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We report the direct imaging of supported lipid membranes using
electrochemiluminescence (ECL) of [Ru(bpy)s]>* and tri-n-propyl-
amine (TPrA). Lipid membranes with different compositions exhibited
inherent ECL emissions due to electrostatic interactions and altered
permeability of the luminophores, demonstrating the promising use of
ECL microscopy for lipid membrane studies.

Electrochemiluminescence (ECL) is a light-emitting process
through electron transfer between electrodes and luminescent
molecules in a solution." Recently, the microscopic use of ECL
for (bio)imaging has emerged,>* as ECL has several advantages
such as low background signal, high surface sensitivity, and
temporal/spatial controllability with voltage application. Given
that ECL occurs at the very vicinity of the electrode surface, it is
suitable for imaging single entities and/or thin materials on an
electrode.? Significant reports include observations of single
cells,® organelles,® nanoparticles,* and liposomes,” as well as
developments in super-resolution microscopy.®

Lipid membranes are pivotal cellular components, serving
roles in intra- and extracellular compartmentalization and as
platforms for signal transduction and energy production. Sup-
ported lipid membranes, a reconstitution of cellular membranes
on a substrate, have been recognized as an effective model for the
study of membrane functionalities.”'® Surface-sensitive analytical
techniques are often used in combination with the supported lipid
membranes: fluorescence microscopy is routinely used in
laboratories.'™'* There is a wide choice of fluorescently labelled
lipid molecules, as well as fluorescent probes designed to measure
membrane properties such as phase'*'* and viscosity. While these
fluorescent probes are useful, there are still concerns about their
photostability and possible inhibition of lipid molecule dynamics
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when incorporated in lipid membranes. In addition, the fact that
we need to focus on an extremely thin layer makes the observation
of supported lipid membranes particularly difficult, requiring
complex equipment such as confocal laser scanning microscopes
and total internal reflection fluorescence microscopes. Here, we
report the direct imaging of supported lipid membranes on an
indium tin oxide (ITO) electrode using ECL of [Ru(bpy)s]*"/tri-n-
propylamine (TPrA). In principle, ECL can confine the luminescent
layer to the vicinity of the supporting electrode, allowing us to
observe the surface of lipid membranes with relatively simple
equipment - a general microscope and a voltage application
device. In fact, electrochemical measurements such as cyclic
voltammetry and impedance spectroscopy have been extensively
used to characterise supported lipid membranes.'>'® These tech-
niques can provide electrical properties of membranes, including
capacitance, resistance, surface charge, and ion transport,
although they lack spatial information. Therefore, the develop-
ment of ECL imaging on a lipid membrane may also overcome
certain limitations of the conventional electrochemical methods.
Recently, Trad et al, as well as our group have reported the ECL
imaging of antimicrobial peptide (AMP) actions using model lipid
membranes.'”** AMPs adhere and induce pores on a membrane,
changing the ECL emission across the membranes. This suggests
that the further investigation of the ECL reactions on lipid
membranes could open the way to visualize the molecular char-
acteristics of lipid membranes without the need for labels.

In this study, we prepared several types of lipid membranes:
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and DOPC
mixed with either cholesterol, DOTAP (1,2-dioleoyl-3-trimethyl-
ammonium-propane), or DOPS (1,2-dioleoyl-sn-glycero-3-phospho-i-
serine) in a 70 : 30 molar ratio. DOPC is a zwitterionic phospholipid
with two unsaturated fatty acid chains, widely used to mimic fluid
cell membranes. Cholesterol, an abundant lipid in cell membranes,
integrates into the acyl chains of DOPCs, structurally creating a
condensed environment within the bilayer.'®?° DOTAP and
DOPS, contrary to the neutral DOPC, possess charged head
groups, conferring either a positive or negative charge to the
surface of the lipid bilayer. By conducting ECL imaging with
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Fig. 1 Electrochemical characterization of the lipid membrane-formed
electrodes. (a) CVs of bare ITO, DOPC membrane-formed, and DOPC-
cholesterol membrane-formed electrodes (scan rate: 0.1V s™). (b) Nyquist
plots of the same electrodes in (a). The inset is the equivalent circuit used
to fit the experimental data where C,, and R,,, are the membrane capaci-
tance and resistance, Ry is the solution resistance, R is the charge
transfer resistance, Z,, is the Warburg impedance, and Cy, refers to the
capacitance of the electric double layer.

these mixed lipid compositions, we explored the capability of
ECL microscopy to visualize the molecular features of the lipid
membranes.

The supported lipid membranes were formed on an ITO
electrode via a vesicle fusion method (ESIt). Dulbecco’s phos-
phate buffered saline (D-PBS) was used throughout the study as
the buffer to support the lipid membranes, except for the for-
mation of the DOPC-DOPS membrane where we added 1 mM Ca”*
to the buffer during the vesicle fusion process. The divalent ions
were expected to bridge the electrode surface and the negatively
charged DOPS head group that could repel each other. The
addition of Ca®" ions successfully led to the formation of a
DOPC-DOPS bilayer with higher resistance (Fig. S1, ESIt). Firstly,
we assessed the quality of the lipid membranes through electro-
chemical measurements. Fig. 1a and b display the cyclic voltam-
mograms (CV) and spectra of electrochemical impedance
spectroscopy (EIS) of the bare ITO, DOPC, and DOPC-cholesterol
formed electrodes, respectively. The CV data revealed that the
redox peaks of [Fe(CN)s]> "*~ were shifted and diminished on the
lipid membrane-formed electrode, signifying the inhibition of
mediator diffusion by the lipid bilayer.>® This observation is
consistent with the enlarged semicircle radius in the Nyquist plot
(Fig. 1b), indicating an increase in electrical resistance. The EIS
spectra were analysed using Randle’s equivalent circuit, as
depicted in the inset of Fig. 1b. Based on the EIS data, the
membrane resistance for DOPC and DOPC-cholesterol bilayer-
formed electrodes were determined to be 1760 + 64 and 2160 +
55 Q cm?, respectively, indicating the lipid bilayer formation and
the packing effect of cholesterol. The membrane capacitance was
calculated to be 10.2 + 0.4 and 9.6 & 0.2 pF cm™ %, respectively. The
capacitance exceeded the typical specific capacitance of biological
membranes, which is reported to range from 0.8 to 1 pF cm™ 2.
This may be attributed to the defects in the membranes, due to the
relatively rough ITO electrode surface.

ECL imaging of the lipid membranes was then performed.
The buffer was exchanged to the ECL solution containing 400 M
[Ru(bpy)s]”" and 25 mM TPrA in D-PBS. The lipid membrane-
formed ITO electrode was placed on a microscope stage, with an
Ag/AgCl wire and a Pt foil inserted into the drop of ECL solution
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Fig. 2 ECL imaging of the DOPC membrane-formed electrode. (a) Sche-
matic of the ECL imaging. (b) Representative ECL images captured during
CV (exposure time: 0.5 s). The interior of the quarter-circle represents the
lipid-free area (@) while the exterior is the DOPC membrane-formed area
(% ). Scale bar: 100 pm. (c) Current and (d) ECL intensity profiles during CV
on a DOPC bilayer-coated electrode, at a scan rate of 0.1V s™%

for the reference and counter electrodes, respectively. The planar
surface of the membrane was observed through the immersion
objective and captured with an sCMOS camera while sweeping the
voltage from 0 to 1.4 V (Fig. 2a and Fig. S2, ESIY). To differentiate
the lipid membrane surface, a lipid-free area (an area devoid of the
lipid bilayer) was created by placing a polydimethylsiloxane
(PDMS) pillar on the ITO electrode during the vesicle fusion
process. The pillar was removed during the observation.

Fig. 2 presents a sequence of ECL images of the DOPC
membrane as well as the traces of ECL intensities and current
values during CV. Within these images, the interior of the
quarter-circle represents the lipid-free area while the exterior
is the DOPC membrane formed area. We assume that the dark
boundaries may be attributed to the aggregation of lipid
molecules. Initially, the lipid-free area exhibited luminescence,
followed by the DOPC area. Specifically, in the lipid-free area,
the onset of ECL emission was observed at 0.97 V, with the
emission peak occurring at 1.17 V. Meanwhile, within the
DOPC area, the ECL intensity trace was shifted by approxi-
mately 0.05 V, with a 23% reduction in intensity at the peak
potential (1.22 V). During reverse scanning, the ECL emission
decreased, initially in the DOPC area and subsequently in the

This journal is © The Royal Society of Chemistry 2025
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lipid-free area, along with a potential decrease. The ECL images
demonstrate the higher resistance of the DOPC area, which
inhibited the electrode reactions of [Ru(bpy)s]** and TPrA. Never-
theless, the ECL emission was still observed from the membrane
owing to the hydrophobic TPrA molecules that can potentially
permeate the membrane. In addition, the entire electrode area
was not completely covered by the lipid membrane, which could
allow [Ru(bpy)s]** to diffuse under the lipid membranes to
contribute to the ECL reactions. In general, there are three
proposed pathways for [Ru(bpy);]**/TPrA to undergo ECL emis-
sion:** the low-oxidation potential route, the oxidative-reduction
route, and the catalytic route (Scheme S1, ESIf). Since the
concentration of TPrA used here was relatively high compared
to that of [Ru(bpy);]*", we assume that the first two routes,
involving heterogeneous electrode reactions of [Ru(bpy);]*" and/
or TPrA followed by homogeneous reactions of the TPrA radicals
and [Ru(bpy)s]*" or [Ru(bpy);]** mainly contribute to the emission
across the membranes.>® The previous studies using liposomes
showed very little leakage of [Ru(bpy);]*" across the lipid
bilayer,”** conversely, the lipid membranes in this study were
suggested to form loosely organized structures, and thus exhibit
inherent ECL emission. Since [Ru(bpy)s]" itself exhibits photolumi-
nescence, we examined the appearance of a lipid membrane under
a fluorescence microscope (Fig. S3, ESIT). Due to freely diffusing
[Ru(bpy)s]** ions, fluorescence of the entire solution was observed,
but the surface of the lipid membrane could not be distinguished.
This demonstrates the advantage of ECL imaging in localizing
luminescence close to the electrode surface, allowing thin lipid
membranes to be observed without labelling the lipid molecules.
We then conducted ECL imaging on lipid mixtures of DOPC-
cholesterol, DOPC-DOTAP, and DOPC-DOPS membranes. Fig. 3
summarizes the ECL behaviours on each membrane. The oxida-
tion currents of [Ru(bpy)s]*" decreased in the order of DOPC-
DOPS, DOPC, DOPC-cholesterol, and DOPC-DOTAP (Fig. S4,
ESIt). Specifically, the peak ECL intensity decreased at the
DOPC-cholesterol membrane, indicating a higher resistance of
this membrane associated with the packing effect of cholesterol
(Fig. 3b). On the DOPC-DOTAP membrane, the oxidation of
[Ru(bpy)s]*" was significantly reduced, indicating electrostatic
repulsion between the positively charged DOTAP head group
and [Ru(bpy);]** ions. This trend was consistent with the ECL
images on the membranes, which showed reduced ECL emission
at applied potential (Fig. 3c). In addition, the DOPC-DOTAP
bilayer was easily detached from the electrode after multiple
scans to a positive potential, suggesting that electrostatic repul-
sion also occurred between the membrane and the electrode
surface (Fig. S5, ESIT). On the other hand, DOPC-DOPS showed
enhanced ECL emission as well as a shift of the onset potential to
negative compared to the DOPC-only membrane (Fig. 3d). CVs of
[Ru(bpy)s]** and TPrA on the DOPS membrane showed a slight
increase in the current at the onset potential range (0.9-1.0 V as
magnified in Fig. S4, ESIT) but the increase in ECL intensity in
this range was much higher. From this observation, we assume
that [Ru(bpy);]** ions and TPrA molecules preferentially coordi-
nate in/on the DOPS membrane so that the homogenous reaction
of these molecules was promoted, leading to the enhancement of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 ECL imaging of electrodes with different types of lipid membranes.
(a)—(d) Average ECL intensities on each membrane during a CV scan.
DOPC (n = 10), DOPC-cholesterol (n = 9), DOPC-DOTAP (n = 5) and
DOPC-DOPS (n = 6). Error bars indicate standard deviation. The light blue
shading indicates the average ECL intensity of DOPC. The inset images
show the representative ECL images taken at 1.03 V. The interior of the
quarter-circle represents the lipid-free area (@), while the exterior is the
lipid membrane-formed area (% ). Scale bar: 100 um.

the ECL emission. Consequently, we assume ECL emission
through the lipid membranes as shown in Scheme 1: the emis-
sion triggered by the direct electrochemical oxidation of TPrA,
followed by the homogeneous reactions of TPrA radicals and
[Ru(bpy);]** through the membranes. The penetration or the
accumulation of [Ru(bpy);]>" ions may be modulated by the
electrostatic interactions of the lipid head groups or the packing
effect, exhibiting inherent ECL emission among the different
types of lipid membranes. The remaining technical issue here is
that we could not further investigate in which part the ECL
molecules coordinate in the lipid membranes. For a thorough
investigation, the luminol/H,0, system, which uses neutral and
less hydrophobic molecules, can be used to see the effect of
electrostatic interactions between the luminophores and lipid
molecules. In addition, maintaining the membrane consistency
between different types of lipid compositions is important, as the
ECL emission through the lipid membranes is largely affected by
the defects of the membrane. The quality of the membranes can
be improved by using metal substrates — which have relatively low

+ DOTAP + Cholesterol
e R

1 Repulsion

DOPC + DOPS

Ru Attraction

Low

ECL intensity

High
Scheme 1 Possible mechanism of ECL of the [Ru(bpy)s]>*/TPrA system
on the lipid membrane-formed electrodes.
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roughness compared to ITO electrodes — and tethered lipid
membranes®”° and/or polymer-supported lipid membranes to
achieve higher membrane integrity. The uniqueness of ECL imaging
is that differences between lipid membranes are expressed not only
by differences in intensity, but also by shifts in the onset potential
for luminescence initiation, as shown in Fig. 3. This spectroscopic
ECL technique is easily performed by voltage sweep, which we
believe can potentially display heterogeneity within lipid mem-
branes such as lipid phase and microdomains.

Finally, we investigated the optimum potential application
for the ECL imaging of lipid membranes. Fig. S6 (ESIt) shows the
representative ECL images of the DOPC-cholesterol membrane
under a constant potential or triangular waves (scan rate: 2 V s ).
Under a constant potential, the boundary between the lipid-free
area and the lipid membrane area became blurred when the
voltage was above 1.2 V. This may be due to the diffusion of
[Ru(bpy);]*"*" ions across the lipid membrane. In the case of 1.1V,
TPrA oxidation was dominant, and due to the short half-life of
oxidized TPrA radicals, the emitting layer did not grow. When we
applied triangular waves with a relatively high scan rate, it can also
reduce the diffusion layer of [Ru(bpy);]*"*" ions, so that the lipid
free area and the lipid membrane area could be clearly distin-
guished even at higher potential.

In summary, we applied ECL of [Ru(bpy)s]**/TPrA for the direct
imaging of lipid membranes with different lipid compositions. The
ECL emission across the lipid membrane varied between the
charges of the lipid head groups and packing with cholesterol,
due to the inherent permeability and reactivity of [Ru(bpy)s]*" and
TPrA. Although the lipid membranes formed in this study require
further refinement to represent biological membranes, particularly
concerning their integrity, this study provides a straightforward way
to image and characterize lipid membranes. In the future, attempts
will be made to use ECL imaging of living cells and cellular
components to reveal the characteristics of their membranes.
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