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Abstract

The use of electrochemiluminescence (ECL), i.e., chemiluminescence triggered by electrochemical stimulus, as emitting light
source for microscopy is an emerging approach with different applications ranging from the visualization of nanomaterials to cell
mapping. In this trend article, we give an overview of the state of the art in this new field with the purpose to illustrate all the
possible applications so far explored as well as describing the mechanism underlying this transduction technique. The results
discussed here would highlight the great potential of the combination between ECL and microscopy and how this marriage can
turn into an innovative approach with specific application in analytical sciences.
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Introduction

Electrochemically generated chemiluminescence or simply
electrochemiluminescence (ECL) is a luminescent phenome-
non induced by electrochemical stimulus. ECL is based on the
electrochemical generation of species that undergo high-
energy electron transfer reactions to form light-emitting excit-
ed states [1-4].

Since the first pioneering work from Bard and co-workers, the
most used ECL dyes are Ru (II) polypyridine complexes, and in
particular tris(2,2"-bipyridyl) ruthenium (I), [Ru (bpy)3]2+.

Thanks to the combination between electrochemical and
spectroscopic methods, ECL possesses several advantages
over chemiluminescence and photoluminescence, such as (7)
superior temporal and spatial control on light emission, (%)
intrinsically very low background and high sensitivity
(pmol L") due to the absence of excitation light, and (iif)
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broad dynamic range (i.e., more than six order of magnitude)
and rapid measurement (i.e., few seconds) with low volume
(<1 ml) [5-10].

In particular, ECL has been a great success, as transduction
method, in different analytical field such as environmental
investigations, bioanalysis [11], and immunoassays [12, 13],
thanks to the unique signal to noise ratio also in real and very
complex matrices such as cell lysates [14], urines, and blood
[15]. As a matter of fact, ECL has become a powerful analyt-
ical technique widely studied and applied both from the aca-
demic and industrial point of view. If we have a look at the last
20 years, the number of scientific publications focused on
ECL research activity has been exponentially increasing (see
Fig. 1a) reaching almost 3000 publications per year in 2018.

Regarding the industrial field, the first ECL commercial
analyzer was produced by IGEN International in 1994.
Nowadays, Roche Diagnostic commercialize a clinical ana-
lyzer, Elecsys®, optimized for more than 150 immunoassays
based on ECL technologies [17]. Another important ECL an-
alyzer is commercialized by Meso Scale Discovery and is
focused on the multiplexing analysis [18].

Recently, Dropsense started the implementation of portable
device that combine ECL with screen-printed electrode [19].
Although many mechanisms for the signal generation have
been proposed, the so-called oxidative reduction based on
tripropyl amine (TPrA) as sacrificial coreactant is the most
used. This is the case in which the dye is not free to diffuse,
because constricted in close proximity to the electrode surface,
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Fig. 1 a Collected statistics of published research papers on ECL (blue)
and ECL microscopy (green) (from 1990 to 2018). Datas obatained from
Scopus, 1 November 2018. b Schematic representation of ECL heteroge-
neous mechanism for [Ru (bpy);]**/TPrA. Ru>* is [Ru (bpy);]**, Ru* is
[Ru (bpy);]**, Ru*** is [Ru (bpy)s]*™* and TPrA is tripropyl amine. ¢
Side-view images of a 12 mm PS bead labeled with the ruthenium

and the ECL emission is triggered by TPrA oxidation to rad-
ical cation (TPrA™) at an applied potential higher than 0.88 V
(vs Ag/AgCl see Fig. 1b).

Briefly, the determining step in this kind of ECL mecha-
nism is the chemical reaction that follow the TPrA oxidation
and the lifetime of TPrA™. In fact, TPrA™ is highly instable
and undergo to further deprotonation to TPrA’, a strong re-
ductant (Eq. 3). The latter radical reduces Ru (bpy);** to Ru
(bpy)s* (Eq. 4) while pristine TPrA™ oxidizes Ru (bpy);* to
generate the excited state Ru (bpy)32+”< (Eq. 5). The crucial
part of this mechanism is the compresence in the diffusion
layer of both radical and radical cation of TPrA. Finally, the
Ru (bpy);>™ relaxes to the ground state generating the ECL
signal [20, 21].

TPrAH' STPrA + H' (1)
TPrA—esTPrA®" (2)
TPrA*tSTPrA® + H' (3)
TPrA" + Ru(bpy)>* 5P1 + Ru(bpy); (4)
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complex. The first image is obtained by PL and the following ones by
ECL in a PBS solution containing 100 mM TPrA (pH =7.4). The dashed
line shows the position of the GC electrode surface and the blurred
zone below represents the PL reflection on the electrode surface. Scale
bar, 10 mm. Reproduced from Ref. [16], copyright 2018, with permission
of Royal Society of Chemistry

TPrA™" + Ru(bpy); STPrA + Ru(bpy)s' (5)
Ru(bpy); " *—Ru(bpy); " + hv (6)

where P1 is the product of the homogeneous TPrA® oxidation.

In the recent years, an important breakthrough in the devel-
opment of analytical ECL devices and applications is the com-
bination of this transduction technique with microscopy (see
green histogram in Fig. 1a). With this approach, the high sig-
nal to noise ratio is implemented with the spatial resolution
intrinsic in the ECL techniques. Up to now, there is no com-
mercially available instrumentation for ECL imaging but the
typical laboratory setup for this type of technique includes an
epifluorescence microscope connected to a potentiostat and a
CCD camera.

In this context, Amatore [22] and Bard [23] pioneeringly
combined the microscopy with ECL in order to observe spa-
tial resolution concentration profiles of species generated in
the proximity of the electrode surface. After them, much prog-
ress has been made until recent times, when our research
group reported the application of ECL microscopy for the
visualization of single micrometric beads [24]. The strategy
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used, schematized in Fig. 1b, is based on the immobilization
of an ECL active dye on the beads surface and the indirect
activation of ECL emission by the electrogenerated radicals of
an appropriate sacrificial coreactant, typically TPrA.
According to the aforementioned mechanism, the diffusion
and stability of coreactant radicals play a crucial role in deter-
mining, at each position of the microobject surface, the signal
intensity and its time evolution.

A mapping of ECL reactivity and of the emission
spatial distribution was reported by Sojic and co-
workers [16]. They showed that the maximum of ECL
emission occurs in the micrometric region where con-
centrations of TPrA” and TPrA™ radicals are locally the
highest. They also demonstrated by analyzing the beads
lateral image that only the luminophores located within
the 3 um region close to the electrode contribute to the
ECL signal as it is shown in Fig. lc. Those fundamen-
tal research investigations open the prospective for the
combination between ECL and microscopy for the
surface-confined mapping and quantification of different
analytes. In this article, we highlight the recent ad-
vances of ECL microscopy applied for the visualization
of micrometric and sub-micrometric objects. Future
challenges and research trends will be also pointed out
along with the discussion.

ECL imaging for sensor application

Because of very high sensitivity, good selectivity, insensitivity
to matrix effects, and high dynamic range, ECL is a robust
sensing methodology.

The majority of ECL detection systems involve the Ru
(bpy)s** luminophore or its derivates and TPrA as co-
reactant especially for the fact that this mechanism allows
the generation of ECL in heterogeneous systems. The analyt-
ical application is based on the fact that ECL intensity is pro-
portional to the concentration of the ECL luminophore at-
tached to a sensing element of interest (protein, DNA,
antibodies, etc) or to the concentration of coreactant, depend-
ing on the case. If ECL experiments are carried out in the
presence of high and constant concentration of coreactant,
the signal intensity will linearly depend on the concentration
of ECL emitter in a wide dynamic range. Remarkably, recent
achievements in nanoscience and nanotechnology have dem-
onstrated the potential for improving greatly both the sensitiv-
ity and selectivity of electrochemiluminescent sensors and
biosensors. In fact, a sensor platform can be miniaturized to
a size less than 1 pm offering advantages in terms of increased
sensitivity and compactness. Sentic et al. exploited different
types of nanoelectrode array (NEAs) with precisely controlled
geometries to map the ECL behavior at different concentration
of coreactant through imaging technique (see Fig. 2a) [25].

NEAs were fabricated by e-beam lithography on a polycar-
bonate layer deposited on boron-doped diamond (BDD) sub-
strates exposing to the solution electrodes with different di-
mensions and inter-electrode distances. The attractiveness of
such nanostructured systems resides also in the possibility to
functionalize with biomolecules of interest the dielectric sur-
face surrounding each nanoelectrode, instead of on the elec-
trode itself; therefore, it may result easier to combine the high-
ly specific molecular recognition mechanisms with high sen-
sitivity (low detection limits).

As a matter of fact, a large number of biomolecules
such as proteins, DNAs, and peptides have no co-
reactant functionalities, or they can give very poor
ECL signal. Thus, their ECL detections are mainly car-
ried out with solid phase ECL assay formats in which
biomolecules linked with ECL labels, are immobilized
on a solid substrate and ECL is generated in the pres-
ence of a co-reactant, typically TPrA [27].

In this context imaging techniques prove to be very useful
for the visualization of antigens of interest immobilized or
selectively captured on solid sensing platform. For this pur-
pose, the sandwich format is the most used based on recogni-
tion properties and antibody/antigen binding. Deiss et al.
exploited this system to functionalize array of microspheres
with different antibodies in order to detect specific molecules
of interest through a biotinylated detection antibody that was
finally attached to streptavidin-modified Ru (bpy); >+ as ECL
label [28]. The ECL response of the beads on the platform was
recorded with a CCD camera thus enables the simultaneous
imaging of each sensing beads in the array.

One general drawback of immunoassays is that mul-
tiple operations to load samples, add reagents to block
nonspecific binding, remove interferences, and detect
target proteins are needed and this greatly limits their
use as point-of-care systems. This problem could be
solved with the use of microfluidic devices integrated
with the ECL imaging setup. The integration of compo-
nents into low-cost and fully automated devices is of
great interest and represents a current challenge in re-
search that will bring a great improvement in the field
of medical sciences. In this context, in recent years,
Rusling and co-workers proved to be a pioneer, in fact,
they investigate the effect of the electrode and inter-
electrode distances dimensions; they understood that
the detection of light with a camera must be integrated
into the chip space and had the intuition of combining
this information with a microprocessor-controlled auto-
matic microfluidic for simultancous multiplex detection
of small panels proteins using ECL imaging [29].

The reported device consists of microfluidic channels pre-
cision cut from silicone gaskets, containing single-wall carbon
nanotubes (SWCNT) functionalized with capture antibodies,
placed between two PMMA plates fitted with optically clear
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Fig.2 a ECL images of the NEAs obtained with a constant concentration
of Ru (bpy);>* and increasing concentrations of TPrA (1-85 mM).
Images were recorded in the dark with a x 50 objective when applying
a constant potential of 1.2 V vs. Ag/AgCI/KCI. Reproduced from Ref.

acrylic windows above each microwell channel to pass ECL
light to a CCD camera enable imaging. The same type of
technology was also used to detect, for the first time, oxidized
DNA [26]. In this case, as transduction strategy, ECL-
producing osmium complexes with electrocatalytic pathways
that employ 8-0xodG in DNA as a coreactant has been used.

An improvement of this device using immunoarray and ECL
transduction scheme is reported the following year by presenting
a supercapacitor-powered electrochemiluminescent (ECL) pro-
tein immunoarray fabricated by an inexpensive 3-
dimensional(3D)printer [30]. These arrays use light-activated su-
per capacitors to generate ECL that is captured with a CCD
camera.

The exciting feature of the ECL lies in the fact that this
technique has found its applicability even before knowing in
a precise way the mechanisms that generate it, especially in
close proximity to the electrode. This is why, especially ECL
imaging proves to be a very useful tool to investigate the
mechanisms that generate ECL at the micro and nanometric
level.

ECL imaging at nanoscale

The electrochemical imaging at nanoscale level is a rapidly
growing field with many important applications [31].
Although different successful approach has been presented
to amplify the small current characteristic of single
nanomaterial, experimental difficulties are generally associat-
ed in measuring very small currents or changes. Regarding
this, thanks to the very high signal to noise ratio, ECL can
be an emerging transduction technique for single nanomaterial
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characterization. Bard and co-workers showed the way to ob-
serve single particle collision with ECL [32, 33]. In their ap-
proach, the catalytic propriety of the nanoparticles towards the
coreactant oxidation induces an ECL generation for each
nanoparticles collision. In this case, the ECL emission inten-
sity and the frequency could be correlated with the
nanomaterial dimension and concentration. Similar approach
has been used by Willets and coworkers for the visualization
of gold nanowires deposited on ITO electrode [34]. Also in
this case, the differences in the coreactant oxidation kinetics
between gold and ITO allow the ECL emission only in corre-
spondence of the nanomaterial. Finally, Pan and colleagues
visualized for the first time local redox activity at the single
gold nanoparticle level [35]. They were able to map the ECL
intensity and correlate with the nanoparticle size from 30 to
300 nm.

ECL imaging for cells

ECL as transduction method for imaging biological sample
such as cell and tissue is a very recent approach but has al-
ready produced a significant amount of publications.
Compared to main imaging strategy such as fluorescent
labeling (using GFP or small molecule fluorophores) or lumi-
nescence (luciferin-based assay), ECL detection of single liv-
ing cells proved to be a new method to study the surface
chemical composition and local activities of cells with high
signal to noise ratio. In fact, the first two techniques men-
tioned possess some intrinsic limitations related to the inter-
action of light with microscopic components of tissues.
Moreover, ECL imaging does not require any filtering
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strategies that represent the major fundamental limitation in
the detection of fluorophores.

The main strategy for the ECL imaging of single cells is
based on adherent cells cultured directly on the electrode
allowing high analysis throughput with high spatial resolution
and low detection limit.

Research so far has focused on two fronts, first on the
visualization and quantification of molecules present inside
the cell and almost in parallel, on the visualization of cellular
surface structures.

Xu et al. reported for the first time the ECL from
luminol to analyze intracellular molecules, such as glu-
cose, at single cells level [36]. The luminol/H,O, system
has a wide application since hydrogen peroxide is often
released by the cell as a result of various intra- and extra-
cellular biochemical processes. In this work, the individual
cells were retained in cell-sized microwells on a gold-
coated indium tin oxide (ITO) slide and treated with triton
X-100 in order to break the cellular membrane releasing
intracellular glucose that react with glucose oxidase to gen-
erate hydrogen peroxide and thus luminol luminescence
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Fig. 3 a Schematic electrochemiluminescence imaging setup for fast
analysis of intracellular glucose at single cells together with ECL
imaging of aqueous hydrogen peroxide at ITO/microwell regions in
10 mM PBS with 200 uM L012 adding different concentration (5—
500 uM). Reproduced from [36], copyright 2018, with permission of
American Chemical Society, b schematic representation of the strategy
used to attach Ru labels to the biotinylated proteins of the cellular
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under positive potential (see Fig. 3a). Similar achievement
has been recently reached by Jiang and co-workers who
reported the optimization of an ECL biosensor for in situ
monitoring of H,0, released from Hela cells using 3D
porous structured conductive Hydrogel [39].

Although in this work imaging is not used as a detection
technique, the use of biocompatible conductive hydrogels
makes cell adhesion much easier and, thanks to its 3D struc-
ture, proves to be useful in the study of the behavior of ECL
signals in complex systems such as body tissues.

Moreover, they can overcome the steric hindrance that oc-
curs when cells are adherent on the electrode surface. This
property has been used also by Liu et al. to analyze the
H,0, released from cells at the single-cell level overcoming
the hindrance effect using chitosan and nano-TiO, modified
fluoride-doped tin oxide conductive glass [40].

In all these research works, the use of microelectrode arrays as
panel for ECL analysis represents a limit to single-cell imaging.
Having the possibility to exploit molecules present on the cell
membrane for the generation of ECL signals has exceeded this

limit.
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membrane and ECL imaging. TPA diffusion through the cell membrane
and resulting localization of the ECL-emitting regions in ¢ fixed Chinese
hamster ovary (CHO) cells reproduced from [37], copyright 2018, with
permission of America Chemical Society, and d also permeabilized ob-
tained in the transmission configuration through the CNT inkjet-printed
electrode. Reproduced from [38], copyright 2018, with permission of
America Chemical Society
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Zhou and colleagues explained how they obtained luminol
electrochemiluminescence imaging of active membrane cho-
lesterol at single living cells [41]. The peculiarity of this work
lies in the fact that the generation of the ECL signal exploits an
intrinsic property of a molecule of interest. Therefore, signal
discrimination takes place, thanks to some molecules, such as
cholesterol, which have a higher chemical activity allowing
the generation of the ECL signal. With this approach, it is not
possible to obtain information on the structure of the cell sur-
face, but only on the lower part of the cell, in close proximity
to the electroactive material.

We, in collaboration with Sojic group, recently reported for
the first time a spatially resolved ECL imaging of single cells
where their membrane proteins were labeling with Ru
(bpy)s>*. Using immunochemistry strategies, important bio-
markers on the surface of cancer cells could be imaged with
high spatial resolution and signal to noise ratio [37]. We ob-
served that ECL was not emitted by the entire cell surface but
just at the cell borders leaving out the internal regions of the
cell where luminophores can be located too far (some micro-
meters) from the electrode surface (see the comparison in Fig.
3b between green and red image). In fact, heterogeneous ECL
is intrinsically a surface-confined process and it is limited by
the access of the electrogenerated radicals to the luminophore
site, explaining the observed phenomenon.

Recently, we also use different protocols in order to perme-
abilized the cell and enable the access to the TPrA radicals and
therefore generate ECL even in the internal areas of the cell
(Fig. 3¢) [38]. Also in this case, the ECL emission is restricted
to the immediate vicinity of the electrode surface, but thanks

Fig.4 Decision table showing the

to the permeabilization the basal membrane is ECL active and
together with ECL microscopy reveals details, which are hard-
ly resolved by classic fluorescence techniques.

Outlook

Electrochemiluminescence is one of the leading transduction
techniques in analytical chemistry ranging from success in-
dustrial application to the advanced analytical quantification.
Coupling ECL with microscopy reveals a promising new ap-
proach for the quantification and map of different analytes
ranging from proteins to DNA. In this trends article, we have
highlighted the emerging ECL imaging analytical and
bioanalytical application and compared it with the most
used imaging techniques (briefly resumed in a pratical deci-
sion table, Fig. 4). We reported examples of ECL microscopy
applied in the developing of advanced biosensor in order to
perform simultaneous multiplexing analysis. The application
of ECL microscopy at nanoscale level visualization is well
advanced and very high lateral resolution is already achieved.
In this field with ECL, it is possible to visualize nanomaterials
without illumination source or scanning probe techniques.
Finally, the research on ECL-based microscopy from single
cells mapping is just at the beginning but it will have impor-
tant application in the extracellular and intracellular analysis.
We have described how ECL microscopy has been used suc-
cessfully and innovatively applied in several fields of research
up to more recent applications that lays the groundwork for
the ECL to become an in vitro imaging technique and

comparison between electro-,
chemi-, and photoluminescence
microscopy (ECL, CL, and PL

respectively) Sensitivity

Matrix
effect
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stability

Spatial
resolution
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spatial control
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hopefully in vivo in the future. However, there are still many
challenges that this technique is currently facing. In fact,
thanks to the high sensitivity coupled with signal amplifica-
tion, ECL imaging could significantly improve the signal to
noise ratio thus allowing the detection of biomolecules at very
low concentration. Most of the efforts are focus on the devel-
opment of new dye-doped nanomaterial such as quantum dots
[42] or dye-doped nanoparticles [43]. Moreover, since in ECL
the electrode and the target are required to be in close prox-
imity, the design of nanostructured electrodes capable to in-
crease the surface stability and increase the rate of coreactant
oxidation, it is certainly one of the key challenges that research
is facing.

One important thing to underline is that the application of
ECL microscopy as an analytical technique allows us not only
to identify molecules or structures of interest but also to do
active research on the mechanisms that regulate this transduc-
tion technique, which we are not still fully aware. There is still
a huge room for improvement, and we believe that the re-
search in this field will continue to grow exponentially.
Above all, there is the need to develop biocompatible methods
and coractants with features that enable to work in aqueous
solution and most importantly, coractants with higher life-
times in order to increase the ECL spatial yield and thus ex-
pand the emission layer.

All this features will be fundamental to turn ECL micros-
copy into a more efficient analytical tool.
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