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Shadow electrochemiluminescence imaging of giant liposomes
opening at polarized electrodes

Fatma Ben Trad,” Jérdme Delacotte,® Frédéric Lemaitre,’ Manon Guille-Collignon,” Stéphane
Arbault,” Neso Sojic,“* Eric Labbé ® and Olivier Buriez °*

In this work, the release of giant liposomes (~ 100 um in diameter) content was imaged by shadow
electrochemiluminescence (ECL) microscopy. Giant unilamellar liposomes were pre-loaded with a sucrose solution and
allowed to sediment at an ITO electrode surface immersed in a solution containing a luminophore ([Ru(bpy)s]*) and a
sacrificial co-reactant (tri-n-propylamine). Upon polarization, the electrode exhibited illumination over its entire surface
thanks to the oxidation of ECL reagents. However, as soon as liposomes reached the electrode surface, dark spots
appeared then spread over time on the surface. This observation reflected a blockage of the electrode surface at the
contact point between the liposome and the electrode surface, followed by dilution of ECL reagents after rupture of the
liposome membrane and release of its internal ECL-inactive solution. Interestingly, ECL reappeared in areas where it
initially faded, indicating back-diffusion of ECL reagents towards the previously diluted area and thus confirming liposome
permeabilization. The whole process was analyzed qualitatively and quantitatively within the defined region of interest.
Two mass transport regimes were identified: a gravity-driven spreading process when the liposome releases its content
leading to ECL vanishing and a diffusive regime when ECL recovers. The reported shadow ECL microscopy should find
promising applications for the imaging of transient events such as molecular species released by artificial or biological

vesicles.

Introduction

Lipid membranes permeability is an important feature of
natural membranes. It is a fundamental feature to control the
passage of molecular species and ions from inside or outside living
cells. This physiologically required permeation is achieved either
actively by membrane transport proteins and channels, or by
passive diffusion.” Moreover, this property can be used to control
the administration of molecules such as for drug delivery. In this
case, several strategies have been developed to increase
membrane permeability:2 (i) by directly acting on the membrane
integrity, through electroporation or by using either specific
radiations or biomolecules (e.g. Cell Penetrating Peptides, CPPs, or
AntiMicrobial Peptides, AMPs),? or (ii) indirectly, by varying some
physico-chemical properties of the medium (pH, temperature, ionic
force) or by adding organic solvents.?

Within this framework, various analytical approaches based on
either electrochemical or

fluorescence, electrophysiological
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techniques have been implemented to characterize and study in
real time the flow of molecules released from, or crossing, natural
or artificial membranes. For instance, non-faradaic electrical
techniques (e.g. “patch-clamp”) are widely used to investigate ionic
currents in individual living cells, single channels, or patches of cell
membranes.” Optical techniques such as fluorescence are also
widespread approaches, provided fluorescent markers are used.’
Similarly, electrochemical strategies are relevant in the presence of
redox molecules not only to detect and quantify them, but also to
image cells.® For instance, amperometry is a powerful approach to
locally detect and quantify molecular species secreted by living
cells’ or crossing lipid membranes.® ° In this context, fluorescence
modulation of organic fluorescent or fluorogenic molecules can also

be electrochemicaIIy-triggered.lO'12

Accordingly, electrochemical
quenching of the fluorescence produced by NBD-labelled cell
penetrating peptides allowed investigation of their internalization
in large unilamellar vesicles (LUVs).13 In another relevant example, a
dual functional electroactive and fluorescent probe was used for
coupled measurements of vesicular exocytosis with high spatial and

. 14
temporal resolution.

Recently, we developed an original approach based on
electrogenerated chemiluminescence (also called
15, 16

electrochemiluminescence, ECL) allowing to image liposome
s . . . . 17

permeabilization processes triggered either by electroporation™ or

by the presence of the melittin AMP,"® an anti-microbial peptide.

On the one hand, liposomes (i.e., vesicles composed of a



phospholipid bilayer) are widely investigated due to their increasing
interest not only in active and passive lipid barrier crossings, but
also in fields as diverse as targeted drug delivery,m'21 bioreactors,?*
24 . . 25-27 28-37
membrane protein science, On the
other hand, ECL is a light-emitting phenomenon triggered by an

and artificial cells.

initial electrochemical reaction occurring at an electrode surface.
Compared to fluorescence, ECL provides higher sensitivity due to
the absence of incident Iight.38’ % Thus, numerous immunoassays
4044 10 addition, it
was demonstrated that ECL can be performed under microscopy45’

50 . . . . . 51-58 .
allowing to image single micro- and nano-objects, especially
59-70

and clinical diagnosis are now performed by ECL.

of biological interest.
In the most common ECL approach, the [Ru(bpy)3]2+ luminophore is
used in combination with the tri-n-propylamine (TPrA) co-reactant.
This
configurations: (i) “positive” ECL and (ii) “shadow” or

“negative” ECL*®* 7. In positive ECL microscopy configurations, the
56, 65, 80

been developed in two main

54, 71-76

system has imaging

object of interest generates ECL light on dark background.
The ruthenium complex can be directly oxidized at the surface of
interest or at a conductive surface placed in the vicinity of the
object. In these examples, oxidation of either the luminophore or
the co-reactant, or both, leads to an excited state of the ruthenium
complex that emits a photon along its relaxation. In the shadow ECL
(SECL) approach, the ECL reagents are freely diffusing in the
medium containing the object of interest generating background
ECL.>> 7 Under this configuration the object blocks the electrode
surface thus preventing any electron transfer. Therefore, no light
can be produced at the place where the object is lying, thus
exhibiting “negative” illumination in contrast with object-free areas
which remain illuminated. This approach was especially used to
image latent fingerprints, cells or mitochondria.>® 77 7% 8183

Interestingly, an ECL shadow phenomenon was also observed
during a recent work dealing with the positive ECL imaging of the
permeabilization of liposomes in which ECL reagents were formerly
encapsulated.17 In this case, a circular dark zone surrounded by ECL
light was observed only during permeabilization of the liposome
membrane that was triggered by the electrode polarization (before
permeabilization, the image was totally dark). Under these
conditions, (i.e., during permeabilization) the dark central area was
ascribed to the contact point between the liposome and the
electrode surface, where no electron transfer can occur, while the
surrounding bright area accounted for the oxidation of ECL reagents
released by the permeabilized liposome. On the basis of our
previous experimental observations,17 we extent such a view and
describe herein the imaging of membrane permeabilization of giant
liposome membranes using a negative optical contrast, that is a
“negative ECL” or SECL. Compared with our recent positive ECL
approach, SECL does not require the ECL reagents to be

encapsulated inside liposomes. Moreover, considering the
instability of DOPG membranes when in contact with TPrA,17
liposomes prepared in the present work were made of DOPC (1,2-
dioleolyl-sn-glycero-3-phosphocholine) phospholipids on their inner

and outer leaflets. DOPC is a common phospholipid used in

membrane permeability investigations notably in the presence of
peptides.3 Under these conditions, and as long as the liposome
remains intact, a positive ECL light should be produced around a
circular dark area corresponding to the contact point between the
liposome and the electrode surface (Fig. 1). However, as soon as the
membrane begins to be permeabilized under the electrode
polarization effect, the dark zone should expand on the electrode
surface upon dilution of the ECL reagents by the release of the
encapsulated solution. Importantly, the presence of sucrose inside
liposomes (whereas glucose is used outside liposomes) not only
allowed their sedimentation towards the electrode surface (sucrose
has a higher density than glucose), but also generated a gravity-
driven spreading of the intra-liposomal solution on the electrode
surface. Accordingly, the whole process was further evidenced by
measuring the rate at which the black spot expanded, under pure
diffusion or mixed with convection of the vesicles surrounding
medium.

[Ru(bpy)s]**

ECL +

TPrA (A)
ITO electrode

Shadow ECL

Fig. 1 Shadow ECL (SECL) imaging of a single giant liposome opening made of
DOPC phospholipids and containing a sucrose solution (no ECL reagents),
enabling its sedimentation. (A) Before liposome opening, the light is
generated upon oxidation of ECL reagents freely diffusing around the
liposome, but not at the contact point of the liposome with the electrode
surface. (B) In case of membrane permeabilization (caused by the electrode
polarization), the dark zone expands over time on the electrode surface due
to dilution of the ECL reagents by the release of the internal ECL-inactive
solution.

Experimental

Reagents

Tris(2,2'-bipyridyl)dichlororuthenium(ll) hexahydrate, mineral
oil, tri-n-propylamine (TPrA), D-(+)-glucose, and

phosphate buffer saline (PBS) tablets were purchased from

sucrose,

Sigma Aldrich and used as received. Lipids: 1,2-dioleolyl-sn-
glycero-3-phosphocholine (DOPC, 10 mg.mL'1 in chloroform)
were purchased from Avanti Water used for the
preparation of extra- and intra-vesicular solutions was highly

Polar.

purified (resistivity=18 MQ.cm; Milli-Q system; Millipore,
Billerica, MA, USA).

Instrumentations

SECL experiments were carried out using a LAUTOLAB Type I
connected to an electrochemical cell. The luminescent signals
were collected by an EMCCD camera (Hamamatsu, Japan)
connected to an inverted Zeiss (Axio Observer) microscope
placed inside a Faraday cage as described elsewhere.”’

Aqueous solutions



The intra-vesicular solution was made of sucrose (0.7 mol/L)
dissolved in PBS (10 mmol/L, pH = 7.4). The PBS extra-vesicular
solution contained glucose (0.7 mol/L; 1000 mOsm.kg'l), TPrA (20 x
10° mol/L) and the ruthenium complex (30 x 10°® mol/L). The pH
value of this solution was adjusted to 7 by addition of phosphoric
acid. The osmolality of freshly prepared intra-vesicular solutions
was possibly adjusted at around 1000 mOsm.kg'1 by addition of PBS
solution.

Phospholipid solutions

They were prepared as follows: 121 pL of a DOPC solution (10
mg.mL’1 in chloroform) was placed under vacuum for 2 hours to
evaporate chloroform. Dried phospholipids were dissolved in
mineral oil (2 mL) then sonicated (1 hour) to ensure complete
dissolution.

Preparation of giant liposomes

As described elsewhere,17 they were prepared in two steps.
The first one consisted in the preparation of water in oil
droplets surrounded by a monolayer of DOPC and containing
the intra-vesicular solution. Then, droplets were passed
through a water/oil interface containing DOPC phospholipids
to form the liposome outer leaflets.

ITO microelectrodes

The transparent and conductive microelectrodes were made of
ITO (150 nm-thick ITO films made of 90% In,03/10% SnO,,
ACM, Villiers Saint Frédéric, France) deposited on optical glass
slides (22 mm x 22 mm x 0.13 mm). The electrode surface (~
800 um in diameter) was delimited by a 1 mL pipette tip,
playing the role of the electrochemical cell and inserted
vertically in the PDMS well. A more detailed device description
can be found in reference.”’

ECL experiments

ECL was generated by applying a constant potential value of +
1.2 V vs. Ag/AgCl (used as the reference electrode) at the ITO
working electrode. The counter electrode was a 1 cm length
platinum wire. The quality of luminescent images could be
optimized by the adjustment of the gain, and the exposure
time (250 ms was a typical exposure time). Image analysis was

performed using Image) software.®

Results and discussion

Positive ECL imaging of an ITO electrode surface in the absence of
liposomes

First, we investigated the experimental conditions required to
obtain a strong and stable ECL emission with the model ECL system
(i.e., the [Ru(bpy)3]2+ luminophore and the TPrA co-reactant) at a
conductive and transparent electrode (ITO). As shown in Fig. 2, an
ECL signal was generated at the ITO electrode surface when
polarized at + 1.2 V vs. Ag/AgCl. At this anodic potential, both ECL
reagents are oxidized and the electrode generates homogeneous
light over its entire surface.” From a guantitative point of view, Fig.
2 shows that the ECL intensity generated at the electrode surface

increased very sharply and instantaneously as soon as the electrode
was under polarization (see at around t = 10 s), then decreased

1/2, in agreement with a diffusion-

slowly, proportionally to 1/t
controlled replenishment of the depleted zone. Such light intensity
decay as a function of time and of the electrode polarization (Off vs.
On) follows the evolution of a chronoamperometry experiment,
with the advantage of allowing quantification of the process from
luminescent images obtained by microscopy. As already
investigated, light emission is restricted to a distance lower than 10
um from the electrode, and is related to the diffusion rate and
stability of the electrogenerated TPrA radicals (t;;, ~ 700 ps over
distances greater than 1 um with a diffusion coefficient D = 7.4 x 10°

6 2 -1, 80, 85-88
cm®.s7).
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Fig. 2 ECL intensity and corresponding images (scale bare: 200 um) were
recorded on a microscope as a function of time at an ITO electrode surface
(0.8 mm in diameter) immersed in a PBS solution (107 mol/L; pH = 7.54)
containing [Ru(bpy)s]** (30 x 10° mol/L) and TPrA (20 x 10° mol/L). The
potential value (+ 1.2 V vs. Ag/AgCl) was applied for approximately 75
seconds.

Shadow ECL (SECL) imaging of liposomes opening at a polarized
ITO electrode surface.

After measuring the presence of ECL upon polarization of an
ITO electrode, giant liposomes were added at the top of the
electrochemical cell and let to sediment towards the electrode
surface polarized at + 1.2 V vs. Ag/AgCl. Giant liposomes (100
um in diameter) were made of DOPC on outer and inner
leaflets and contained a sucrose solution (0.7 mol/L) to enable
their sedimentation (sucrose has a higher density than
glucose). Interestingly, and as a representative example, the
images recorded at t = 120, 191 then 450 seconds (Fig. 3),
clearly show a decrease in light intensity at different regions
indicating that several
surface.

liposomes reached the electrode
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Fig. 3 Time-lapse imaging by shadow ECL showing the permeabilization of
DOPC liposomes coming into contact with the surface of an ITO electrode
polarized at + 1.2 V vs. Ag/AgCl from t = 120 s whereas liposomes were
added in the electrochemical cell at t = 0 s. Liposomes containing sucrose
(0.7 mol/L) were let to sediment in a solution containing [Ru(bpy)s]** (30 x
10" mol/L), TPrA (20 x 10 mol/L) and glucose (0.7 mol/L) dissolved in a PBS
solution (10 mol/L; pH = 7.54). Scale bar: 200 pm.

More precisely, the image taken at t = 120 s and 191 s clearly shows
the presence of circular dark areas whose diameters are larger than
dark spots corresponding to the contact points between intact
liposomes and the electrode surface. As shown in the video S1,
corresponding to the right-hand corner of images shown in Fig. 3, a
small circular dark zone first appears as soon as a liposome is in
contact with the electrode surface, thus blocking any electron
transfer at this point and consequently
electrochemically-triggered light emission. Then, and compared to
our previous positive ECL investigations,17 the dark spot spreads

preventing

over time on the polarized electrode surface indicating liposome
membrane permeabilization leading to a dilution of the ECL
reagents present in the vicinity of the leaking zone(s). At this stage
it is important to note that the spreading of the contents of a 100
um diameter liposome over a 10 um thick layer (active thickness in
ECL) corresponds to an area 250 um in diameter, which is the
maximum diameter of the dark spot observed at t = 191 s. Finally, in
a third phase, ECL reappeared in areas where it initially faded,
indicating back-diffusion of ECL reagents towards the previously
diluted area. However, the final dark zone remained larger than its
initial size (i.e., the one corresponding to the contact point between
the electrode and the intact liposome). Indeed, after membrane
rupture, the electrode is blocked over a larger surface area due to
the presence of phospholipids spread around the initial contact
point between the liposome and the electrode. Accordingly, at
longer times (t = 450 s), the electrode surface is almost completely
dark, accounting for the combined contribution of ECL reagents
dilution and phospholipid coating of the electrode surface.

Following this global observation, images obtained in the previous
experiment and shown in Fig. 3 were restricted to the level of an
isolated liposome (the one at bottom right of the image recorded at
t = 120 s) to carry out a deeper qualitative study (Fig. 4). Fig. 4(A)
shows a series of images obtained from the same experiment as
that shown in Fig. 3 (see also the video in S.I.), but focused on an
area of the electrode where a single liposome was deposited (see
the dashed white circle in Fig. 4(A)). Compared with the previous
global analysis of the whole electrode surface, the focus on a single
liposome event provided additional relevant information. Firstly,
and from a qualitative point of view, the arrival of a liposome on

the electrode surface (before it comes into contact with the
electrode surface) results in an increase in ECL intensity (compare
the light intensity in images recorded at t = 30 s and t = 70 s). This
increase can be explained by a local increase of ECL reagents
concentrations consecutive to convection in the solution caused by
the arrival of the investigated liposome in the studied zone. Of
course, this phenomenon disappeared as soon as the liposome
reached the electrode surface, resulting in the appearance of a
black spot. As previously observed, the size of this spot became
larger than the area of contact between the liposome and the
electrode (see the image at t = 85 s in Fig. 4(A)), underlining the
dilution of the ECL reagents following permeabilization of the
liposome membrane and release of its ECL-inactive content.
Interestingly, the image recorded several seconds later (see the
image at t = 110 s) clearly shows ECL recovery in the area where it
was extinguished (compare with the image taken at t = 70 s). This
phenomenon indicates a diffusion of ECL reagents towards the
previously diluted zone, confirming liposome permeabilization.
However, the dark spot did not return to its original size (it
remained larger) since phospholipids spread out around the initial
contact point between the electrode and the liposome after
membrane rupture of the latter, assessing thus the blocking
character discussed above. At this stage, it is noteworthy to note
that liposome electroporation starts stochastically at various times
for different liposomes. Indeed, this process depends on the
contribution of many experimental conditions (e.g. temperature,
ionic strength, presence of defects in the lipid bilayer membrane,
etc...) among which the contact surface between the liposome and
the electrode is an important one. This contact surface will depend
on the size of the liposome and the presence or absence of other
liposomes in the vicinity.
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Fig 4 (A) Time-lapse imaging by shadow ECL showing the permeabilization of
a DOPC liposome coming into contact with the surface of an ITO electrode
polarized at + 1.2 V vs. Ag/AgCl. Liposomes containing sucrose (0.7 mol/L)
were let to sediment in a solution containing [Ru(bpy)s]>" (30 x 10°° mol/L),
TPrA (20 x 10° mol/L) and glucose (0.7 mol/L) dissolved in a PBS solution
(10 mol/L; pH = 7.54). Scale bar: 100 pm. (B) - (C) Evolution of the ECL
signal obtained as a function of time for a single liposome over a region of
interest (ROI) which is (B) the whole image or (C) only the dashed white
circle.

These qualitative analyses carried out from images shown in Fig.
4(A) were pushed further to gain more quantitative information,
taking as region of interest either the entire image (Fig. 4(B)), or the
liposome surrounded by the white dotted circle (Fig. 4(C)).

In the first case (Fig. 4(B)), the evolution of ECL intensity for the
entire image follows perfectly the qualitative description discussed
previously: the ECL intensity was zero when the potential was off
(first few seconds; see (l) in Fig. 4(B)), but increased abruptly as
soon as a potential value of + 1.2 V was applied. Under these
conditions, and as observed in Fig. 2, the ECL then decreased up to
70 seconds proportionally to t’l/z, in agreement with a diffusional
transport regime (see (ll) in Fig. 4(B)). At around t = 70 s (see (lll) in
Fig. 4(B)), as the liposome moved closer to the electrode surface,
the ECL intensity increased, in line with an increased local

ARTICLE

concentration of ECL reagents. Shortly before t = 80 s (see (IV) in
Fig. 4(B)), the light intensity strongly decreased, corresponding to
membrane permeabilization followed by dilution of ECL reagents.
Finally, a further increase in ECL intensity was observed between 85
and 105 seconds (see (V) in Fig. 4(B)), due to diffusion of the
luminophore and co-reactant from the more concentrated to the
less concentrated area.

In the second case (i.e., ROl = white dotted circle — Fig. 4(C)), the
same global behavior as that observed in Fig. 4(B) was obtained.
However, the ECL increase is more important for the phase (lll) in
the local ROI of Fig. 3(C) compared to the global ROI of Fig. 3(B)
because the liposome approaches the electrode surface and
induces first higher local convection of the ECL reagents. In
addition, we do not observe the re-increase in ECL intensity
between 85 and 105 seconds (compare (V) in Figs. 4(C) and 4(B)).
This was expected since even if diffusion of ECL reagents occurs,
electron transfer cannot be achieved where phospholipids are
blocking the electrode surface. We can also see that the increase in
ECL intensity around 70 s is more marked when taking a ROl zone
centered around the liposome (compare (Ill) in Figs. 4(C) and 4(B)).
Note, at around t = 40 s, a slight increase of the ECL intensity was
observed. This is again due to the local increase of concentration of
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the ruthenium complex consecutive to convection in the solution
caused by the arrival of other liposomes close to the investigated
zone.

Characterization of the encapsulated solution dispersion and
reagent diffusion in SECL.

Based on the results reported in the previous section, it was
possible to observe not only the dispersion of the released
solution, but also the diffusion of the ECL reagents from the
bulk (the area with the highest luminophore concentration) to
the released solution region (the zone with the lowest
luminophore concentration). Considering that the diffusion
layer thickness is proportional to 2(Dt)1/2, the evolution of the
square of the apparent expansion distance (62) of the black
spot was plotted as a function of time (Fig. 5). In this Figure,
the moment when the liposome begins to leak/permeabilize is
defined as t = 0 s. Two opposite slopes (increasing then
decreasing) are observed, indicating a change in the direction

Please do not adjust margins




of propagation of the black spot that can be explained by a
change in the transport mode of the ECL reagents. Accordingly,
as already observed in positive ECL,Y at short time scale (see
red dots in Fig. 5), the release of solution following contact
with the polarized electrode surface induces the expansion of
the non-emitting ECL area. The opening event generates a
gravity-driven spreading, notably under the effect of the
density difference between glucose (extra-vesicular solution)
and sucrose (intra-vesicular solution). It is noteworthy that the
gravity-driven spreading of the vesicle content exhibits a
diffusive behavior (62 proportional to time). This time
dependence has already been observed for a liquid sessile
drop spreading in another miscible liquid and was attributed to
the diffusion of momentum.® A diffuse layer forms at the drop
surface and drains due to decreasing viscosity.

At longer times, represented by the blue squares, the decrease
accounts for the back-diffusion of ECL reagents to the less
concentrated region. In other words, it corresponds to the
decrease of the non-emitting ECL region. The value of this
slope (i.e., 4D) is in keeping with that expected for a
bidimensional mean square displacement (&% = 4Dt) of small
molecules by diffusion, giving a value D = (8.3 *+ 0.9) x 10°
cm?/s. This value is similar to the previously reported value of
D for [Ru(bpy)s]** of 5.9 x 10°® cm?/s°>°" and validates our SECL
approach.

Fig. 5 Evolution of the square of the apparent distance of propagation
(82) of the black spot (i.e. non-emitting ECL area) as a function of time.
At t > 4 s, the diffusion coefficient D ((8.3 + 0.9) x 10° cm?/s) was
estimated from the slope (4D) of the linear fitting function (blue
squares). This figure was obtained after treatment of images recorded
for the liposome shown in Fig. 4. Note: in this Figure t = 0 s is defined
as the moment when the liposome begins to leak/permeabilize.
Diffusion regime line equation: 8% = -0.33 t + 5.78 (R*>=0.989). t =0 s
corresponds to the time at which the liposome started to release its
content.

Conclusions

Herein, we have shown that the permeabilization of giant
liposomes can be imaged by shadow ECL (SECL) microscopy.
Compared with the positive ECL approach, SECL does not
require encapsulation of ECL reagents inside the liposomes.
Although based on opposite modalities, positive and negative
(shadow) convergent complementary
information on the permeabilization/opening of liposomes,
namely: (i) membrane rupture occurs when liposomes are in
contact with the surface of a polarized electrode; (ii) the brutal
rupture of the membrane causes convection leading to rapid
dilution of the ECL reagents; (iii) a diffusion regime
subsequently sets in after a few seconds to compensate the
concentration gradients generated by convection. Finally, SECL
and ECL appear complementary to assess liposome integrity as
well as to characterize permeabilization events, a central issue
in molecule release or delivery.

ECL provide and
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