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ABSTRACT: In this work, the characterization of release events from liposomes has been addressed quantitatively by an electro-
chemiluminescence (ECL) imaging strategy. First, ECL reagents ([Ru(bpy)s]?* and tripropylamine) have been encapsulated in sealed
giant asymmetrical liposomes (100 um in diameter) made of DOPG/DOPC phospholipids. After sedimentation on an ITO (Indium
Tin Oxide) electrode material, the opening of liposomes was then triggered by polarization of the surface. Under these conditions,
amperometry, epifluorescence and ECL were combined and synchronized to monitor and image the rupture of giant liposomes
through the release and subsequent ECL emission of their redox content. Amperometry allowed the quantification of the content
released from single liposomes. The location and status of liposomes (closed or opened) was assessed by epifluorescence. ECL
provided imaging the efflux of matter after liposome opening. This original ECL imaging approach favorably compares to strictly
photoluminescent or electrochemical techniques and appears adapted to the investigation of membrane rupture / permeation events.

INTRODUCTION

Liposomes are vesicles composed of a phospholipid bilayer,
which attract increasing interest in fields as diverse as targeted
drug delivery,*® bioreactors,*® membrane protein science,””®
and artificial cells.’%® Whatever the liposome size (small: 20 -
50 nm, large: 50 - 100 nm, or giant unilamellar vesicles: 1 - 100
um),%8- 17 the lipid membrane permeability or opening upon ei-
ther physicochemical stimulus (temperature, light, pH, redox,
etc...) or introduction of e.g. membrane active peptides (cell
penetrating peptides, CPPs, or antimicrobial peptides, AMPs)®
19 are particularly investigated as model of active and passive
lipid barrier crossings.

The electrochemical detection of single liposome collisions
upon recording the faradaic current associated to the electron
transfer between an electrode and an encapsulated redox species
recently proved to allow quantitative representation of the dy-
namics of the vesicular release.? Since electron transfers may
not occur across a lipid bilayer, the electroanalytical monitoring
of the liposome redox active content after collision and mem-
brane opening at the electrode surface provides accurate infor-
mation on its rupture/opening mechanisms.? 22 Compton and
Cheng successfully developed this approach for the real-time
quantification of vitamin C content at the single liposome
level.? Similarly, Ewing and co-workers detected the catechol-
amine release from single cell liposomes.? According to their
reports, the so-called vesicle impact electrochemical cytometry
(VIEC) mostly relates to the electroporation of the liposome on

the polarized electrode, resulting in its rupture and electrolysis
of its content.?*?” Conversely, Bard and co-workers could not
detect 100 nm liposomes upon collision with a platinum micro-
electrode below a threshold concentration of surfactant.?® More
recently, they could show that the permeability of DMPC lipid
membranes can also be tuned by the solution temperature when
liposomes do not open spontaneously.?® Actually, both parame-
ters (surfactant concentration and temperature) would be key
experimental factors for the liposome membrane electro-
poration process mentioned by Ewing. Besides, it is well estab-
lished that the liposome membrane stability is strongly depend-
enton its lipid composition, on external parameters such as tem-
perature and pH,* but also depends on interactions with specific
molecules able to weaken, permeabilize, or penetrate the lipid
bilayer.31-38

Although amperometry is clearly a powerful technique gather-
ing quantitative information on the amount of electroactive spe-
cies released after the opening of a single liposome with an ex-
cellent temporal resolution (~ ms), this approach lacks spatial
resolution.® 40 Accordingly, single giant liposomes (15-50 pm
in diameter) were successfully characterized by scanning elec-
trochemical microscopy (SECM) in which electrochemical sig-
nals were measured with micrometric resolution.** SECM im-
ages of liposomes containing [Ru(bpy)s]?* (bpy = 2,2’-bipyri-
dine) were obtained and revealed a very low leakage of the ru-
thenium complex from intact liposomes (made of DSPC/DSPG
or DSPC/SOPG in a 80/20 molar ratio). Nevertheless, SECM
exhibits a temporal resolution limited by the time required to
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scan the sample and reconstruct the image of the “electrochem-
ical” activity/ topography of the liposomes, a drawback par-
tially overcome using arrays of soft microelectrodes.*>** Alter-
natively, Bard and Zhan introduced electrochemiluminescence
(ECL) labeling, with [Ru(bpy)s]?*-encapsulated in submicrom-
eter-sized liposomes, and its application in a sandwich type im-
munoassay of human C-reactive protein.*® However, 100-na-
nometer size liposomes used in this work were too small for
microscopy imaging and a surfactant was required to permeate
liposomes and release the ECL label. Recently, Glasscott et al.
reported a droplet-confined ECL as a quantitative tool to map
solvent entrapment in multiphase systems and to visualize the
phase boundaries of such systems.*6 47

Using liposome-encapsulated luminophores, ECL appears par-
ticularly adequate to provide unambiguous signature of extra-
vesicular release events, with a better signal/noise ratio than
namely electrofluorochromic probes. Since ECL is an electro-
chemically triggered process ultimately leading to photon emis-
sion,*® % this technique brings important advantages over other
optical methods. Firstly, ECL does not require any excitation
light source unlike photoluminescence (PL) techniques (i.e.,
fluorescence or phosphorescence). Therefore, an extremely low
photonic background remains, requiring simple instrumentation
that can be coupled to microscopy and allowing highly sensitive
detection.®® Secondly, the electrochemical stimulation provides
control on the duration of the ECL-emitting region, whereas the
optical measurement makes the method extremely sensitive and
allows the location of the event to be observed. Thirdly, the cur-
rent rapid development of electrochemical materials, lumino-
phores®! and optical devices lead to a significant improvement
of the resolution of optical signals. These remarkable character-
istics have triggered the development of ECL methods in ana-
Iytical chemistry and more specifically in bioanalysis.5?%°

As already mentioned, considering the optical measurement in
ECL, a current important development of this technique is its
implementation to visualize single objects. On the one hand,
single entities such as nanowires,> beads for immunoassays,>”
% collisions of attoliter droplets,® graphene oxide nanoparti-
cles,®* and Janus metallic nanoparticles®? could be visualized by
ECL. On the other hand, effluxes of hydrogen peroxide could
be also observed by ECL at the single cell level.®*% More re-
cently, ECL was successfully implemented to image membrane
proteins,® entire plasma membranes of single cells,®® and ulti-
mately single mitochondria.%®

From a mechanistic point of view, model chemical systems
providing high ECL imaging efficiency feature a ruthenium
polypyridine luminophore, [Ru(bpy)s]?*, and tripropylamine
(TPrA\) as a sacrificial co-reactant. Several competitive mecha-
nistic pathways may simultaneously occur.”"2 Importantly, the
specificity and complexity of these mechanisms resides in the
heterogeneous and homogeneous electron-transfer reactions in-
volving the luminophore and the co-reactant for the ECL emis-
sion to proceed. Indeed, whatever the mechanism (oxidation of
both the co-reactant and the luminophore or oxidation of only
the co-reactant), the critical step relies on the occurrence of a
homogeneous reaction between both electrogenerated species
after a preliminary heterogeneous oxidation step at the electrode
surface.

Liposomes obtained from giant unilamellar vesicles are partic-
ularly attractive systems thanks to their eligibility to optical mi-
croscopy and to various micromanipulation techniques.”" Ac-
cordingly, we report here on an original approach to image by
ECL the delivery of single giant liposomes content in the extra-
vesicular medium. Furthermore, this ECL imaging was syner-
gistically combined with amperometry and PL to get comple-
mentary information on the dynamics and quantification of gi-
ant liposome content, as well as on the status of liposomes be-
fore and during permeation (location, geometric area, rupture
dynamics). ECL generation of single liposomes was monitored
after their bursting at the electrode surface. Indeed, a stable lip-
osome lying on a polarized surface and loaded both with the
luminophore and the co-reactant should not generate ECL since
electron transfer cannot proceed across the membrane of the lip-
osome. However, in case of a membrane opening or rupture,
oxidation of the released species should take place at the elec-
trode surface, triggering the emission of light (Figure 1).

‘Encapsulated content :
bpy)3]?* & TPrA

Liposome opening &
content release

content oxidation &
ECL emission

Figure 1. ECL imaging of single giant liposomes opening at
polarized electrodes.

More particularly, our original approach relies on collecting
both the photonic and amperometric signals produced by ECL
generated during and after the rupture of giant liposomes loaded
with the luminophore and co-reactant. This strategy required
several experimental steps to be achieved. A first step was the
successful encapsulation of both [Ru(bpy)s]?* and TPrA in giant
liposomes (~ 50 pm in radius). The choice of the lipids was dic-
tated by their ability to keep liposomes impermeable as long as
they are not in contact with the electrode surface. Accordingly,
asymmetrical liposomes made of DOPG (on their outer leaflets)
and DOPC phospholipids (inner leaflets) had to be prepared. It
is noteworthy that these lipids are widely used to explore the
translocation of cationic biomolecular species like cell-pene-
trating peptides.1®°

Secondly, the monitoring of amperometry, PL, and ECL has
been carried out in a synchronized way. This led to complemen-
tary quantitative and visual information of liposomes coming in
contact with the electrode surface followed by their permeation
then the release of their content in the extra-vesicular medium.
More specifically, there are two inherent values in the use of
amperometry: polarization of the indium tin oxide (1TO) sur-
face to induce liposome rupture, and quantification of liposome
size. Additionally, amperometry gave access to kinetic and
quantitative information on release events from single lipo-
somes. PL provided information on the liposome localiza-
tion/status whereas ECL allowed monitoring the efflux of lumi-
nophores after liposome opening.



EXPERIMENTAL SECTION

Lipids. 1,2-Dioleoyl-sn-glycerol-3-phospho-(1’-rac-glycerol)
sodium salt (DOPG, 10 mg/mL in chloroform), 1,2-dipal-
mitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) ammonium salt (DPPE-NBD, 1 mg/mL in
chloroform, Aex = 460 nm, Aem = 535 Nm), and 1,2-dioleolyl-sn-
glycero-3-phosphocholine (DOPC, 10 mg/mL in chloroform)
were purchased from Avanti Polar Lipids. Molecular structures
of the phospholipids used in this work are shown in Supporting
Information (see A/ in the Supporting Information (S.1.)).

Chemicals. Tris(2,2'-bipyridyl)dichlororuthenium(ll) hexahy-
drate, mineral oil, tri-n-propylamine (TPrA), D-(+)-glucose, su-
crose, and Phosphate buffer saline (PBS) tablets (10 mM phos-
phate, 137 mM sodium chloride; 2.7 mM potassium chloride;
pH 7.4) were purchased from Aldrich. All chemicals were used
without further modification.

Instrumentations. Electrochemical measurements (cyclic volt-
ammetry) were performed by using an Autolab potentiostat
(PGSTAT 20). ECL experiments were performed with a
PAUTOLAB Type 11l and an inverted Zeiss Observer.Z1 mi-
croscope placed inside a Faraday cage. An EMCCD camera
(C9100-13, Hamamatsu, Japan), connected to the microscope,
was used to detect and collect the luminescent signal. PL images
were performed with a diode (THORLABS M455L3, Aex = 455
nm). A Zeiss filter set 74HE was used to illuminate the
[Ru(bpy)s]?* luminophore (Lex = 450 NM; Aem= 610 Nm).

Reactant aqueous solutions. Extra- and intra-vesicular solu-
tions were prepared from highly purified water (resistivity=18
MQ.cm; Milli-Q system; Millipore, Billerica, MA, USA). The
extra-vesicular solution was prepared by dissolving glucose in
PBS to reach a final concentration of 0.7 M and an osmolality
of around 1000 mOsm.Kg™. This solution will be referred as the
“extra-vesicular solution” in the following. For the intra-vesic-
ular solution, sucrose and TPrA were added in PBS. This led to
a 10 mL solution containing sucrose and TPrA at concentrations
of 0.7 M and 100 mM, respectively. Under these conditions, a
very basic (pH = 10.5) and two-phase mixture was obtained.
Nevertheless, addition of concentrated phosphoric acid (around
400 pL at 1 M) allowed to homogenize the solution and to ad-
just the pH at a value of 7.4 (= Solution S1).

To incorporate the ruthenium complex in the intra-vesicular so-
lution, tris(2,2"-bipyridyl)dichlororuthenium(Il) hexahydrate
was first added in the above-prepared S1 solution to reach a
concentration of 2.5 mM. This solution was then diluted ten
times with the S1 solution to reach a final ruthenium concentra-
tion of 250 uM. To ensure isotonic conditions, the osmolality
had to be sometimes adjusted by adding small amounts of the
PBS solution. This final solution (sucrose at 0.7 M in PBS, ru-
thenium complex at 250 pM, and TPrA at 100 mM) will be re-
ferred as the “intra-vesicular solution” in the following.

Phospholipid solutions. Giant liposomes were made of DOPG
(outer leaflet) and DOPC (inner leaflet). A small fraction (2
mol%) of DPPE-NBD was also incorporated into each leaflet to
allow the liposomes visualization in epifluorescence optical mi-
croscopy additionally to their observation by phase contrast.
The formation of giant liposomes (see below) required the pre-
liminary preparation of phospholipids in oil suspensions as fol-
lows: first, DOPG or DOPC (98 pL; 10 mg/mL in chloroform)
and DPPE-NBD (23 puL; 1 mg/mL in chloroform) were mixed

in a 2 mL glass vial. After chloroform evaporation under vac-
uum (2 hours), mineral oil (2 mL) was then added to dried phos-
pholipids and the corresponding suspension was sonicated (1
hour). In the following these solutions composed of phospho-
lipids dissolved in mineral oil will be referred as the “lipid so-
lution”.

Preparation of [Ru(bpy)s]** / TPrA encapsulated giant lipo-
somes. The preparation of giant liposomes was performed
through two successive steps. The first one consisted in the mi-
crofluidic preparation of a water in oil (W/O) emulsion contain-
ing the intra-vesicular solution and surrounded by the lipid so-
lution to form the inner leaflet of giant liposomes. The second
one consisted in passing the freshly prepared droplets through a
water/oil interface containing either the DOPG/DPPE-NBD or
DOPC/DPPE-NBD phospholipid mixtures in order to form the
outer leaflet (see B/ in S.1.).

First step: Microfluidic drop generators were prepared from
PDMS (RTV-615, Momentive) by classical soft-lithography.”
The channel-embedding part was made by conventional PDMS
replica molding of a photolithographed 50 pum thick SU-8 mold
(MicroChem, MA). This replica was then pierced for fluidic
connections and sealed by a flat PDMS slab using plasma bond-
ing (Diener-femto). The outlet of the microdevice was then cut-
open with a sharp blade to forma L xw x h =10 x5 x 5 mm?®
tip that could fit in a 500 pl microtube. The intra-vesicular so-
lution and lipids-containing oil were co-flowed at a flow-focus-
ing junction of 100 um wide channels to obtain a monodis-
persed emulsion of 50 um radius droplets.

Second step: A DOPG / DPPE-NBD phospholipids monolayer
was previously formed in a 500 pL microtube by incubation (4
hours at 45 °C) of a biphasic mixture composed of the extra-
vesicular (250 pL) and lipid (200 uL) solutions. The correct
drop generation was checked by brightfield microscopy before
inserting the tip of the device inside the microtube and freshly
prepared droplets were continuously added to the oil phase. Af-
ter 2-3 hours of droplets addition through the Oil/Water phase
most of the liposomes were formed by passive transfer and fall
on the bottom of the Eppendorf tube along the density gradient
created between sucrose (MW = 342.30 g/mol) and glucose
(180.16 g/mol). Finally, the sample was centrifuged (2000 rpm
for 15 seconds) in order to recover as many liposomes as possi-
ble.

Imaging of GUVs. Giant liposomes were observed on polysty-
rene surfaces by phase-contrast and fluorescence microscopy
(Zeiss Observer.Z1), using N-Achroplan 10x (aperture 0.25)
and LD Plan-Neofluar 20x (numerical aperture 0.6) objectives.
Fluorescence excitation was provided by a mercury lamp (HXP
120C) and by selecting the right filter to evidence either the
NBD-labelled phospholipid (Zeiss filter set 38 HE) or the ru-
thenium complex (Zeiss filter set 74 HE). During the ECL ex-
periments, PL images were collected as well by illumination
with a flashing diode (THORLABS M455L3, Ae = 455 nm).

Device fabrication for electrochemical and ECL experi-
ments. Optical glass slides (22 mm x 22 mm x 0.13 mm) with
150 nm-thick ITO films (90% In,03/10% SnO,, ACM, Villiers
Saint Frédéric, France) were selected for microelectrodes fabri-
cation in order to afford low electrical resistance (<20 ohms per
square) and high transparency.



A piece of poly(dimethylsiloxane) (PDMS, RTV-615; Mo-
mentive Performance Materials) was cut to the same size as the
optical glass side. Then four holes were punched (2 mm in di-
ameter) in the PDMS piece. The ITO modified glass slide and
the PDMS piece were then stuck together by treatment with air
plasma at 0.46 mbar (Diener-femto) for 1.5 minutes leading
thus to four identical wells featuring ITO as working electrodes
in the bottom. A 1 mL micropipette tip, playing the role of the
electrochemical cell, was then inserted vertically in one hole up
to the glass surface, delimiting thus an 1TO working electrode
with a size being equal to the inner diameter of the micropipette
tip (~ 800 um). To complete the electrochemical cell, an
Ag/AgCl wire (1 mm in diameter) and a platinum wire (1 mm
in diameter) used as the reference and the counter electrode, re-
spectively, were finally inserted at the top of the micropipette
tip (see C/in S.1.).

Electrochemical experiments. Electrochemical measurements
were performed by using an Autolab potentiostat, PGSTAT 20,
(cyclic voltammetry) and a pAUTOLAB Type Il (chronoam-
perometry). They were carried out at room temperature in a spe-
cific home-made three-electrode cell (see above “Device fabri-
cation”). Accordingly, the reference and counter electrodes
were a silver/silver chloride wire and a platinum wire, respec-
tively. The optical glass slide with a 150 nm-thick ITO film
played the role of the working electrode.

Combination of ECL / Chronoamperometry / Photolumi-
nescence experiments. Combination of ECL, chronoamperom-
etry and photoluminescence experiments was performed with
the same device as that used for pure electrochemical experi-
ments, but with a ;,AUTOLAB Type 111 and through an e-corder
401 system (eDAQ Pty Ltd, Australia) associated with the
eDAQ Chart software. The ECL signals, coming from the giant
liposomes rupture on the ITO surface, were detected by an
EMCCD camera (Hamamatsu, Japan) which was connected to
an inverted Zeiss LSM 710 microscope inside a Faraday cage.
A constant potential value set at +1.2 V vs. Ag/AgCI (used as
the reference electrode) was applied to the ITO working elec-
trode. The quality of luminescent images could be optimized by
the adjustment of gain, sensitivity as well as the exposure time.
Images were registered then treated by using HCImage Live and
ImageJ softwares, respectively. To couple ECL and PL during
the liposomes permeabilization at the electrode surface it was
necessary to use a flashing diode (Aex = 455 nm) to reveal the
ruthenium complex inside liposomes and to correlate the ECL
signal with the right liposome (see D/ in S.1.).

Data treatment. The recorded chronoamperograms were ana-
lyzed in two steps to extract and deconvolute analyzable am-
perometric spikes from the raw trace. Firstly, the decay of the
baseline current (mostly capacitive origin) was fitted by an ex-
ponential law (in two zones before and after the series of am-
perometric spikes) and subtracted from the raw current. Sec-
ondly, isolated spikes were considered for basis of subsequent
simulations. Because such peaks showed an exponential decay,
we decided to model them with an appropriate mathematical
function taking into account both increase and decrease in cur-
rent. The Weibull function (5 parameters, Sigma 12.0 software)
meets such requirements and allows one to describe peaks and
gave satisfactory results in our case (R? > 0.99). This mathemat-
ical law was then extended to all overlapped spikes. Therefore,
from the full chronoamperogram, the first spike (i.e. starting to

a zero baseline from the first step) was selected. If entirely iso-
lated, no fitting was required. If superimposed with a following
event, its non-overlapped portion was fitted by the appropriate
Weibull function. The entire spike was thus obtained and sub-
tracted from the whole trace to constitute a new baseline and the
other spikes were selected or fitted accordingly. Of note, we fi-
nally verified that summing all the extracted spikes led to the
initial whole amperometric trace. Finally, the area of the se-
lected/obtained entire amperometric spikes (i.e. the coulometric
charge corresponding to the electrochemical detection for each
event) were estimated using the trapezoidal approximation.

RESULTS AND DISCUSSION

Encapsulation of ECL reagents in liposomes and visualiza-
tion of the loaded giant liposomes. To our knowledge,
[Ru(bpy)s]?* has not been encapsulated previously in the pres-
ence of TPrA, although introduced as a single species in na-
nometer and micrometer-size liposomes made of DSPC/DSPG
or DSPC/SOPG in 80/20 molar ratios.*" * In a first approach,
we decided to prepare symmetrical micrometer-size liposomes
made of 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), a
classical anionic phospholipid used to prepare artificial endo-
some. However, the choice of the nature of the lipids was also
dictated by the fact that the liposomes must remain impermea-
ble as long as they are not in contact with the ITO polarized
electrode. The content release must indeed occur only after lip-
osomes came into contact with polarized ITO.

To efficiently fabricate giant liposomes with low polydisper-
sity, we firstly prepared an emulsion from a microfluidic drop
generator (see the experimental section and B/ in the S.1.).” Ac-
cordingly, monodispersed emulsions made of water/sucrose
droplets (50 pm in radius) containing the ruthenium complex
and surrounded by a monolayer of DOPG phospholipids in an
oil phase could be efficiently prepared. Then, the freshly formed
droplets were directly passed through an oil-water/glucose col-
umn with an interfacial monolayer of DOPG lipids to form the
liposome outer leaflet. Under these conditions, giant liposomes
with a radius close to 50 pm and containing the ruthenium com-
plex (C = 250 uM) could be obtained.

Unfortunately, the same methodology failed to prepare inner-
and outer-DOPG leaflets liposome containing not only
[Ru(bpy)s]** (250 pM), but also the TPrA co-reactant (100
mM). Besides, the passage of stable DOPG droplets only loaded
with the [Ru(bpy)s]** complex through an oil-water/glucose
column also containing the TPrA (at a concentration of 100
mM) did not produce stable GUVs suggesting that the posi-
tively charged form of TPrA destabilized the self-assembling of
negatively charged DOPG phospholipids, making unstable
droplets and/or liposomes.

Accordingly, the introduction of a zwitterionic phospholipid
from the phosphocholine series (DOPC) to form the inner leaf-
let, while keeping DOPG for the outer leaflet allowed the prep-
aration of asymmetrical GUVs. These liposomes containing
both ECL reagents (i.e. [Ru(bpy)s]** and TPrA) were found sta-
ble on polystyrene surfaces allowing their observation by mi-
croscopy (Figure 2). As shown in Figure 2A, giant liposomes
were easily observed by phase contrast microscopy thanks to
the difference of refractive index between sucrose and glucose
that are present inside and outside of the liposomes, respec-
tively. Moreover, giant liposomes were also visualized by PL
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microscopy through the excitation of either NBD fluorescent
probes localized at the level of the lipid bilayer or the
[Ru(bpy)s]** luminescent complex present inside liposomes by
selecting the right dichroic cubes (Figure 2B and 2C). As ex-
pected, PL images of the labelled phospholipids highlighted the
homogeneous structure and arrangement of the phospholipids
within the liposome membrane. Moreover, the luminescent sig-
nal from the ruthenium complex indicates a homogenous distri-
bution of the luminophore inside the liposomes. Microscopy
images also showed a low polydispersity in liposome size as
expected upon using a microfluidic drop generator. Accord-
ingly, most liposomes had a radius of ca. 50 pm (vide infra).

At that point, it was important to check for a possible leakage
of the [Ru(bpy)s]?* complex and/or TPrA in the extra-vesicular
medium that could jeopardize our ECL-based strategy. Actu-
ally, Bard and co-workers showed by SECM, at a much higher
concentration than in the present case (50 mM vs. 0.25 mM),
the occurrence of a very low leakage of [Ru(bpy)s]?* from intact
micrometer-sized liposomes made of DSPC/DSPG or
DSPC/SOPG lipids containing the luminophore.*t A similar sit-
uation could be considered in the presence of both [Ru(bpy)s]?*
complex and TPrA (100 mM) though different lipids were used
in the present work. As shown in the following, no ECL signal
was detected as long as liposomes were visually intact (absence
of deformation and/or membrane rupture). Of note, liposomes
were used just after their preparation thus limiting this phenom-
enon.

Figure 2. Microscopy images of giant asymmetrical liposomes,
made of DOPG / DPPE-NBD (2 mol%) on their outer leaflets
and of DOPC / DPPE-NBD (2 mol%) on their inner leaflets,
containing [Ru(bpy)s]?* (C = 250 uM) and TPrA (C = 100 mM).
Observation in phase contrast (A) and by PL through the exci-
tation of either (B) NBD fluorescent probes located in mem-
branes or (C) the [Ru(bpy)s]>* complex located inside lipo-
somes. Note: the small clusters observed in (A) and (B) are oil
droplets containing the fluorescent NBD phospholipid. Scale
bar: 300 um.

Electrochemical quantification of liposome content at an
ITO polarized surface. The electrochemical detection of a re-
dox compound encapsulated inside liposomes has already been
achieved (i) by SECM,* (ii) by using a surfactant,?® (iii) by
opening of the liposome membrane when it comes into contact
with the electrode surface.?> 2 Among these various ap-
proaches, the latter appears attractive since neither sophisticated
apparatus nor extra-stimulus is required. Nevertheless, the
opening of liposomes coming into contact with a surface (a
strategy commonly used for the preparation of supported bi-
layer lipid membrane) is not a systematically successful process
because the membrane rupture (following adhesion, defor-
mation, and opening steps leading to the spreading of lipids
across the surface)”® depends on various factors including lipo-

some size, temperature, presence of cations, surface charge, sur-
face roughness, ionic strength, solution pH® and structural state
(i.e. gel or liquid crystalline phases) of lipids within the lipo-
somes.

So far, the release events from liposomes has never been ad-
dressed by ECL imaging. In view of this, the stability of our
giant liposomes made of DOPG/DOPC/DPPE-NBD was tested
on ITO. It is a transparent electrode material commonly used in
experiments combining electrochemical and luminescence
techniques.®# Interestingly, liposomes were found to be stable
for several minutes on non-polarized ITO, but became unstable
when the potential was set at + 1.2 V vs. Ag/AgCl (i.e., a value
at which both ECL reagents are oxidized — see E/ and F/ in the
S.1.). Note this potential corresponds to the value at which the
ECL signal was the most efficient under our experimental con-
ditions (vide infra). As already reported, the liposome rupture
upon ITO polarization could arise from electroporation of the
liposome membrane,?-?" a key property to achieve electrically-
triggered liposome rupture.

To investigate the liposome opening events by amperometry,
the giant liposomes were injected in a home-made electrochem-
ical cell (see C/ in the S.1.) with the help of a glass micropipette.
They were then let to sediment at the bottom I1TO surface of the
chamber that was set at a constant anodic potential value of 1.2
V vs. Ag/AgCI. The sedimentation was allowed by the density
difference between sucrose inner- and glucose outer-solutions.
As shown in Figure 3, several current peaks were detected dur-
ing the sedimentation of liposomes. These current spikes were
extracted from the background trace (see G/(A) in S.I. for the
raw data), revealing purely faradaic events (Figure 3A). In
agreement with previous works,? 22° each spike can be as-
signed to the oxidation of both the encapsulated [Ru(bpy)s®*]
complex and TPrA that are released when a given liposome col-
lides with the polarized ITO electrode surface. Nevertheless,
considering the respective concentration values of the
[Ru(bpy)s]** complex (250 uM) and of TPrA (100 mM), the
current mostly accounts for the oxidation of the amine.

Importantly, the faradaic nature of these peaks was asserted by
the fact that no peak was measured at lower oxidation potential
values (e.g. +0.50 V), confirming that the current well repre-
sents the oxidation of both [Ru(bpy)s*"] and TPrA species. An-
other control experiment was conducted at a potential value of
+1.2 V in the presence of “empty” liposomes, i.e. not loaded
with neither [Ru(bpy)s]?* nor TPrA. Under these conditions,
only a capacitive trace could be observed (see G/(B) in S.1.)
confirming that spikes confidently arise from the random colli-
sions of liposomes with the surface of the electrode followed by
the release and oxidation of their redox-active content.
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Figure 3. Typical chronoamperograms showing oxidative fara-
daic traces of TPrA/[Ru(bpy)s]?* encapsulated in single giant
liposomes while opening at an ITO electrode surface after (A)
subtraction of the capacitive current and (B) deconvolution.
Each liposome contained [Ru(bpy)s]?* (C = 250 uM) and TPrA
(C =100 mM). The marked peaks (*, ¢,) allows comparisons
before and after deconvolution. The imposed potential was 1.2
V vs. Ag/AgCIL. In (C) is exhibited the size distribution of the
liposomes (from 27 amperometric events) showing their Fre-
quency (%) as a function of their radius (binning = 10 um). A
modeling from a Gaussian function is also shown (solid line).

Interestingly, the shapes of amperometric peaks resemble those
obtained for vesicular releases involved in biological processes
(e.g. exocytosis or oxidative stress) although with different time
scales.®® Accordingly, a similar mathematical treatment was
carried out to extract the strictly faradaic contribution of these
responses. Furthermore, considering that several liposome
opening events may overlap, superimposed peaks were decon-
voluted introducing adapted mathematical treatment (see the
Experimental part).®* In few words, incremented subtraction of
each simulated spike allows the extraction of each event as an

isolated and analyzable amperometric spike (compare Figures
3A and 3B) before and after deconvolution. These spikes are
thus related to entire redox released contents. Of note, the sum
of all reconstructed peaks obviously leads to the initially meas-
ured whole trace. It consequently affords the calculation of the
coulometric charge passed during oxidation of the released con-
tent from individual liposomes, i.e. by integrating each individ-
ual peak. Considering that TPrA was loaded at a concentration
of 100 mM inside each liposome, the apparent liposome radius
(R) was determined for each spike (Figure 3C). A mean radius
of 55 + 5 um was eventually obtained by using Equation (1):

Q=nFxCV = ﬂ7anCR3

3 (1)
where Q is the measured charge, F is the Faraday constant, C is
the concentration of TPrA in the liposome, and n is the number
of electrons transferred per molecule during oxidation (n = 1 for
TPrA in a first order approximation)?® 8, The frequency of the
events (spikes) was plotted against the apparent radius distribu-
tion of the liposomes, taking a binning of 10 um as a function
of their radius. As expected, most of the liposomes exhibit a
reconstructed apparent radius close to the one of the original
droplets (~ 50 um) thus reflecting a complete oxidation of the
liposome content. Apparent radii below 50 um could therefore
account for partial oxidation or release. Conversely, values
larger than 50 pum may represent the fusion of several droplets
after their microfluidic preparation. Finally, the rising time of a
given amperometric spike is in the range of a few seconds that
is rather slow compared to colliding particles. From a kinetic
point of view, this suggests that a given event monitored by am-
perometry is the convolution of two distinct regimes as already
observed in similar biological objects® ®: 1) opening of the lip-
osome at relatively short times 2) diffusion of the liposome re-
dox content within the solution at longer times. The observed
rising time in our case may therefore result from the liposome
deformation due to its starting opening. Such a “convective” re-
gime is further confirmed by ECL analyses (see below).

ECL imaging of giant liposomes opening. As demonstrated
above, electrochemical investigations clearly confirmed that
amperometry is a powerful technique gathering quantitative in-
formation on the amount of electroactive species released after
the opening of a single liposome. The next step was to imple-
ment the combination of amperometry with both ECL and
epifluorescence imaging to visualize the spatial opening/rupture
of liposomes and the corresponding release of their content in
the extra-vesicular medium, respectively.

Since both luminescent signals (ECL and PL) were registered
with the same EMCCD camera all along the experiments, the
diode (\ex = 455 nm) was set in a flashing mode to better distin-
guish between ECL and PL signals. The images were registered
continuously with a 4 frame per second acquisition rate corre-
sponding to 4 Hz frequency. For each second, the first frame
(i.e., #1, #5,#9, etc...) was kept as a PL image whereas the third
one (i.e., #3, #7, etc...) was selected as an ECL image (Figure
4). The two other frames (e.g. #2 and #4 in the first second)
were not selected to avoid any PL pollution on ECL images
(The PL signal intensity was much higher than the ECL one;
see Figure 6).



This also explains the acquisition time difference of 500 ms be-
tween PL and ECL images. Note that the amperometric signal
(noted as “Electrochemistry” in Figure 4) was registered all
along each experiment. Accordingly, ECL and PL images could
be recorded separately then reassembled to build two series of
ECL and PL images as a function of time (in S.I. are shown two
videos built from two typical series of both ECL and fluores-
cence images).
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Level 0

1 second R 1 second

L
Electrochemistry |evel 1 |-

Level 0

Figure 4. Appropriate time-sequences for the combined detec-
tion of amperometry-ECL-PL signals.

As for chronoamperometric experiments, the liposomes con-
taining both the luminophore and TPrA were dropped into the
cell and let to sediment at the bottom 1TO surface of the cham-
ber (still hold at a potential value of 1.2 V/Ag/AgCl). As a re-
sult, the corresponding oxidation of both ECL reagents led to
the most efficient ECL signal (see F/ in S.1.). Furthermore, at
this potential value the oxidation mechanism is very likely the
one featuring the oxidation of both the luminophore and the
amine.%-70

Figure 5 displays two typical series of ECL and PL images rec-
orded before and during the opening of a given liposome. Inter-
estingly, PL and ECL images brought complementary infor-
mation. In the sequence of PL images shown in Figure 5, the
opening and rupture of a liposome could be easily identified
(see the liposome location circled in red based on its maximum
diameter).

First, the liposome underwent deformation (between 2 and 3
seconds), then rupture (after 3 seconds). Importantly, no ECL
signal was detected as long as the liposome was visually intact
(before its deformation) confirming the absence of detectable
leakage of liposome content in the vicinity of the electrode.
However, an ECL signal appeared as soon as the liposome de-
formed, constituting an optical signature of the release and de-
tection of its content. The ECL process became more efficient
as the liposome collapsed. Moreover, the ECL images also
show the time and space dispersion of the liposome content out-
side the liposome. The dark spot observed in ECL corresponds
to the contact point between the liposome and the ITO surface.
In this area, no light can be electrogenerated since the locally-
deposited phospholipid bilayer barrier blocks the ITO electrode
surface and the oxidation of the ECL reagents.

Epifluorescence
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300

-200

-500 -300 -100 100 300 500
Distance (um)

Figure 5. (A) Combination of ECL (top) and PL (below) imag-
ing showing the permeation of a liposome (the one circled in
red) made of DOPG/DOPC phospholipids and containing both
[Ru(bpy)s]?>* (250 uM) and TPrA (100 mM), as a function of
time. To avoid any overlap between both types of visual infor-
mation, the ECL and PL images have an initial image acquisi-
tion time difference of 500 ms. The focus was made at the ITO
electrode surface while ECL and PL imaging. Red circles in PL
and ECL represent the typical region of interest (ROI) taken in
account for the quantitative analyses of the corresponding in-
tensities. (B) Profile of the ECL intensity obtained from (A).
Note: dark spots observed in epifluorescence are due to impuri-
ties stuck at the electrode surface. Scale bar: 200 pm.

The opening/rupture of liposomes could also be quantified from
PL and ECL intensities within specific ROIs as the one delim-
ited in Figure 5. As clearly shown in Figure 6, combining the
three signals provided a comprehensive monitoring of a single
liposome opening/rupture and content release. The PL signal
appeared first and increased as a liposome approached the trans-
parent 1TO surface (the microscopic focus was set at the elec-
trode surface in these experiments). After reaching a maximum
intensity, the PL signal rapidly decreased while the faradaic cur-
rent increased in agreement with the liposomal membrane open-
ing. The fast oxidation of both [Ru(bpy)s]?* and TPrA generated
an ECL signal whose maximum value overlapped the maximum
current of the amperometric spike. The ECL signal duration was
rather long (around 20 seconds) and decreased faster than the
oxidation current. At this stage it is important to note that con-
trary to the current signal that mostly accounts for the oxidation
of the amine, the PL and ECL signals depend on the lumino-
phore concentration. As shown below, the brutal liposome
opening led to a very fast dilution of the ruthenium complex
involving a convective step. Then a diffusion regime takes place
during a longer time scale. These different time scales between
the convective and diffusion steps explain the faster decay of
the PL signal compared to the ECL one (Figure 6(A)).
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Figure 6. (A) Typical combination of amperometry (blue
curve), PL (green curve) and ECL (red curve) quantitative in-
formation obtained as a function of time for a single liposome
opening at a polarized ITO surface (shown in (B)). Note: above
50 seconds, the epifluorescence (PL) signal was “polluted” by
other luminescent liposomes sedimenting in the vicinity of the
investigated one. The PL signal in (A) was therefore cut at 50 s.
Scale bar: 200 pm.

Interestingly and as shown in Figures 5 or 6, ECL imaging al-
lows the dispersion of the luminophore [Ru(bpy)s]?* to be mon-
itored overtime. The evolution of the apparent distance (o) of
propagation of the light spot was recorded overtime for ten lip-
osomes. A convective spreading was observed at short times
due to both the density gradient between inner and outer solu-
tions once the liposome opens and the perturbation caused by
the liposome bursting. For seven of the investigated liposomes
the spreading of the light spot exhibited the onset of a diffusion
regime at times ranging from 0.5 s to 4.5 s depending on the
amount of released content. Figure 7 represents the typical
square spreading distance of the apparent light front (&) with
time and features the convective regime (for t < 4.5 s) and the
diffusion regime (for t > 4.5 s). The boundary between the con-
vective and the diffusion steps was evaluated comparing the
spreading velocity of the ECL light spot (v=4&4¢) with the
characteristic diffusion velocity (vo=D/46), considering a ge-
neric value of D = 5x10® cm?/s for the diffusion coefficient of
small analytes like [Ru(bpy)s]?* in moderately viscous aqueous
solution (see H/ in the S.1.). Under our conditions, we consid-
ered that the diffusion regime can be then characterized by
(v/vp) values lower than 10, The diffusion driven part of the
spreading curves (& vs. t) were fitted with a linear function. The
fitted value of the slope 20x107 + 3.10°® cm?/s (mean + standard
error of the mean, n = 7 liposomes) was consistent with the ex-
pected value 4D = 20.10°° cm?/s in a two-dimension spreading
at the electrode.
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Figure 7. Typical plot showing the evolution of the square of
the apparent distance (82) of propagation of the ECL light spots
as a function of time. The diffusion coefficient D (4.9 x 10
cm?/s) was estimated from the slope (4D) of the linear fitting
function (blue triangles). For Nniipesome = 7, the fitted value of the
slope was 20x10° + 3.10°° cm?/s.

CONCLUSION

The opening of giant liposomes loaded with ECL reagents
([Ru(bpy)s]?* and TPrA) was characterized by the synchronized
recording of the faradaic current (amperometry) and the collec-
tion of PL and ECL images. Each of these techniques provided
complementary information: (i) amperometry enabled a real
time and quantitative measurement of the release dynamics of
the content from single liposomes; (ii) PL provided information
on the status of the liposomes before and during permeation (lo-
cation, diameter, rupture); (iii) ECL imaging allowed visualiza-
tion of the release of the liposome content in the extra-vesicular
medium after opening. The combination of these three tech-
niques constitute a powerful approach to the accurate character-
ization of single liposome permeation or opening events with a
good spatial and temporal resolution, as well as a quantification
of the liposome content. Though TPrA has been used previously
on living cells and mitochondria, its relative toxicity may con-
stitute a potential issue for future biological experiments on liv-
ing matter. However, TPrA may be replaced easily by less toxic
co-reactants such as diethanolamine or 2-(dibutylamino)etha-
nol. This undoubtedly opens avenues in the fields of drug deliv-
ery, bioreactors, or artificial cells for which permeation, open-
ing, or trafficking are central issues.
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