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Abstract: A new scanning electrochemical microscopy proton feedback method has been developed for
investigating lateral proton diffusion at phospholipid assemblies: specifically Langmuir monolayers at the
water/air interface. In this approach, a base is electrogenerated by the reduction of a weak acid (producing
hydrogen) at a “submarine” ultramicroelectrode (UME) placed in the aqueous subphase of a Langmuir
trough close to a monolayer. The electrogenerated base diffuses to and titrates monolayer-bound protons
and is converted back to its initial form, so enhancing the current response at the UME. Local deprotonation
of the monolayer creates a concentration gradient for lateral proton diffusion. A numerical model has been
developed, taking into account the potential-dependent association/dissociation constant of the interfacial
acid groups. A comparison is made of monolayers comprising either acidic DL-R-phosphatidyl-L-serine,
dipalmitoyl (DPPS) or zwitterionic L-R-phosphatidylcholine, dipalmitoyl (DPPC) monolayers at a range of
surface pressures. It is demonstrated that lateral proton fluxes at DPPS are significant, but the lateral
proton diffusion coefficient is lower than in bulk solution. In contrast, lateral proton diffusion cannot be
detected at DPPC, suggesting that the acid/base character of the phospholipid is important in determining
the magnitude of interfacial proton fluxes.

Introduction

Proton conduction is important in a wide range of areas,
including photosynthesis in green plants, the production of
electricity in hydrogen fuel cells, electrochemical sensors,
electrochemical reactors, and electrochromic devices.1 In bio-
logical systems, proton migration between source and sink sites
is a key step in bioenergetic processes in cellular membranes.2-7

Such processes are controlled by pH gradients, which couple,
for example, electron transfer and ATP synthesis in mitochon-
dria, chloroplasts, and bacteria.2 Lateral diffusion has been
proposed as a mechanism for proton transport,3,4 but it has
proved difficult to measure the rate of this process with
conventional techniques.5-10

Langmuir monolayers of phospholipids at the water/air (W/
A) interface are attractive models for physicochemical studies
of cellular membranes, because the composition of these self-
assembled systems is readily controlled and varied.2 Lateral
proton diffusion in monolayers has previously been investigated

by time-of-flight fluorescence measurements3,10,11and conduc-
tivity12 over centimeter length scales. Facilitated lateral proton
conductance has been advocated for pure phospholipids (both
zwitterionic and acidic), phospholipid mixtures, and pure protein
monolayers.3,11 In contrast, laser pulse measurements of proton
dwell times in vesicles have found no evidence for unusually
high lateral proton mobility.13

Scanning electrochemical microscopy (SECM)9,14-16 allows
interfacial dynamics and diffusion to be studied on small length
and time scales approaching those relevant to cellular mem-
branes. In recent applications to assemblies at the W/A interface,
SECM has been used to study lateral proton diffusion along a
stearic acid monolayer,9 the effect of a 1-octadecanol monolayer
on oxygen transfer across the W/A interface,17 and lateral
conductivity in assemblies of metal nanoparticles.18 In these
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studies, the response of a probe ultramicroelectrode (UME)
either translated toward or held close to a spot at a target
interface was used to obtain quantitative data on a local scale.

The feedback mode16 is one of the most popular SECM
methods, but at present is based mainly on redox mediators.
This paper reports investigations of lateral proton diffusion
processes in phospholipid assemblies under well-posed condi-
tions, with a new SECM proton feedback method that utilizes
a weak acid/base couple. The proposed approach allows
processes to be investigated under more physiologically relevant
pH conditions, compared to an earlier SECM induced desorption
technique.9 Moreover, the use of a weak acid as a proton carrier,
rather than the free proton, significantly decreases the diffusion
coefficient of the proton source in the solution phase, so that
the contribution of lateral proton diffusion to the UME tip
response becomes more pronounced. Here, quantitative studies
demonstrate, for the first time, that lateral proton fluxes in acidic
phospholipids are significant, but the associated lateral proton
diffusion coefficient is much lower than that in bulk solution.

Experimental Section

Chemicals.All chemicals were used as received. They wereDL-R-
phosphatidyl-L-serine, dipalmitoyl (DPPS, 98%, Sigma-Aldrich),L-R-
phosphatidylcholine, dipalmitoyl (DPPC, 99+%, Sigma-Aldrich),
KH2PO4 (AnalaR, BDH), tetramethylammonium chloride (TMACl)
(>98%, Fluka), and chloroform (HPLC grade, BDH). All aqueous
solutions were prepared from Milli-Q reagent water (Millipore Corp.).

Apparatus. The Langmuir trough (model 611, Nima Technology,
Coventry, UK) was housed inside a purgebox (Glovebox Technology,
Huntingdon, UK). Monolayers were observed using a Brewster angle
microscope (MiniBAM, Nanofilm Technologie GmbH, Go¨ttingen,
Germany). The electrode was positioned using a set ofx,y,z stages
(M-462, Newport Corp., CA) and a piezoelectric positioner and
controller (models P843.30 and E662, Physik Instrumente, Waldbronn,
Germany). The procedure for the fabrication of “submarine” UMEs
has been described previously.17,19 The platinum UME used was a 25
µm diameter disk electrode with a glass insulating sheath, characterized
by an RG value20 (overall probe radius to the electrode radius) of 10.

Procedures.Monolayers of phospholipids were formed by spreading
a known volume of a chloroform solution containing 1 mM phospho-
lipid to the aqueous subphase, typically comprising 1 mM KH2PO4

and 0.05 M tetramethylammonium chloride (TMACl) electrolyte, using
a microliter syringe (100µL volume, Hamilton, Reno, NV). The solvent
was allowed to evaporate for 15 min before any measurements were
made. Pressure-area isotherms were recorded with a barrier speed of
25 cm2 min-1, from an initial surface area of 500 cm2.

Electrochemical measurements were made with use of a two-
electrode arrangement, with the submarine UME as the working
electrode and a silver wire as a quasi-reference electrode (AgQRE).
The potential of the UME was controlled by using a purpose-built
voltage generator and currents measured with a current follower.
Current-time transients and current-distance approach curves were
recorded directly to a PC with use of a data acquisition card (Lab-PC-
1200, National Instruments, Austin, TX).

For SECM studies of phospholipid monolayers, the submarine UME
was positioned in the aqueous subphase in a Langmuir trough, at a
small distance,d, below a monolayer (Figure 1). The UME was used
to generate a base (HPO4

2-) by electroreduction of a weak acid
(H2PO4

-) present in the solution. The base could diffuse to the

monolayer and titrate away locally bound protons, producing H2PO4
-

which diffused back to the electrode, undergoing further electron
transfer. Provided that the initial density of protons at the monolayer
is significant, the electrochemical depletion of surface-bound protons
in a localized spot generates a radial interfacial proton flux that is
ultimately detected as a current flow at the UME tip.

All electrochemical measurements were made under an Ar atmo-
sphere in a temperature-controlled environment (23( 0.5 °C).

Results and Discussion

Pressure-Area Isotherm Measurements. Isotherms of
surface pressure (π) versus area per phospholipid molecule (A)
for the two monolayers, on an aqueous subphase of 1 mM KH2-
PO4 and 0.05 M TMACl, are shown in Figure 2. The cation of
this electrolyte has little binding affinity for the phospholipids
over the pH range of the SECM studies.21 The isotherm for the
DPPC monolayer showed characteristic phases:22-24 gaseous
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Figure 1. Schematic of steady-state SECM proton feedback measurements
of lateral diffusion in phospholipid monolayers (not to scale).

Figure 2. Pressure-area isotherms for DPPS and DPPC on an aqueous
subphase containing 1 mM KH2PO4 and 0.05 M TMACl.
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phase (A > 100 Å2), liquid-expanded phase (100 Å2 > A > 77
Å2), and liquid-expanded phase to liquid-condensed phase
transition (plateau region), ultimately forming a liquid-condensed
phase at smallA values. In contrast, the isotherm for DPPS
showed a phase transition (atA ) 55 Å2) from the gaseous/
liquid-expanded coexistence phase to a liquid-condensed phase,
in agreement with previous studies.22,25 BAM measurements
demonstrated that monolayers were uniform over a wide range
of A values of interest in the present studies.

SECM Transient Measurements.For transient experiments,
the UME tip was positioned at a distance (d) of 2.5 µm from
the monolayer surface. The potential was switched from a value
where there was no electrochemical process to one where
H2PO4

- was reduced to HPO42- at a diffusion-controlled rate.
A potential of-0.83 V vs AgQRE was required to effect the
diffusion-limited reduction of H2PO4

-, as determined by steady-
state voltammetry. These latter measurements also showed that
H2PO4

- was the predominant species in solution at the initial
pH of ca. 5.2.

The transient current provided information on the diffusion
of H2PO4

- to the UME and the titration of acid functionalities
in the monolayer by electrogenerated HPO4

2-. The distance was
established by measuring the long time (steady-state) current,
which was matched to steady-state approach curves, as reported
in the next section. With care, this method allowed distances
to be determined with a precision of(0.2 µm for a typical tip/
monolayer separation of 2.5µm, which had only a minor effect
on the simulated transient. Typical transient results (Figure 3)
showed that the current,i, normalized with respect to the steady-
state bulk current for H2PO4

- reduction,i(∞), was significantly
larger when the UME tip was positioned beneath a DPPS
monolayer, compared to either a native W/A interface or one
covered by a monolayer of DPPC. The additional current can
be assigned to deprotonation of DPPS by HPO4

2-, forming
H2PO4

- that is detected at the UME. The driving force for
interfacial proton transfer26 from the monolayer to HPO4- is
high due to the large difference in the pK′a of H2PO4

- (ca. 7.1)
and the carboxylic group of DPPS (intrinsic pK′a ca. 3.6).21

Because of interfacial potential effects at the phospholipid
monolayer, discussed below, there is a sizable surface concen-
tration of protons to be detected in this measurement, even
though the initial pH is significantly higher than pK′a. Only a
background signal due to solution diffusion of H2PO4

- to the
UME was observed for the DPPC monolayer, because it was
zwitterionic throughout the experimental conditions herein.

Quantitative insight into the deprotonation process for the
DPPS monolayer was obtained by modeling the time-dependent
diffusion of H2PO4

- and HPO4
2-.9 Although H2PO4

- is reduced
via dissociation and electron transfer to the free proton,27 the
deprotonation step was found to be nonlimiting, so that the usual
SECM diffusion equation28 applied:

wherec andDsol are the concentration and diffusion coefficient
of H2PO4

- in solution, r and z are axisymmetric cylindrical
coordinates defining the SECM geometry in the radial and
normal directions relative to the electrode surface, starting at
its center, andt is time.

For the lateral proton diffusion process along the monolayer,
the following equation is considered:

where θ is the surface coverage of protonated amphiphilic
moieties andDlat is the lateral diffusion coefficient of the proton
at the interface. In principle, the lateral diffusion of phospholipid
amphiphile is also possible, but this is much slower29 and so
can be neglected.

For rapid acid/base processes (on the SECM time scale), the
concentrations of H2PO4

- and HPO4
2- at the monolayer

interface can be related to the acid dissociation constant of the
carboxylic acid group of DPPS,Ka, the fraction of protonated
acidic groups,θ, and the dissociation constant of H2PO4

-, Ka′:

wherec* is the total bulk concentration of phosphate moieties
(weak acid and base) andc{int}is the interfacial concentration
of H2PO4

-. This equation is derived assuming a mass balance
for phosphate at any point in space. To solve the problem
numerically, the usual initial conditions and boundary conditions
for SECM apply.28 The following interfacial mass balance can
be used in conjunction with eq 3 to ensure the conservation of
protons:

whereΓ is the surface concentration of amphiphile (determined
by the surface pressure) andθ1 andθ2 are limits on the proton
surface coverage that cause a change in the concentration of
H2PO4

- close to the monolayer (located atz ) d) over a small
distance,∆z.
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Figure 3. Current as a function of time,t, for the reduction of 1 mM
H2PO4

- at an UME, positioned atd ) 2.5 µm from a DPPS monolayer (π
) 6 mN m-1), a DPPC monolayer (π ) 22 mN m-1), or a native W/A
interface. The experimental data are shown as solid lines and the dashed
lines are theory for either protonation/deprotonation with the parameters in
the text (DPPS case) or an inert interface (DPPC monolayer or native W/A
interface).
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Ka in eq 3 is surface potential dependent,9,30 and is related to
the intrinsic acid dissociation constant,Ka

i, by

whereψ0 is the surface potential,F is Faraday’s constant, and
R and T are the gas constant and absolute temperature. The
surface potential-charge density relationship was calculated by
using the Gouy-Chapman model,9,21,31

whereσ0 is the charge density;ε is the dielectric constant at
the interface, which is ca. 30 for lipid monolayers,32,33ε0 is the
permittivity of free space, andcse* is the bulk concentration of
the (1:1) supporting electrolyte. The negative charge that
develops at the interface due to deprotonation of the carboxylic
acid group in DPPS, by HPO42-, defines the surface charge
density,

Under initial conditions withΓ ) 3.3 × 10-10 mol cm-2 (A
) 50 Å2) andcse * ) 0.02 M, eqs 3 and 5-7 predictθ ) 0.80
and pKa ) 5.80. This confirms that there are sufficient surface-
bound protons for the feedback measurement. It is important
to emphasize that eqs 5-7 imply that the apparent pKa will
increase further as deprotonation occurs during the course of a
transient measurement. These chemical processes were solved
within the standard SECM diffusion model,9,34,35to obtain the
time-dependent tip current at a specific tip/monolayer separation,
after suddenly jumping the potential to cause the diffusion-
limited reduction of H2PO4

-. The local boundary concentration
of H2PO4

- was updated by using eqs 3-7, in an interative
fashion for each time-step increment, so that a protonation
equilibrium prevailed at the interface, as defined by eq 3.

The experimental transient response of the UME for the DPPS
monolayer matches well to the theoretical prediction, using the
known pKa′ and pKa

i values cited above, confirming the validity
of the model. The short time transient response is insensitive
to lateral diffusion and is governed solely by deprotonation of
the monolayer and diffusion of H2PO4

- in solution.34

Steady-State SECM Measurements.Lateral proton diffusion
was investigated by steady-state approach curves,9,14a since
surface diffusion contributes primarily to the long-time SECM
current response.34 Approach curves were obtained by slowly
translating the UME probe (at 0.5µm/s) toward the interface
and measuring the current for the reduction of 0.5 mM H2PO4

-

as a function ofd. Typical results in Figure 4a indicated an
enhanced reduction current for the probe approaching the DPPS
monolayer. This can be attributed to lateral proton diffusion
providing an additional proton source, which is detected by
SECM proton feedback mediated through H2PO4

-/ HPO4
2-. In

contrast, approach curves for both a native W/A interface (Figure

4a, (i)) and a DPPC monolayer (Figure 4b) showed a current
response due only to the diffusion of H2PO4

- through solution.
For comparison, Figure 4a also shows the simulated behavior

for the DPPS system when the lateral proton diffusion coefficient
is comparable to the bulk proton diffusion coefficient. In this
case, a significant increase in current is predicted as the UME
approaches the monolayer that was not observed experimentally.

The approach curves in Figure 4b for DPPC at a wide range
of surface pressures fit well to the simulation for an inert
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Figure 4. Typical approach curves for the measurement of lateral proton
diffusion. (a) The solid experimental curves are for the reduction of 0.5
mM H2PO4

- at an UME approaching (i) a native W/A interface and (ii) a
DPPS monolayer (π ) 20 mN m-1). The dashed curves are simulations
for (i) an inert interface and (ii) the DPPS system withDlat ) 6 × 10-6

cm2 s-1 (A ) 50 Å2) and (iii) Dlat ) 1 × 10-4 cm2 s-1 (A ) 50 Å2). (b)
The six coincident solid experimental curves are for a DPPC monolayer (π
) 1, 5, 10, 20, 30, and 40 mN m-1) and the dashed curve is the simulation
for an inert interface. (c)Dlat as a function of surface pressure,π, derived
from approach curve measurements for the DPPS system.
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interface. This suggests that the lateral proton flux at DPPC
mnolayers is insignificant. These results also demonstrate that
a tip-interface separation of less than 2µm can readily be
obtained with high reproducibility, in agreement with previous
SECM measurements at different types of interface.14a,16,17,36

Lateral proton diffusion coefficients at DPPS derived from
approach curve measurements are summarized in Figure 4c. As
the surface pressure increased from 1 to 20 mN /m, the lateral
proton diffusion coefficient,Dlat, increased from ca. 1.5× 10-6

cm2 s-1 to 6 × 10-6 cm2 s-1. At the higher pressures, whereA
changed only slightly (Figure 2), the lateral diffusion coefficient
was reasonably uniform. These results clearly demonstrate that
lateral proton diffusion occurs in acidic DPPS assemblies, but
the diffusion coefficient is much smaller than the proton
diffusion coefficient in bulk solution (8× 10-5 cm2 s-1).9

These are the first quantitative data for proton diffusion in
monolayers over a wide range of surface pressures. It is
interesting that the lateral diffusion coefficients measured at
DPPS in the liquid-condensed phase are lower than estimated
for phospholipids in the liquid-expanded state;3,10,11bthe latter
phase has been proposed as a requirement for rapid lateral proton
diffusion.11c The values measured herein, however, are of the
same order of magnitude reported for proton diffusion at the
purple membrane.7,13aThe results in this paper clearly demon-

strate that the acid-base character of the phospholipid is
important in determining the significance of interfacial proton
transport. Furthermore, a large lateral diffusion coefficient is
not a prerequisite for the observation of interfacial proton fluxes.

Conclusions

A new SECM proton feedback approach has been developed
for measuring lateral proton diffusion at phospholipid as-
semblies. Studies of monolayers of acidic DPPS (liquid-
condensed phase) at a range of surface pressures suggest that
lateral proton fluxes are significant, but the lateral proton
diffusion coefficient is lower than in bulk solution. In contrast,
the interfacial proton flux at zwitterionic DPPC (in both the
liquid-expanded and liquid-condensed phases) cannot be de-
tected with the SECM technique, suggesting that such effects
are considerably smaller. The demonstration that the feedback
mode can be operated with proton transfer, as well as electron
transfer, opens up the possibility of utilizing SECM more widely
to study interfacial proton-transfer dynamics with high spatial
resolution.
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