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Abstract

The permeabilization of liposomes by melittin, an antimicrobial peptide (AMP), has been studied by an
electrochemiluminescence (ECL) imaging strategy. The methodology consisted first of encapsulating
ECL reagents in sealed giant asymmetrical liposomes (100 um in diameter) made of DOPG/DOPC
phospholipids (i.e., 1,2-Dioleoyl-sn-glycerol-3-phospho-(1’-rac-glycerol) sodium salt / 1,2-dioleolyl-sn-
glycero-3-phosphocholine). Then liposomes were placed on an indium tin oxide electrode coated with
poly-L-lysine to avoid any membrane poration/permeabilization through polarization of the electrode
surface. Finally, the addition of melittin (from 10 uM to 100 nM in concentration) enabled the
permeabilization of the lipid membrane followed by the liposome content release and subsequent
light generation through the ECL reagents oxidation processes. Interestingly, at a melittin
concentration of 10 uM, two successive leakages occurring on the same liposome could be imaged.
Combination of ECL and photoluminescence imaging allowed comprehensive monitoring of the
permeabilization and content release of a single liposome. This ECL imaging approach opens
interesting perspectives to characterize the instant release of vesicle content upon permeabilization
by AMPs or other membrane-active species.
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Introduction

In recent years, antimicrobial peptides (AMPs) have gained significant attention due to their
clinical potential as a new class of antibiotics to fight antimicrobial resistance.® These peptides, which
are involved in the innate immune systems of living organisms play important roles in defense against
bacterial, viral and fungal infections, as well as adaptive immunity during the development of cancers
and autoimmune diseases. Unlike most conventional antibiotics, AMPs frequently destabilize
biological membranes causing lysis of cells and therefore have potential as new therapeutic agents.
Within this framework, numerous biophysical techniques (including fluorescence, circular dichroism,
solid-state NMR spectroscopy) have been developed to study membrane permeabilization by AMPs.®
Among the numerous available model systems (e.g. Large / Giant Unilamellar Vesicles (LUV/GUV),
planar supported bilayers) to investigate membrane permeabilizing peptides, GUVs are particularly
appropriate because their large size allows i) their manipulation and ii) their visualization by optical
microscopy techniques.”*! They can therefore be used in single vesicle experiments to monitor
morphological changes.

So far, the GUV suspension method is considered as the more traditional approach to study
membrane-permeabilizing peptides with micrometric-sized vesicles. In this method, GUVs are first
suspended in a solution containing a water-soluble membrane-impermeant fluorescent probe in the
presence of a peptide of interest.’?! Then, fluorescence inside and outside the vesicles is measured
and analyzed by confocal microscopy throughout the permeabilization process. Alternatively, the
water-soluble fluorescent probe may be encapsulated inside GUVs. In this recently developed method,
the fluorescent probe leakage is determined by the loss of fluorescence from inside the vesicle. The
structure and fluorescence variations of the GUVs are continuously observed throughout the process
by phase contrast and confocal fluorescence microscopy.’2* Very recently, the GUV leakage has been
investigated using an original method called photo-voltage transients, which consists in monitoring the
time-evolution of the charge/discharge pulses of photoinduced electrons.?®> This approach was also
combined with fluorescence microscopy observations to image the leakage events at single GUV.

Compared to fluorescence microscopy, electrochemiluminescence (ECL) appears particularly relevant
to image liposome permeabilization by peptides such as AMPs. ECL is a light-emitting process that has
become a powerful tool in analytical chemistry notably for immunoassays and clinical diagnosis.?63 In
ECL, the light emission is initiated by an electron transfer reaction occurring at an electrode surface
providing thus a very sensitive optical detection method because no excitation light source is
required.3Y 3 Therefore, the photonic background remains extremely low, which requires simple
instrumentation that can be coupled to the microscopy and allows a very sensitive detection.?*3* In
addition, electrochemical stimulation allows control of the duration of the ECL emitting region, while
optical readout makes the method extremely sensitive and allows localization of the event of
interest.These remarkable characteristics have led to the development of ECL methods in analytical
chemistry and more particularly in bioanalysis.?>3° Mechanistically, the combination of a ruthenium
polypyridine luminophore, [Ru(bpy)s]?* and tripropylamine (TPrA) as sacrificial co-reactant is a model
ECL system with high efficiency.***? Given the optical readout of ECL, a major development of this
technique is currently focused on single object imaging.*®* On the one hand, single entities such as
nanowires,* beads for immunoassays,*> % % attoliter droplets collisions,*” graphene oxide
nanoparticles,® and Janus metallic nanoparticles* could be visualized by ECL. More recently, ECL has
been successfully implemented to image not only membrane proteins,*® but also whole plasma
membranes of single cells,*®>! and finally single mitochondria.** On the other hand, transient events



can be imaged by ECL such as hydrogen peroxide efflux, which can also be observed by ECL at the single
cell level >*>3

As a result, we have recently developed an original strategy based on ECL to image in real-time the
dynamic permeabilization of GUVs which was triggered by the polarization of the electrode.>* Based
on a similar methodology, the work described herein deals with the ECL imaging of GUVs permeabilized
by an archetype of antimicrobial peptides, i.e. melittin.

Melittin, the main venom component of the European Honeybee, is a cationic linear peptide-
amide composed of 26 amino acid residues. Melittin is often used as a model system to investigate the
structure, folding and function of peptides and proteins in membranes.>® It also has been studied
preclinically as an anticancer agent for its broad lytic effects in multiple tumor types.>® 5’ Despite
numerous investigations, the membrane permeabilization mechanisms triggered by melittin are still
under debate®®%! and may be multiple. Under specific conditions, it has been suggested that melittin
may assemble into stable transmembrane helical bundles to form pores.®? However, in synthetic
bilayers melittin generally adopts an equilibrium orientation that is parallel to the membrane
surface.®®® This leads to a transient permeabilization of membranes with a burst of leakage occurring
rather rapidly after the peptide addition (< 1 minute). Interestingly, after this initial burst, the leakage
generally slows down or stops.® >% 866 Actually, it is very difficult and even impossible to rationalize
mechanisms involved during membrane permeabilization by AMPs because processes are dependent
on the contribution of many experimental conditions including the lipid composition, peptide
concentration, temperature, ionic strength, pH, etc... GUVs have been largely used to investigate the
mechanistic processes involved in their permeabilization when in contact with an AMP such as
magainin 2, melittin, LL37, or lactoferricin B.57% 23 These studies show that the permeabilization
followed by the leakage of a fluorescent probe (initially present inside the GUV) starts stochastically at
different times for different vesicles. Nevertheless, once it begins, complete leakage rapidly occurs. If
a permeabilization event can be schematized upon successive AMP binding, membrane permeation
and content release, this behavior suggests that the permeabilization event (as opposed to peptide
binding or vesicle leakage) is the rate-determining step in the process.'® 1 7% 71 |mportantly, and
compared to LUVs, the stochastic leakage phenomenon is specifically detected with GUVs because
they can be observed individually.

Herein, we show that GUV permeabilization by melittin can be evidenced by an ECL imaging
approach (Scheme 1).

DOPG / DOPC vesicle
Encapsulated content: Membrane permeation
[Ru(bpy),]** & TPrA and ECL emission

+ Melittin
PRI

Polylysine modified ITO electrode

Scheme 1. Strategy adopted to image by ECL the membrane permeation of giant vesicles by melittin



To achieve this, the ECL reagents (i.e. [Ru(bpy)s]** and TPrA) were first encapsulated in GUVs. The giant
vesicles were deposited on an electrode surface previously coated with poly-L-lysine to avoid any
membrane permeabilization induced by the surface polarization. Under these conditions, the addition
of melittin triggered membrane permeabilization that led to the content leakage and subsequent ECL
emission upon oxidation of ECL reagents at the electrode surface. It is important to note that the choice
of lipids was dictated by their ability (i) to keep intact (i.e., impermeable) liposomes as long as they
were not in contact with melittin and (ii) to improve the interaction with the positively charged AMP
since the main driving forces for membrane binding are electrostatic attraction and hydrophobic
interactions.”? Accordingly, asymmetrical liposomes composed of negatively charged DOPG (outer
leaflet) and zwitterionic DOPC phospholipids (inner leaflet) were prepared. The status and location of
liposomes (intact or permeabilized) was assessed by epifluorescence imaging. In a complementary
way, ECL provided images of the efflux of matter after liposome permeabilization.



Results & Discussion

- Stability of giant liposomes lying on a polarized ITO electrode coated with poly-L-lysine

The preparation of asymmetrical giant liposomes (100 um in diameter) encapsulating both the
luminophore ([Ru(bpy)s]** at 250 uM) and the co-reactant (TPrA at 100 mM) for ECL has been recently
described.>* Briefly, the preparation consists in two steps. First, aqueous droplets containing the
intravesicular solution and surrounded by DOPC lipids to form the inner leaflet of giant liposomes were
prepared with a microfluidic device. Secondly, the freshly prepared droplets were passed through a
water/oil interface containing DOPG phospholipids to form the outer leaflet. Note that intra- and extra-
liposomal solutions contain sucrose and glucose, respectively. Indeed, the different densities between
sucrose and glucose is useful to both help droplets to cross the water/oil interface, and to allow
liposome sedimentation on the electrode surface. Note that the lipids were chosen so that the
liposomes remain impermeable in the absence of antimicrobial peptides (AMP) while remaining
relevant in the exploration of membrane permeabilization by AMPs.”>7# On the one hand, and as
recently demonstrated,> the use of a zwitterionic phospholipid from the phosphocholine series, such
as DOPC, on the internal leaflet is required to form stable liposomes. On the other hand, taking into
consideration that AMPs are globally positively charged and that the main driving forces for peptide
binding are electrostatic attraction and hydrophobic interaction,’? the use of the negatively charged
DOPG on the outer-leaflet appeared perfectly adapted.

In a recent work, it was shown that DOPG/DOPC (outer/inner-leaflet) asymmetrical liposomes
undergo permeabilization when they are directly in contact with an ITO material surface under
polarization (+1.2 V vs. Ag/AgCl).>* Since the aim of this work is the characterization of the membrane
permeabilization by melittin, it was crucial to prevent any electrode effect on the membrane stability.
This was successfully achieved by covering the ITO electrode surface with poly-L-lysine. Under these
conditions, and as shown in Figure 1, liposomes were found stable for at least 30 minutes.

Time (min.)

: — >

Figure 1. Photoluminescent (PL) images of a single giant asymmetrical liposome made of DOPG and DOPC on its
outer and inner leaflets, respectively. It contains 250 uM [Ru(bpy)s]** luminophore as well as 100 mM TPrA and
lies on a poly-L-lysine-coated ITO electrode surface polarized at +1.2 V vs. Ag/AgCl. Images recorded at t = 5 min.
and t = 30 min. of polarization. The PL microscopy images reveal the localization of the [Ru(bpy)s]** complex inside
the liposome with an illumination at Aex = 455 nm.

- Imaging the permeabilization of liposomes by melittin



After ensuring the stability of liposomes at a polarized poly-L-lysine-coated ITO electrode, their
membrane integrity has been tested in the presence of melittin, a positively charged antimicrobial
peptide known to also cause permeabilization in prokaryotic and eukaryotic cells or artificial vesicles.
Accordingly, melittin was introduced in the electrochemical cell and let to interact with the negatively
charged outer leaflets of liposomes while keeping the solution osmolality constant. The experiments
were first carried out at a melittin concentration of 10 uM (final concentration in the electrochemical
cell). Under these conditions, membrane permeabilization processes were observed both by
photoluminescence (PL) and ECL after a few tens of seconds following the addition of peptides. Two
sets of ECL and PL images are shown in Figure 2, before and during the membrane permeabilization of
a representative liposome (see the liposome located in the dotted white square zone).
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Figure 2. (A) Parallel time-lapse by ECL (top) and PL (below) showing the permeation by 10 uM melittin of a
DOPG/DOPC liposome (the one isolated in the dotted white square). The liposome lies on a polarized ITO electrode
(+1.2 V vs. Ag/AgCl) coated with poly-L-lysine. It initially contains both 250 uM [Ru(bpy)s}** and 100 mM TPrA.
Note that ECL and PL images have a short difference in initial acquisition time (At = 500 ms) to avoid overlap
between the two types of visual information. During ECL and PL imaging, the focus was on the surface of the ITO
electrode. Scale bar: 100 um. (B) Evolution of PL (blue curve), and ECL (red curve) signals obtained as a function
of time for a single liposome [shown in (A)] permeabilized by melittin. PL and ECL intensities were measured from
a typical region of interest (ROI) outlined by the dashed white square shown in (A). Melittin was added at t =0 s.

Before t = 50 seconds, the single liposome appears intact (see PL images) confirming the absence of
detectable leakage of its content near the electrode (see the corresponding ECL images for t < 50
seconds). For 50 < t < 69 seconds, an ECL signal is detected at the bottom of the image suggesting a
liposomal leakage of ECL reagents next to the electrode surface. This is confirmed by the PL images



that clearly show a strong concomitant fluorescence decay followed by a displacement of the liposome
in the direction opposite to the leakage point (i.e. to the top of the image) most likely due to the release
of the content outside the liposome. Then, the liposome seems to stop leaking in agreement with the
absence of ECL signal (see the PL and ECL images at t = 110 seconds). Compared to the PL images taken
before the leakage, the image at 110 seconds clearly shows that the size of the liposome decreases in
accordance with a loss of its content. At this point, it is important to note that in most cases, a complete
leakage is observed (two videos are included in the Supporting Information showing typical behaviours
both in ECL and in PL). Therefore, the behaviour observed in Figure 2 represents a minority of events,
thus confirming the stochastic character of the melittin-promoted permeation of the vesicle. However,
it shows the possibility to monitor the transient nature of the permeabilization process in some cases.
These qualitative observations, both in ECL and PL, clearly indicate a membrane permeabilization by
the added melittin in agreement with the appearance of an ECL signal resulting from the liposomal
content release and oxidation. It shows that the poly-L-lysine layer deposited on the ITO electrode is
thin enough or/and non-perfectly uniform to allow electron transfer between the released
luminophore/co-reactant and the electrode. In addition, considering the stability of DOPC/DOPG
liposomes at the polarized ITO electrode surface coated with poly-L-lysine, this result confirms that the
membrane permeabilization is generated by the introduction of melittin in the solution. To our
knowledge, this is the first report of the ECL imaging of a permeabilization event by an antimicrobial
peptide at a phospholipidic membrane.

Liposome permeabilization can also be quantified from PL and ECL intensities in specific ROIs like the
one outlined in Figure 2A. The combination of the two signals allows complete monitoring of the
permeabilization and release of the content of a single liposome. As shown in Figure 2B, ECL appears
as soon as PL decreases. Compared to the brutal opening of liposomes observed at a naked and
polarized ITO electrode,** the PL signal observed here decreases for several tens of seconds (around
30 seconds) in agreement with times observed in other studies’ indicating a rather slow leakage and
explaining why the amperometric current could not be monitored in this case. Moreover, it is
important to underline that the simultaneous ECL increase and PL decrease confirm that both
responses are correlated and come from the same liposome. Also, the signal duration and shape are
similar for ECL and PL in agreement with the fact that both emissions depend on the luminophore
concentration and diffusion. In addition, the TPrA concentration (i.e. 100 mM) is large enough to not
be considered as a limiting step in the ECL reactions and light emission.

Although the leakage observed in Figure 2 is incomplete within this time window, the newly
formed liposome leaked again approximately two minutes later. The two successive leakages occurring
on the same liposome are gathered in Figure S1 of the S.I. Compared to the first leakage, and as shown
on the ECL images, the second one appears on the opposite face of the liposome (top of the image),
but the liposome is not displaced in this case. The second leakage is, this time, complete in accordance
with the disappearance of the liposome (see the PL image at t = 250 seconds). Taking the entire image
as the ROI, the second ECL signal (red curve) is less intense than the first one, showing that most of the
liposome content has been lost during the first leak. Taking the same ROI for PL images (i.e. the entire
image) the second leakage is less intense due to a lower signal / noise ratio.

Following the experiments performed at a melittin concentration of 10 uM, the sensitivity of
our original approach has been tested by decreasing the peptide concentration. Accordingly, a series
of experiments have been performed at 1 uM and 100 nM in melittin (Figures 3 and 4).



At a melittin concentration of 1 uM, it is still possible to observe by ECL the location of the leak,
whereas it is almost impossible by PL (compare ECL and PL images in Figure 3(A)). Based on ECL images,
red arrows have been added on PL images to show where the leakage comes from on the liposome of
interest. This confirms the higher sensitivity of ECL compared to PL (thanks to a better signal/noise
ratio) that allows the location of events. Nevertheless, vesicle permeabilization can be quantified not
only by ECL, but also by PL provided an adequate ROI is selected (see Figures 3(A) and 3(B)). As
observed at a melittin concentration of 10 uM, the concomitant PL decrease and ECL increase confirm
that both signals originate from the same liposome. The duration of the ECL signal falls in the same
time range as previously observed and a complete leakage occurs.
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Figure 3. (A) Parallel time-lapse imaging by ECL (top) and PL (below) showing the permeation by 1 uM melittin of
a DOPG/DOPC liposome (the one isolated in the dotted white circle). The liposome lies on a polarized ITO electrode
(+1.2 V vs. Ag/AgCl) coated with poly-L-lysine. It initially contains both 250 uM [Ru(bpy)s}** and 100 mM TPrA.
Note that ECL and PL images have a short difference in initial acquisition time (At = 500 ms) to avoid overlap
between the two types of visual information. During ECL and PL imaging, the focus was on the surface of the ITO
electrode. Scale bar: 100 um. (B) Evolution of PL (blue curve), and ECL (red curve) signals obtained as a function
of time for a single liposome [shown in (A)] permeabilized by melittin. PL and ECL intensities were measured from
a typical region of interest (ROI) outlined by the dashed white zones shown in (A). Melittin was added at t =0 s.

At a melittin concentration of 100 nM, permeation can still be detected by both ECL and PL, but the
ECL signal becomes too diffuse to precisely localize which part of the liposome is leaking (see Figs. 4(A)
and 3(A) for comparison). In this case, the ROI size has to be increased to extract the leakage event
from the background signal (Figure 4(B)). Nevertheless, the duration of the ECL signal is still in the same



time window as those previously observed at higher melittin concentrations. Besides, ECL and PL
signals remain concomitant.
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Figure 4. (A) Parallel time-lapse imaging by ECL (top) and PL (below) showing the permeation by 100 nM melittin
of a DOPG/DOPC liposome (the one isolated in the dotted white circle). The liposome lies on a polarized ITO
electrode (+1.2 V vs. Ag/AgCl) coated with poly-L-lysine. It initially contains both 250 uM [Ru(bpy)s]?* and 100
mM TPrA. Note that ECL and PL images have a short difference in initial acquisition time (At = 500 ms) to avoid
overlap between the two types of visual information. During ECL and PL imaging, the focus was on the surface of
the ITO electrode. Scale bar: 100 um. (B) Evolution of PL (blue curve), and ECL (red curve) signals obtained as a
function of time for a single liposome [shown in (A)] permeabilized by melittin. PL and ECL intensities were
measured from a typical region of interest (ROI) outlined by the dashed white zones shown in (A). Melittin was
added att=0s.

Globally, whatever the melittin concentration, similar behaviors were observed both in PL and
ECL. Nevertheless, and as a general rule, the lower the peptide concentration, the lower the ECL
intensity and the longer the delay between peptide addition and permeabilization are.

CONCLUSION

The ECL imaging of a liposome permeabilization event triggered by an antimicrobial peptide
has been achieved. Combination of ECL and photoluminescence imaging allowed a comprehensive



monitoring of the permeabilization and content release of a single liposome. Furthermore, the ECL
approach has proven to be very sensitive since it allows the localization of permeabilization events.
Like fluorescence microscopy, the ECL approach highlights the stochastic nature of AMP-promoted
membrane permeabilization.

More generally, this original ECL imaging strategy may be considered as a new and complementary
biophysical technique® (additionally to fluorescence, circular dichroism, solid-state NMR
spectroscopy)’® 7’ to investigate any cell or vesicle permeabilization or poration events, by membrane-
active peptides or proteins, a central issue in the general topic of cell transmembrane trafficking.

SUPPORTING INFORMATION

Parallel acquisition of ECL and PL images showing two successive permeation processes of a single
liposome by melittin; Time-sequences for the combined detection of amperometry-ECL-PL signals; ECL
video (MP4); Photoluminescence video (MP4).
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EXPERIMENTAL SECTION

Lipids. 1,2-Dioleoyl-sn-glycerol-3-phospho-(1’-rac-glycerol) sodium salt (DOPG, 10 mg/mL in
chloroform), and 1,2-dioleolyl-sn-glycero-3-phosphocholine (DOPC, 10 mg/mL in chloroform) were
purchased from Avanti Polar Lipids.

Chemicals. Poly-L-Lysine (0.01 % solution), tris(2,2'-bipyridyl)dichlororuthenium(ll) hexahydrate,
mineral oil, tri-n-propylamine (TPrA), D-(+)-glucose, sucrose, and phosphate buffer saline (PBS) tablets
(10 mM phosphate, 137 mM sodium chloride; 2.7 mM potassium chloride; pH 7.4) were purchased
from Aldrich. Fmoc-protected amino acids were purchased from Iris Biotech. Rink Amide AM resin,
N,N’-diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazole hydrate (HOBt), triisopropylsilane (TIS)
and a-cyano-4-hydroxycinnamic acid (CHCA) were obtained from Merck. Acetonitrile (HPLC grade),
dichloromethane, diethyl ether, dimethylformamide (DMF, peptide synthesis grade), piperidine
(peptide synthesis grade) and trifluoroacetic acid (TFA) were purchased from Carlo Erba. All chemicals
were used without further modification.

Instrumentations. ECL experiments were performed using a HJAUTOLAB Type Il and an inverted Zeiss
Observer.Z1 microscope placed in a Faraday cage. The detection and collection of luminescent signals
were performed with an EMCCD camera (C9100-13, Hamamatsu, Japan) connected to the
microscope.Photoluminescence (PL) excitation was performed with a diode (THORLABS M455L3, A =
455 nm). The [Ru(bpy)s]* luminophore (Aex = 450 nm; Aem= 610 nm) was illuminated with a Zeiss filter
set 74HE. The melittin peptide was assembled on a CS3365 CSBio automated peptide synthesizer.
Peptide purification was performed on a WATERS preparative HPLC system equipped with a 2489
UV/Vis detector and a 2535 quaternary gradient module. Analytical HPLC was performed on an Agilent
1220 LC System. MALDI-TOF MS peptide characterization was done at the MS3U platform (Sorbonne
Université) on a Bruker Autoflex Speed.

Reactant aqueous solutions. Highly purified water (resistivity=18 MQ.cm; Milli-Q system; Millipore,
Billerica, MA, USA) was used to prepare extra- and intra-vesicular solutions. The extra-vesicular solution
was composed of PBS in which glucose (0.7 M) was dissolved. The intra-vesicular solution was made of
PBS / sucrose (0.7 M) / [Ru(bpy)3]** (250 uM) / TPrA (100 mM). Importantly, the pH value was adjusted
at a value of 7.4 by addition of phosphoric acid. If necessary, osmolality was adjusted by adding small
amounts of PBS solution to ensure isotonic conditions.

Phospholipid solutions. The giant liposomes consisted of DOPG (outer leaflet) and DOPC (inner leaflet).
To form them (see below), phospholipids in oil suspensions had to be prepared as follows: first, DOPG
or DOPC (121 pL; 10 mg/mL in CHCl3) was added in a glass vial (2 mL) to evaporate chloroform under
vacuum (2 hours). Then, mineral oil (2 mL) was added to dried phospholipids and the corresponding
suspension was sonicated (1 hour).

Preparation of [Ru(bpy)s]** / TPrA encapsulated giant liposomes. Giant liposomes were prepared in
two steps. First, aqueous droplets containing the intravesicular solution and surrounded by DOPC lipids
to form the inner leaflet of giant liposomes were prepared with a microfluidic device. Secondly, the
freshly prepared droplets were passed through a water/oil interface containing DOPG phospholipids to
form the outer leaflet. More Details of this preparation can be found in reference.>*

Imaging of GUVs. The observation of giant liposomes lying on the poly-L-lysine-coated ITO electrode
was performed by fluorescence microscopy (Zeiss Observer.Z1), using N-Achroplan 10x (aperture 0.25)
and LD Plan-Neofluar 20x (numerical aperture 0.6) objectives. A mercury lamp (HXP 120C) was used
for fluorescence excitation while selecting the appropriate filter to highlight the ruthenium complex
(Zeiss filter set 74 HE). A flashing diode (THORLABS M455L3, A.x =455 nm) was used to collect PL images
during ECL experiments.

ITO microelectrodes. Optical glass slides (22 mm x 22 mm x 0.13 mm) with 150 nm-thick ITO films (90%
In,03/10% Sn0O,, ACM, Villiers Saint Frédéric, France) were used to prepare microelectrodes with a low
electrical resistance (< 20 ohms per square) and high transparency. The ITO electrode surface (~ 800
um in diameter) was delimited by a PDMS well in which a micropipette tip (1 mL) was inserted vertically
to the glass surface. Details of the device fabrication can be found in reference.>
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Combination of ECL / Photoluminescence (PL) experiments. The combination of a potentiostat
(LAUTOLAB Type lll) and an e-corder 401 system (eDAQ Pty Ltd, Australia, associated with the eDAQ
Chart software) was used to perform ECL and photoluminescence experiments. ECL signals generated
by the permeabilization of liposome, were detected by using an EMCCD camera (Hamamatsu, Japan)
connected to an inverted Zeiss LSM 710 microscope placed in a Faraday cage. The ITO working
electrode was set at a potential value of +1.2 V vs. Ag/AgCl (used as the reference electrode); the
counter electrode was a 1 cm length platinum wire. By adjusting the gain, sensitivity and exposure
time, the quality of the luminescent images was optimized. HCImage Live and ImagelJ softwares were
used to record and process images, respectively. The use of flashing diode (Aex = 455 nm) was necessary
to combine ECL and PL investigations during permeabilization of liposomes on the electrode surface.
This revealed the ruthenium complex inside the liposomes and correlated the ECL signal with the
correct liposome. The appropriate time-sequences for the combined detection of ECL and PL signals is
given in Figure S2 of the S.I.

Modification of ITO electrodes with poly-lysine. Before each experiment, the micrometer-sized PDMS
well with the ITO electrode at the bottom was filled with the poly-L-lysine solution (0.01 %; 20 uL) and
let in contact with the electrode surface for 1 hour. To limit solvent evaporation, the device was placed
inside a closed petri dish. The well was finally rinsed with PBS then glucose solutions.

Melittin synthesis. Melittin (H-GIGAVLKVLTTGLPALISWIKRKRQQ-NH2) was synthesized by standard
automated Fmoc solid phase peptide synthesis on Rink-amide-AM resin (resin loading 0.26 mmol/g,
0.05 mmol scale). Couplings were carried out at room temperature for 2 h using 10-fold excess Fmoc-
protected amino acid activated by DIC/HOBt in DMF. Final peptide deprotection and cleavage from the
resin was performed by treatment for 3 h with a cocktail containing TFA and as scavengers TIS and H.0,
in the ratio 95:2.5:2.5 (v/v). The cleavage mixture was then filtered to remove the resin, the TFA was
sparged under a stream of argon, the peptide precipitated in cold diethyl ether (-20°C, 2 h) and freeze
dried. Melittin was purified by semi-preparative HPLC on a RP-C18 column (ACE C18-300, 250 x 10 mm)
using a linear gradient of 35 to 60 % B in A over 30 min with a flow rate of 6 mL/min (A= 0.1% TFA in
H>O and B = 0.1 % TFA in CH3CN). Detection was performed at 220 nm. The purity of the collected
fractions was checked by analytical HPLC on a RP-C18 column (ACE C18-300, 100 x 4.6 mm) using a
linear gradient of 40 to 65 % B in A over 10 min (flow rate of 1 mL/min). Fractions with purity > 95 %
were pooled and freeze-dried yielding 37.7 mg peptide (isolated yield = 21.4 %). The peptide was
characterized by MALDI-TOF MS in the ion positive reflector mode using CHCA matrix (10 mg/mL in
CH3CN/H,0/TFA, 50:50:0.1): measured m/z = 2845.4 [M+H]"* (first isotope); calculated m/z = 2845.7.
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