure 6. A pseudo-Nernstian response with a

slope of 38 mV/pH was observed over pH 3—9 with a response
time typically less than 2 min. This result demonstrates that the
capping layer is porous, allowing the encapuslated PANI nanoe-
lectrodes to retain their pH sensing properties, although the
slope of the response is lower than the value of 48 mV/pH
measured before deposition of the capping layer. This decrease is
expected because the PANI wires are now fully encapsulated in
the acidic sol—gel pores.

PSLB Deposition and Characterization. Egg PC vesicles
containing NBD-PC were fused on CL/PANI/sol—gel/ITO elec-
trodes. After rinsing unfused vesicles from the surface, epifluores-
cence microscopy showed a featureless luminescent image
(data not shown), demonstrating the uniformity of the PSLB
on the micrometer length scale. FRAP was used to examine the
lateral mobility of the lipids in fused bilayers. Figure S-1 in the
Supporting Information shows a set of epifluorescence images of
a PSLB composed of egg PC doped with NBD-PC deposited on
a CL/PANI/sol—gel/ITO electrode. The recovery of the photo-
bleached spot is consistent with the presence of a PSLB in which
NBD-PC has long-range lateral mobility.

Quantitative measurements of lateral lipid diffusion were
performed, using glass as a reference substrate. Typical FRAP
curves measured for PSLBs deposited on glass slides and CL/
PANI/sol—gel/ITO electrodes are shown in Figure S-2 of the
Supporting Information. The respective diffusion coeflicients, D,
were 3.0 £ 0.4 um’/s and 2.7 £ 02 um’/s, with percent
recoveries of 96 £ 3.4% and 92 £ 7.6%. The observation of
significant mobility of lipids on CL/PANI/sol—gel/ITO elec-
trodes shows that these lipid films are laterally continuous and are
not composed predominately of adsorbed vesicles (for which the
percent recovery would be minimal).>’

Proton Permeability of PSLBs on CL/PANI/Sol—Gel/ITO
Electrodes. Studies of proton permeability across egg PC PSLBs
on CL/PANI/sol—gel/ITO electrodes were performed. In these
experiments, the pH of the buffer above the PSLB was changed,
and the temporal potentiometric response of the underlying
electrode was measured. A typical result is shown in Figure S-3 of
the Supporting Information when the buffer pH was changed
from 7 to 6. The measured potential was very stable with less than
a2 mV variation within 1 h, indicating the pH gradient across the
lipid membrane was maintained. In comparison, the data in panel
(b) of Figure 6 show that in absence of a PSLB, the electrode
potential shifts rapidly by about 38 mV. These data show that the
defect density in the PSLB was low, otherwise the gradient would
have decayed rapidly after the change in buffer pH.

The net proton—hydroxyl flux across a lipid membrane is
dependent on the pH gradient.’®* The proton—hydroxyl flux,
Jnew 18 given by60

]net = PntiAC (3)

where P, is the net proton—hydroxyl permeability coefficient
(Ppet = Ponr + Pi’, where Poy and Py” are the permeability
coefficients of hydroxide ions and protons, respectively), and AC
is the proton activity difference across the membrane. The
permeability coeflicients of protons and hydroxide ions are
relatively high, with the majority of published values in the range
of 10 % to 107® em/s;***” in contrast, the permeability coeffi-
cients of sodium and potassium are much lower, in the range of
102 to 107" cm/s.>8 However, when the pH gradient across
the membrane is small, the rate at which it dissipates will be
slow.> This is the case for the experimental result shown in
Figure S-3 of the Supporting Information; AC is small so
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Figure 7. Potentiometric response of a CL/PANI/sol—gel/ITO elec-
trode coated with a PSLB was monitored to assess the barrier properties
of the membrane during exposure to a variety of experimental condi-
tions. (a) The pH of the buffer above the PSLB was changed from 7 to
6.5, then to 6, and finally back to 7. (b) Valinomycin solution was
injected into the flow cell and allowed to partition into the PSLB. The
cell was then flushed with pH 7 buffer. The pH of the buffer above the
PSLB was changed from 7 to 6 and then back to 7. (c) CCCP solution
was injected into the flow cel, allowed to partition into the PSLB, and
then the cell was flushed with pH 7 buffer. In all cases, the cell potential
was measured S min after each injection of fresh buffer.

dissipation of the pH gradient across the bilayer is negligible on a
time scale of hours.

lonophore-Mediated Transmembrane Proton Transport.
Transmembrane proton transport aided by lipophilic ionophores
was examined to further characterize the pH sensing properties
of these multilayer assemblies. Valinomycin, a K" ionophore, and
CCCP, a protonophore, were inserted into PSLBs on CL/
PANI/sol—gel/ITO electrodes to measure ApH-driven proton
transport. Ionophore-mediated transmembrane proton transport
using valinomycin and CCCP has been studied in liposomes,”"*
and the proton transport mechanism has been described by
Ahmed and Krishnamoorthy.®> %* The proposed mechanism,
illustrated in Figure 1, involves cotransport of K" in the opposite
direction to counter the charge imbalance generated by proton
transport. To our knowledge, valinomycin/CCCP-mediated
proton transport across lipid bilayers has only been studied using
liposomes.

The behavior of each component of the molecular assembly
(Figure 1) was tested individually during each experiment to
ensure the proper functioning of the entire assembly, as follows:
(1) The pH response of the CL/PANI/sol—gel/ITO electrode
was tested before PSLB deposition. Typically, a near Nernstian
response with a slope of 38 mV/pH unit was observed
(Figure 6b). (2) The barrier properties of the PSLB were tested
as described above. Typically, the variation in cell potential was
less than 2 mV when the pH of the buffer above the PSLB
was changed, as shown in section (a) of Figure 7. (3) Six mL of
valinomycin solution (2 #M in 10 mM pH 7 buffer with 50 mM
KCl) was then injected into the flow cell. Because of its high
lipid /water partition coefficient (K, & 5 x 10%),°® the valino-
mycin will preferentially insert into the PSLB. The potentio-
metric response to pH changes was tested again. As shown
in section (b) of Figure 7, the cell potential remained stable
through changes in pH from 7 to 6, and then back to 7. There-
fore, the barrier properties of the PSLB were not altered by
valinomycin insertion. (4) Six mL of CCCP solution (20 uM
in 10 mM pH 7 buffer with S0 mM KCl) was then injected
into the flow cell. Like valinomycin, the lipophilicity of CCCP
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Figure 8. (a) Potentiometric response of a CL/PANI/sol—gel/ITO
electrode coated with a PSLB containing CCCP and valinomycin. After
equilibration at pH 7, buffers of pH 6.5 and 6 were injected into the flow
cell at t = 0 and t = 6 min, respectively. The squares (M) and the circles
(red filled circles) show the change in cell potential during the change
from 7 to 6.5 and from 6.5 to 6, respectively. (b) The potential data in
panel (a) from 40 to 360 s were converted to pH using a calibration curve
measured for an electrode lacking a PSLB (Figure 6b) and plotted vs
time. Because of the slow rate of buffer injection into the flow cell, the
electrochemical cell potential in panel (a) did not start to change until
about 40 s after the injection was initiated. Therefore, the x-axis values in
panel (b) were adjusted such that 0 s is equivalent to 40 s on the x-axis in
panel (a). The solid line is a first order exponential fit of the data to eq 4.

(K = 2.8 X 10%)%% causes it to preferentially insert into the
PSLB. The cell potential remained stable during CCCP injection
and subsequent flushing of the flow cell with pH 7 buffer, showing
that the barrier properties of the membrane were not altered by
CCCP insertion (section c of Figure 7). At then end of this sequence,
ApH-driven proton transport across the PSLB was initiated.

Panel (a) of Figure 8 shows a typical time-dependent poten-
tiometric response of the electrode when the pH of the buffer in
the flow cell was changed from 7 to 6.5 and then to 6. A significant
increase in cell potential occurred, consistent with protonation of
the PANI nanoelectrodes beneath the PSLB due to ionophore-
mediated transmembrane transport. The time-dependent poten-
tiometric response curve was converted into a temporal pH
response curve using the calibration curve obtained for electro-
des lacking PSLBs (Figure 6b). In panel (b) of Figure 8, the ApH
relaxation data are plotted for the buffer change from pH 7 to 6.5.
A similar curve was observed for the pH change from 6.5 to 6
(data not shown).
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A small pH gradient across a lipid bilayer should decay according to™®
ApH() = ApH(t = O)xep(—t/7)  (4)

where tis the time, 7 is the lifetime, and ApH is the pH difference across
the bilayer. For the planar assembly shown in Figure 1, ApH = pH,, —
pH, where the subscripts u and a refer to below and above the PSLB,
respectively. The change in pH below the PSLB per unit time can be
expressed as

dpH, A
i g (5)

where V'is the aqueous volume below the PSLB, B = —(d[H"]/dpH)
is the buffer capacity in that volume, and A is the PSLB surface areq;
egs 3—S allow calculation of ], and P, from the experimental data.

The data in panel (b) of Figure 8 were fit to a single
exponential decay from which 7 = 270 s and (dpH,)/(dt) =
1.85 x 10> s~ ' were obtained. Using calculated and measured
values for V, B, and A (Supporting Information), the apparent
P.e. of the PSLB containing valinomycin and CCCP was
calculated to be 0.4 cm-s™ ' (see the Supporting Information
for details). This value is about 10>—10° times greater than P,
values measured near pH 7 for bilayers lacking ionophores.”* %/
This experiment and the results obtained from it are representa-
tive of several experiments carried out using independently
prepared CL/PANI/sol—gel/ITO electrodes coated with
PSLBs. Overall these results demonstrate that ITO coated with
a hybrid sol—gel/PANI/PSLB multilayer functions as a transdu-
cer to detect proton transport across the lipid bilayer.

Bl CONCLUSION

In a previous study,”® we deposited a PANI/PAA self-assembled
multilayer on ITO to create a pH-sensitive coating that supported
vesicle fusion to form a PSLB. However, the PANI/PAA multilayer
did not effectively planarize the very rough surface ITO surface ,
and adhesion of the lipid bilayer was weak. These problems
caused frequent formation of proton-permeable defects in the
PSLB. In the present study, a new type of planar lipid bilayer/
electrode assembly designed to detect transmembrane proton
transport was prepared and characterized. A porous sol—gel layer
was used to template polymerization of PANI nanoelectrodes
from an underlying ITO electrode, and the C-AFM and electro-
chemical data demonstrate that these electrodes are in electrical
contact with the ITO surface. PANI derivatization converted
the ITO electrode to a potentiometric pH sensor with a wide
dynamic range. Applying the sol—gel capping layer buried the
nanoelectrodes and planarized the electrode surface. The sol—
gel glass surface is also compatible with deposition of a contin-
uous fluid PSLB, whereas ITO is not. The elimination of the pH
response after PSLB deposition shows that the bilayer is con-
tinuous and largely free of proton-permeable defects. Finally,
PSLB/CL/PANI/sol—gel/ITO electrodes were functionalized
with lipophilic ionophores, and a pH gradient was used to drive
proton transport across the membrane. The apparent proton
permeability was several orders of magnitude greater than that of
pure lipid bilayers, demonstrating the feasibility of using this
multilayer assembly to monitor transmembrane proton trans-
port. The PSLB/CL/PANI/sol—gel/ITO assembly should be
useful in future studies of more complex proton transporters such
as proton pumping proteins.
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