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Abstract
Herein, transient releases either from NADH-loaded liposomes or enzymatic reactions confined in giant liposomes were 
imaged by electrochemiluminescence (ECL). NADH was first encapsulated with the [Ru(bpy)3]2+ luminophore inside 
giant liposomes (around 100 µm in diameter) made of DOPC/DOPG phospholipids (i.e., 1,2-dioleolyl-sn-glycero-
3-phosphocholine/1,2-dioleoyl-sn-glycerol-3-phospho-(1′-rac-glycerol) sodium salt) on their inner- and outer-leaflet, respec-
tively. Then, membrane permeabilization triggered upon contact between the liposome and a polarized ITO electrode surface 
and ECL was locally generated. Combination of amperometry, photoluminescence, and ECL provided a comprehensive 
monitoring of a single liposome opening and content release. In a second part, the work is focused on the ECL characteri-
zation of NADH produced by glucose dehydrogenase (GDH)-catalyzed oxidation of glucose in the confined environment 
delimited by the liposome membrane. This was achieved by encapsulating both the ECL and catalytic reagents (i.e., the 
GDH, glucose,  NAD+, and [Ru(bpy)3]2+) in the liposome. In accordance with the results obtained, NADH can be used as a 
biologically compatible ECL co-reactant to image membrane permeabilization events of giant liposomes. Under these con-
ditions, the ECL signal duration was rather long (around 10 s). Since many enzymatic reactions involve the NADH/NAD+ 
redox couple, this work opens up interesting prospects for the characterization of enzymatic reactions taking place notably 
in artificial cells and in confined environments.
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Introduction

Given the ubiquity of the reduced form of nicotinamide ade-
nine dinucleotide (NADH) in redox enzymatic reactions as 
well as the cell metabolism, addressing its detection and/or 
analysis, whether in vivo or in vitro, became a crucial issue. 
Due to the intrinsic luminescence and redox properties of 
NADH, most of approaches developed so far to detect it are 
mainly based on optical or electrochemical sensing.

On the one hand, the intrinsic fluorescence of NADH 
(λabs = 340 ± 30 nm; λem ~ 460 ± 50 nm) can be exploited to 
quantify and image NADH in living cells [1]. Nevertheless, 
its quantum yield is relatively poor, and its own fluorescence 
can interfere with cellular autofluorescence. To overcome 
these drawbacks, small molecule-based fluorescent probes 
[2, 3] or genetically encoded fluorescent sensors [4, 5] have 
been developed to monitor and image NADH in living cells 
and in vivo though the addition of external probes may dis-
rupt samples. In parallel, biochemical analyses including 
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capillary electrophoresis [6], high-performance liquid 
chromatography [7], colorimetry [8], or enzymatic cycling 
assays [9] allow detecting NADH in vitro. Although optical 
approaches, based on absorbance or fluorescence, provide 
both high sensitivity and excellent spatial resolutions, they 
may however lack the temporal resolution notably in in vitro 
experiments.

On the other hand, the redox properties of NADH have 
also contributed to the development of various electro-
chemical approaches to detect it, especially in vitro, with the 
advantage of access to excellent temporal resolutions (rapid 
response time), small sampling volume and cost-effective 
protocols [10, 11]. However, the direct oxidation of NADH 
at bare electrodes is not so straight since strongly depending 
on experimental conditions (nature of the electrode material, 
buffer composition, pH, ionic strength, temperature, scan 
rate, etc.) [12]. This led to the modification of electrode sur-
faces with (i) a variety of molecular redox mediators (e.g., 
quinone derivatives, phenazine) catalyzing the NADH oxi-
dation [13–15], (ii) polymers [16, 17], or (iii) nanomaterials 
(carbon nanotubes, graphene sheets) [18, 19].

Within this framework, considering both advantages 
brought by luminescence and electrochemistry in terms of 
spatial and temporal resolutions, respectively (additionally 
to their respective high sensitivity), the development of 
approaches based on electrochemiluminescence (ECL) to 
detect and/or analyze NADH in micro-volumes or confined 
environments appears therefore as a good compromise.

ECL, also called electrogenerated chemiluminescence, 
is a light-emitting phenomenon triggered by an initial elec-
trochemical reaction. On the one hand, an electron transfer 
occurring at an electrode surface allows generation of the 
excited state of a luminophore. On the other hand, the optical 
signal comes from the emitted photons during the relaxa-
tion of the luminophore excited state. Accordingly, and 
compared to fluorescence-based approaches, the absence of 
incident light leads to a very high sensitivity and gives there-
fore access to a wide range of analytes [20, 21]. The ECL 
approach is nowadays recognized as a powerful analytical 
method for immunoassays and clinical diagnosis [22–26]. 
Moreover, the fact that ECL does not require any irradia-
tion (suppressing thus related inherent issues such as pho-
tobleaching, photo-blinking, background scattered light, cell 
phototoxicity, or sample autofluorescence) led this method 
to evolve towards a microscopy technique [27–29]. Taking 
advantage of both advances in microscopic analysis equip-
ment and the emergence of a variety of nanomaterials [30], 
ECL imaging is being increasingly used as an approach to 
visualize single objects [31–34], especially of biological 
interest [35–46].

In this context, though the direct detection of NADH has 
been successfully achieved by ECL [47–55], only few arti-
cles focus on its ECL imaging [56–58], most likely because 

the development of new and sensitive microscopic analy-
ses is fairly recent. In these examples, NADH was detected 
either through an ordered array of nanoapertures [56], in 
paper-based microfluidic sensors [57], or at a Nafion-mod-
ified fiber electrode [58], the enzymatic cofactor acting 
as a co-reactant while [Ru(bpy)3]2+ was the luminophore. 
Similarly, few NADH-centered ECL works devoted to the 
detection of enzymatically formed analytes [59–66] go as far 
as imaging the ECL response. Interestingly, most of these 
works were performed either under bulk conditions or in 
the presence of electrodes modified with a variety of matrix 
immobilizing ECL reagents and/or enzymes for sensitivity 
reasons. Surprisingly, the detection or analysis of NADH 
trapped or enzymatically generated in confined bio-archi-
tectures like liposomes has, to the best of our knowledge, 
never been investigated. Yet, liposomes and notably giant 
unilamellar vesicles (GUVs) represent a simple and manage-
able cell-mimetic system [67] that can be easily manipulated 
and visualized by optical microscopy techniques [68–72].

Recently, we developed an original ECL approach 
allowing the membrane permeabilization imaging of giant 
liposomes (100 µm in diameter) triggered either by a polar-
ized electrode surface [73] or by melittin, an antimicrobial 
peptide known to make pores in phospholipid membranes 
[74]. In both cases, the luminophore [Ru(bpy)3]2+ was used 
in combination with tri-n-propylamine (TPrA) as the sac-
rificial co-reactant. This approach remains hampered by 
the low biocompatibility of the high concentration of TPrA 
co-reactant used especially when working with liposomes, 
the archetypal model cells. It would be therefore interesting 
to substitute TPrA by a more biocompatible and relevant 
co-reactant like NADH that can promote ECL thanks to its 
aliphatic tertiary amine group. Indeed, the oxidized form of 
the co-enzyme,  NAD+, does not generate ECL because the 
aromatic amines (such as the pyridine ring of  NAD+) are 
known to do not undergo ECL emission with [Ru(bpy)3]2+. 
In NADH, the aromaticity of the pyridine ring can no longer 
take place and the tertiary amine group produces ECL sig-
nal. Herein, it is shown that (i) authentic NADH can be used 
as an ECL co-reactant to image the membrane permeabi-
lization of liposomes triggered by the polarization of the 
electrode surface on which they are lying and (ii) NADH-
promoted ECL can image the glucose dehydrogenase (GDH) 
activity in the confined environment delimited by the lipo-
some architecture. This was achieved by encapsulating in 
giant liposomes both enzymatic and ECL reagents (Fig. 1).

Experimental section

Reagents All the reagents were purchased from 
Sigma-Aldrich unless otherwise noted. The follow-
ing lipids were purchased from Avanti Polar Lipids: 
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1,2-dioleoyl-sn-glycerol-3-phospho-(1′-rac-glycerol) 
sodium salt (DOPG, 10 mg/mL in chloroform) and 1,2-dio-
leolyl-sn-glycero-3-phosphocholine (DOPC, 10 mg  mL−1 in 
chloroform). All chemicals were used as received.

Extra- and intra-vesicular solutions were prepared with 
a highly purified water (resistivity = 18 MΩ cm; Milli-Q 
system; Millipore, Billerica, MA, USA). The extrave-
sicular solution was prepared by dissolving glucose in 
PBS to obtain a concentration of 0.7 M and an osmolal-
ity of ~ 1000  mOsm   kg−1. The intra-vesicular solution 
contained a mixture of sucrose at 0.7 mol L −1 and glu-
cose at 0.7 mol  L−1 (v/v = 50/50) in PBS, [Ru(bpy)3]2+ at 
250 µmol   L−1, NADH (or  NAD+) at 10 mmol   L−1, and 
GDH at 80 U/mL. This solution also had an osmolality 
of ~ 1000 mOsm  kg−1. Importantly, the 7.4 pH value was 
adjusted by addition of phosphoric acid. The osmolality had 
to be sometimes adjusted by adding small amounts of the 
PBS solution to ensure isotonic conditions.

Phospholipids in oil suspensions were made as follows: 
first, DOPG or DOPC (121 µL; 10 mg/mL in chloroform) 
was added in a 2-mL glass vial to evaporate chloroform 
under vacuum (2 h). Then, mineral oil (2 mL) was added to 
dried phospholipids and the corresponding suspension was 
sonicated (1 h).

Instrumentation The ECL experiments have been per-
formed with a μAUTOLAB Type III and an inverted Zeiss 
Observer.Z1 microscope equipped with an EMCCD camera 
(C9100-13, Hamamatsu, Japan). The microscope was inside 
a Faraday cage. Photoluminescence (PL) excitation was per-
formed with a diode (THORLABS M455L3, λex = 455 nm). 
The [Ru(bpy)3]2+ luminophore was illuminated with a Zeiss 
filter set 74HE. Cyclic voltammograms were recorded with 
an Autolab potentiostat (PGSTAT 20).

[Ru(bpy)3]2+/NADH encapsulated giant liposomes The 
preparation of giant liposomes was performed through two 
successive steps as detailed in a previous work [73]. Encap-
sulation of ECL reagents (ruthenium complex as well as 
NADH or  NAD+/GDH) was achieved during the first step 
corresponding to the formation of water in oil droplets.

Imaging of GUVs The giant liposomes lying on the ITO 
electrode were imaged by fluorescence microscopy (Zeiss 
Observer.Z1), using N-Achroplan 10 × (aperture 0.25) and 
LD Plan-Neofluar 20 × (numerical aperture 0.6) objectives. 
Fluorescence excitation was provided by a mercury lamp 
(HXP 120C) and by selecting the right filter to evidence 
NADH (Zeiss filter set 49, λex = 365 nm and λem = 450 nm). 
During the ECL imaging, PL images were recorded concom-
itantly by illumination with a flashing diode (THORLABS 
M455L3, λex = 455 nm).

ITO microelectrodes The ITO microelectrodes were fabri-
cated from optical glass slides (22 mm × 22 mm × 0.13 mm) 
coated with 150-nm-thick ITO films (90%  In2O3/10%  SnO2, 
ACM, Villiers Saint Frédéric, France). The ITO electrode 
surface (~ 800 µm in diameter) was delimited by a PDMS 
well in which a 1-mL micropipette tip, playing the role of the 
electrochemical cell, was inserted vertically to the glass sur-
face. A detailed description was reported in reference [73].

Combination of ECL/PL experiments The ECL and PL exper-
iments were performed simultaneously with a μAUTOLAB 
Type III and through an e-corder 401 system (eDAQ Pty Ltd, 
Australia) associated with the eDAQ Chart software. The 
ECL images were collected by an inverted Zeiss LSM 710 
microscope equipped with an EMCCD camera (Hamamatsu, 
Japan). It was located inside a Faraday cage. A constant 

Fig. 1  ECL imaging of the transient release by a liposome in which GDH catalyzes the oxidation of glucose concomitantly with the reduction of 
 NAD+ to NADH. ECL emission from the [Ru(bpy)3]2+ luminophore occurs at the ITO electrode surface upon the opening of the liposome



 Ben Trad F. et al.

potential of + 1.2 V vs. Ag/AgCl was imposed to the ITO 
working electrode. A platinum wire was the counter elec-
trode. Images were registered and treated by using HCImage 
Live and ImageJ softwares, respectively. The appropriate 
time sequences for the combined detection of ECL and PL 
signals are given in Figure S5 of the Electronic Supplemen-
tary Material.

Results and discussion

ECL imaging of a liposome opening loaded 
with authentic NADH as the co‑reactant

In a recent study, the permeabilization of liposomes contain-
ing [Ru(bpy)3]2+ and TPrA has been reported via the ECL 
signal produced through the concomitant oxidation of the 
luminophore and co-reactant at an ITO electrode [73, 74]. 
This ECL imaging approach has been transposed in this work 
to NADH-promoted ECL, in order to monitor the release of 
liposomes acting as enzymatic reactors [60, 62, 75, 76].

Asymmetric DOPC/DOPG (inner-/outer-leaflet with 
neutral and negative charge, respectively) giant liposomes 
(100 µm in diameter) were first successfully loaded with 
the ruthenium complex (0.25 ×  10−3 mol  L−1) and authen-
tic NADH  (10−2 mol  L−1) during their formation process. 
Liposomes were then deposited at the top of a homemade 
electrochemical cell, allowing them to sediment on the sur-
face of an ITO electrode set at a potential value of + 1.2 V vs. 
Ag/AgCl (see Electronic Supplementary Material Fig. S1). 
This polarization is expected to destabilize the membrane 
due to a charge effect and allows permeabilization of the 
liposomes. Such a leakage consequently releases the ECL 
reagents in the extravesicular medium and their electrochem-
ical oxidation leads to the corresponding amperometric sig-
nal as a function of time [73]. In addition, we selected this 
potential because it has been reported that ECL is initiated 
only at sufficiently positive potentials where [Ru(bpy)3]2+ 
is oxidized [56]. This was also confirmed by controlled 
experiments in which the ECL reagents (i.e., the ruthenium 
complex and NADH or  NAD+/GDH mixture) were in bulk 
solution (i.e., not encapsulated inside liposomes — see Elec-
tronic Supplementary Material Figs. S2 and S3). The ECL 
mechanism with NADH co-reactant can be described by 
successive reactions, which follow an oxidative-reductive 
scheme:

(1)NADH → NADH∙+ + e−

(2)[Ru(bpy)3]
2+

→ [Ru(bpy)3]
3+

+ e−

(3)[Ru(bpy)3]
3+

+ NADH → [Ru(bpy)3]
2+

+ NADH∙+

The combination of amperometry with both ECL and 
photoluminescence (PL) imaging to visualize the spatial 
opening/rupture of liposomes and the corresponding release 
of their content into the extravesicular medium was achieved 
with a microscope equipped with an EMCCD camera (see 
Electronic Supplementary Material Fig. S4). Since a sin-
gle camera can be combined with the microscope device 
to register the two different types of luminescent signal 
(ECL and PL), a diode (λex = 455 nm) was set in a flashing 
mode to better distinguish both signals. Thus, ECL and PL 
images could be recorded separately and then reassembled 
to build two series of ECL and PL images as a function 
of time. The appropriate time sequences for the combined 
detection of amperometry, ECL, and PL signals are shown 
in Figure S5 (see Electronic Supplementary Material). Fig-
ure 2 displays two sets of images obtained in ECL and PL 
(Fig. 2a) together with the corresponding intensity profiles 
of the amperometric, PL, and ECL signals (Fig. 2b).

The PL images show the presence of two vesicles close 
to each other (see images taken at t = 64 and 65 s). Before 
t ≤ 65 s, no ECL signal was visible, indicating the absence 
of detectable leakage from the liposomes observed in PL. 
Then, from t = 68 s, an arc-shaped ECL signal appeared at 
the liposome close to the left in the image. At the same time, 
the light intensity emitted by this liposome in PL became 
diffuse and concomitantly decreased. This event, observed 
sequentially in both PL and ECL modes over the same time 
window, unambiguously indicates a liposome leakage. As 
already reported with TPrA, no ECL signal was emitted at 
the liposome-electrode contact point, accounting for the 
absence of electron transfer across the lipid bilayer [73]. 
Accordingly, the ECL signal can be observed beyond the 
blocked area thanks to a convective regime triggered by the 
brutal rupture of the liposome.

In order to better rationalize such a permeabilization 
event, a region of interest (ROI) was first defined around 
the investigated liposome. Then, the corresponding ECL, 
PL, and current magnitudes were plotted as a function of 
time (Fig. 2b). Accordingly, for 0 < t < 60 s, PL displays the 
only observable/significant signal in the time window. In 
particular, the increase in PL signal intensity between t = 15 
and t = 20 s corresponds to the sedimentation of the lipo-
some at the electrode surface (the microscope observation 
was focused at the ITO electrode surface). Then, the lipo-
some begins to leak between t = 65 and 68 s, leading to a 
sharp drop in the PL signal, the intensity of which being 

(4)NADH∙+
→ NAD∙ + H+

(5)[Ru(bpy)3]
3+

+ NAD∙
→ [Ru(bpy)3]

2+∗
+ NAD+

(6)[Ru(bpy)3]
2+∗

→ [Ru(bpy)3]
2+

+ hvECL
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proportional to the luminophore concentration. In the same 
time range, the ECL intensity and amperometric current 
increase very rapidly, in line with the oxidation of reagents 
leaking from the liposome.

Interestingly, the ECL signal duration was large (around 
10 s) but it decreased faster than the current intensity pro-
file that mostly accounts for the NADH oxidation (40 times 
more concentrated than the ruthenium complex). In agree-
ment with our previous investigations [73], this would be 
due to convection produced by the brutal liposome opening, 
affecting the motion of the ruthenium luminophore and its 
fast local dilution. It is important to keep in mind that both 
ECL reagents have to be oxidized at the electrode surface, 
but that only the excited state of [Ru(bpy)3]2+ generates the 
ECL light.

ECL imaging to detect enzymatically produced 
NADH inside a giant liposome

In a second series of studies, we aimed at pushing the lim-
its of this ECL-based approach to image the production 
of NADH resulting from an enzymatic reaction occurring 
inside a liposome used as a micro-reactor. We selected 

the GDH, which catalyzes the oxidation of glucose. Com-
pared to the experiments described in the previous para-
graph, the oxidized ECL-silent form of the co-enzyme 
 ([NAD+] =  10−2 mol  L−1) was introduced into the liposome. 
To convert  NAD+ to NADH, the GDH (80 U/mL) and glu-
cose (0.35 mol  L−1) were also loaded inside liposomes in 
addition to the ruthenium complex (0.25·10−3 mol  L−1) and 
sucrose (0.35 mol  L−1), the latter allowing sedimentation 
of the liposomes. Importantly, and as confirmed by cyclic 
voltammetry, the time required to obtain a maximum amount 
of NADH under our experimental conditions (around 1 h — 
see Electronic Supplementary Material Fig. S6) was simi-
lar to that needed to prepare liposomes. Photoluminescence 
microscopy images recorded 1 h after liposome preparation 
confirmed the encapsulation of enzymatically produced 
NADH inside the liposomes (Fig. 3). As shown in Fig. 3, 
NADH was homogeneously distributed inside the liposomes, 
similarly to the ruthenium complex observed at the start of 
liposomes preparation (compare Fig. 3 a and b).

Then, intact liposomes, like the one shown in Fig. 3, were 
dropped at the top of the electrochemical cell to image by 
ECL and PL their permeabilization upon impact with the 
polarized ITO electrode. Figure 4 depicts two series of ECL 

Fig. 2  a Parallel timelapse 
imaging by ECL (top) and 
PL (below) showing the 
permeabilization of a DOPC/
DOPG liposome in contact 
with a polarized ITO elec-
trode surface (+ 1.2 V vs. Ag/
AgCl). The liposome initially 
contains NADH  (10−2 mol  L−1) 
and [Ru(bpy)3]2+ 
(2.5 ×  10−4 mol  L−1). To avoid 
overlapping between the two 
signals, ECL and PL images 
have been recorded with an 
initial image acquisition time 
delay (Δt) of 500 ms. The focus 
was made at the ITO electrode 
surface during the ECL and 
PL imaging. The dotted white 
circles in PL and ECL images 
represent the region of interest 
(ROI) taken into account for 
the quantitative analyses of the 
corresponding intensities. Scale 
bar: 100 µm. b Evolution of PL 
(green curve), ECL (red curve), 
and amperometric current (blue 
curve) signals obtained as a 
function of time for a single 
liposome (shown in the ROI of 
a). Note: t = 0 s corresponds to 
the addition of liposomes in the 
electrochemical cell
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and PL images as well as the corresponding quantitative 
ECL, PL, and current intensities determined from the ROI 
described by the white dashed circle.

Among several liposomes observed in the time window 
starting at t = 14 s and ending at t = 52 s (Fig. 4a), only the 
one positioned at the bottom center of the image appeared to 
be relevant in terms of permeabilization (liposome circled by 
a dotted line in Fig. 4a). As shown in Fig. 4a, this liposome 
is indeed the only one to undergo the effects of polarization. 
The fact that other liposomes are not affected by polarization 
can be explained by (i) a lack of direct contact with the elec-
trode surface, (ii) an electrode surface defect or surface foul-
ing, (iii) an increased membrane stability due to the absence 
of membrane defects, etc.

For t < 24 s, this liposome appears intact in PL. Besides, 
no ECL signal appears in this time range. In contrast, PL 
images recorded from 24 s time show the liposome defor-
mation coupled with light scattering in the space near the 
vesicle. In the same time range, a signal (at the bottom 
of the images) appears on the ECL images, whose inten-
sity decreases over time (compared to the 3 ECL images 
recorded between 24 and 52 s). On the one hand, the obser-
vations made in PL show that the liposome undergoes mem-
brane leakage/permeabilization. On the other hand, the ECL 
signal unambiguously indicates that NADH has indeed been 
formed by enzymatic oxidation of glucose inside the lipo-
some and prior to its permeabilization.

At this stage, it is important to mention that all micro-
scopic observations (both in PL and ECL) made during 
liposome membrane permeabilization are reproducible 
(see Electronic Supplementary Material Fig. S7 for another 
typical example among a dozen). In fact, the difficulty lies 
in quantifying luminescent signals which depends on the 
selected ROI. Unfortunately, our current approach does 
not allow a perfect isolation of a single liposome. The 

quantification of luminescent signals from a selected lipo-
some is therefore often affected by luminescence generated 
by other liposomes located nearby. This was actually not the 
case for the liposome selected in Fig. 4a. Accordingly, and 
in parallel with the observations made in Fig. 4, the time-
dependent evolution of PL and ECL intensities as well as the 
faradaic current for the liposome of interest could be plotted. 
The simultaneous evolution of the three signals is similar to 
that observed in the presence of authentic NADH. First, for 
0 < t < 10 s, PL intensity increases, in line with the arrival 
of the liposome at the electrode surface. The intensity then 
remains constant for ca. 10 s, indicating that the liposome 
has landed on the electrode surface and remains intact dur-
ing this time. At t = 20 s, the PL signal intensity decreases 
(for around 20 s), indicating an “electro-permeabilization” 
of the liposome membrane. This permeabilization process 
releases some of the liposome content into the external 
environment, which can then be oxidized upon contact with 
the ITO surface. This electro-oxidation is asserted by the 
increase of both the amperometric and ECL signals.

Furthermore, it is noteworthy that the amperometric cur-
rent obtained here is more intense than that observed with 
authentic encapsulated NADH (for the same co-enzyme 
concentration). This result may account for a more efficient 
leakage of the liposome studied here compared to the one 
loaded with authentic NADH.

Conclusion

In this work, we have primarily shown that NADH can 
be used as a biologically compatible ECL co-reactant 
to image membrane permeabilization events of giant 
liposomes. This was established not only in the pres-
ence of authentic NADH previously encapsulated inside 

(b)(a)

200 µm 200 µm

Fig. 3  PL images of a [Ru(bpy)3]2+ and b NADH within the same 
single liposome. Microscopy images of giant asymmetrical liposomes 
made of DOPC (neutral) and DOPG (negatively charged) on their 
outer- and inner-leaflet, respectively. In a, the liposome contains 
[Ru(bpy)3]2+ (C = 2.5  10−4  mol   L−1),  NAD+  (10−2  mol   L−1), GDH 

(80 U/mL), glucose (0.35 mol  L−1), and sucrose (0.35 mol  L−1) dis-
solved in PBS  (10−2 mol  L−1, pH = 7.5). The images (a: λex = 550 nm; 
λem = 605  nm for [Ru(bpy)3]2+ image and b: λex = 365  nm; 
λem = 445 nm for NADH image) were obtained 1 h after starting the 
liposome preparation
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liposomes, but also from its precursor  NAD+, assessing 
the completion of the GDH-promoted oxidation of glu-
cose. On the one hand, considering the numerous reac-
tions involving the NADH/NAD+ couple, this work opens 
interesting perspectives in the imaging and post-analysis 
of metabolic processes in living cells or performed in 
artificial cells [77, 78]. On the other hand, our approach, 
which leads to the destruction of the lipid membrane is in 
line with the investigations of membrane permeabilization 
processes triggered by various stimuli including antimi-
crobial peptides [74].

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00216- 024- 05133-y.
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Fig. 4  a Parallel time-lapse imaging by ECL (top) and PL (below) 
showing the permeabilization of a liposome loaded with the ECL 
luminophore and enzymatic reagents. The liposome arriving at the 
surface of an ITO electrode polarized at a potential of + 1.2  V (vs. 
Ag/AgCl) initially contains  NAD+  (10−2  mol   L−1), [Ru(bpy)3]2+ 
(2.5·10−4 mol  L−1), GDH (80 U  mL−1), and glucose (0.35 mol  L−1). 
To avoid any overlap between both types of visual information, the 
ECL and PL images have an initial image acquisition time delay of 
500 ms. The focus was made at the ITO electrode surface during the 

ECL and PL imaging. The dotted white circles in PL and ECL images 
represent the typical region of interest (ROI) taken into account for 
the quantitative analyses of the corresponding intensities. Scale bar: 
100 µm. b Evolution of PL (green curve), ECL (red curve), and cur-
rent (blue curve) signals obtained as a function of time for a single 
liposome (shown in a). Note: t = 0  s corresponds to the addition of 
liposomes in the electrochemical cell. The white line above the ROI 
is due to a dust on the electrode surface
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