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The combination of electrochemiluminescence (ECL) and bipolar electrochemistry (BE) has advanced the
development of a new generation of optical devices, offering new possibilities for high-efficiency
detection and sensing applications. ECL, a luminescent phenomenon triggered at the electrode surface
and driven by redox reactions, has become a versatile technique for highly sensitive detection. Meanwhile,
BE enables the remote activation of electrochemical processes without the need for a direct electric
connection to the electrodes, thus simplifying the design and miniaturization of electrochemical systems.
The integration of both technologies optimizes the interaction between luminophores and bipolar
electrodes, improving the efficiency of analyte detection and facilitating the implementation of parallel or
multiplexed detection strategies, thus increasing precision and repeatability. This synergy has extended the
application scope in areas such as bioanalysis, environmental analysis, and pollutant detection. This review
analyzes the fundamental principles of ECL and BE, as well as their synergy in advanced systems, covering
the design of spatially confined structures that improve the polarization of bipolar electrodes, thus
reducing the threshold energy required to activate ECL and enhancing its efficiency. Additionally, the
Received 19th May 2025, incorporation of dynamic elements, such as rotating electrodes and microfluidic platforms, has facilitated
Accepted 7th July 2025 real-time analysis and the visualization of electrochemical processes at both macroscopic and
DOI: 10.1039/d5cc02825f microscopic levels. The combination of ECL and BE technologies has not only expanded diagnostic and
monitoring possibilities in autonomous systems, but has also paved the way for the development of the
rsc.li/chemcomm next generation of analytical technologies, with a significant impact on various scientific challenges.
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Introduction

Electrochemiluminescence (ECL) is a well-known physicochem-
ical phenomenon in which light is generated after highly
exergonic electron transfer reactions that take place at the
surface of an electrode."™ This in turn generates the excited
state of a luminophore, which emits light upon radiative
relaxation. Due to its high sensitivity and spatial resolution,
combined with its low signal-to-noise ratio, ECL has evolved
from a laboratory curiosity to an everyday tool in multiple
applications from bioanalysis to imaging.>*® From a molecular
point of view, ECL can be generated following either the
annihilation or the co-reactant pathway. In the former case,
the oxidized and reduced forms of the luminophore are gener-
ated alternately and react together producing its excited state.
In contrast, for the co-reactant pathway, a sacrificial reagent
undergoes an irreversible electron transfer producing highly
reactive redox species. These short-lived species react with
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either the oxidized or the reduced form of the luminophore,
producing once again its excited state. Among the different
luminophore/co-reactant systems, tris(2,2’-bipyridine)ruthenium(u)/
tri-n-propylamine ([Ru(bpy);]**/TPrA) and luminol/H,O, systems
stand out due to their high ECL efficiency.*'” Although count-
less ECL-based approaches have been designed, the large
majority are powered by conventional electrochemistry. In
particular, the working electrode requires a direct connection
to a power source, which can limit its use, especially for in situ
or in vivo applications. Thus, the development of wireless ECL
systems is highly desired.

In this context, bipolar electrochemistry (BE) has emerged as
an interesting alternative to conventional electrochemistry. BE
is achieved in a wireless manner, promoting asymmetric reac-
tivity on conducting objects, or so-called bipolar electrodes
(BPEs)."®° Briefly, by coupling thermodynamically sponta-
neous redox reactions (A,G < 0) or in the presence of a high
enough external electric field (¢) (A,G > 0), a polarization
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potential difference (AV) is induced across the BPE.*® When AV
overcomes the thermodynamic threshold potential (AViin),
established for a set of electroactive species, redox reactions
take place at each extremity of the BPE. Due to its different
advantages, such as its wireless nature, the tuning of the
asymmetric electrochemical activity and the possible use of
BE arrays, BE has gained considerable attention in multiple
fields such as electrosynthesis, sensing, materials science and
environmental remediation.*”” Thus, the synergetic effect
between BE and ECL has stimulated the development of multi-
ple wireless light-emitting platforms.*®° In this feature article,
we discuss the current state-of-the-art in the field of bipolar
electrochemiluminescence (BE-ECL), focusing mainly on the
advances achieved during the last 5 years. At first, the funda-
mental concepts of BE and its synergy with ECL are presented,
followed by a description of the most recent applications.
Afterwards, emerging trends of bipolar ECL are discussed.

Fundamentals of bipolar electrochemiluminescence

From a thermodynamic point of view, BE can be easily classi-
fied into two categories, namely endogenous or exogenous
bipolar electrochemistry (enBE or exBE, respectively), according
to the driving force that induces the polarization. It is achieved
either by coupling thermodynamically spontaneous redox reac-
tions (A;G < 0, enBE) or by applying an external electric field (¢)
(A;G > 0, exBE). However, an additional ingredient is required
to properly consider a system as being bipolar, which is an
asymmetry of the reactivity in space (i.e., site-selective electro-
chemical processes). In other words, well-defined anodic and
cathodic spatial regions, located at opposite extremities of the
object, are necessary. Although the principles of enBE and
exBE have been extensively explored, the majority of the
bipolar ECL platforms are based on exogenous systems. Thus,
in this section, the theoretical aspects of exBE coupled with ECL
and different applications of this approach are briefly
summarized.

BPE-ECL configuration

For exogenous bipolar systems, the experimental configuration
is composed of a high-voltage power supply connected to two
feeder electrodes to apply the electric field, and a conducting
object positioned between these feeder electrodes without
direct contact.”®*® The endogenous bipolar electrode system
operates through coupled spontaneous redox reactions enabled
by hybrid electrodes composed of dissimilar metals (e.g., Pt-Mg
or Mg-Fe),*® where the inherent potential difference between
the metals drives the electron flow without using any external
power input. In this configuration, the anodic metal undergoes
oxidation, while the cathodic metal triggers reduction, creating
a self-sustaining electron flux through the device. Practically, it
resembles a short-circuited battery, with thermodynamically
spontaneous reactions that are determined by the standard
redox potentials of the constitutive metals.

The performance of bipolar electrodes is largely determined
by the choice of electrode materials, which directly affects the
electron transfer and the resulting luminescence efficiency.*!
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Currently used electrode materials can be categorized into three
main types: noble metals (e.g., Au, Pt, and their nanoparticles)
exhibit excellent conductivity and catalytic activity, but are prone
to surface oxidation in aqueous media;**™** carbon-based mate-
rials (including various nanocarbons) are widely adopted due to
their good conductivity and low cost, with inkjet printing and
other screen printing techniques enabling the production of
multifunctional electrode arrays;*® transparent metal oxides
(such as indium tin oxide, ITO) are ideal for ECL imaging thanks
to their optical transparency, and their intrinsic conductivity can
be further enhanced by doping strategies. Notably, novel elec-
trode materials continue to emerge. For instance, Z. Wang in
collaboration with our team demonstrated that stainless steel
BPE can simultaneously promote both anodic and cathodic ECL
of luminol.*® Additionally, silicon semiconductor-based BPEs
have enabled photo-induced ECL, upconverting infrared light
into visible emission.*”

Furthermore, due to its wireless nature, BE allows addressing a
large number of conducting objects simultaneously, facilitating
multiple analyte quantifications. For this, photolithography is
commonly used for preparing BPEs, enabling the fabrication of
highly accurate, complex and customizable electrode arrays. How-
ever, the stepwise preparation process is tedious and time-
consuming, and cannot afford nanoscale electrode arrays.
Recently, laser-assisted fabrication was explored as an alternative
to photolithography. With this method, laser-induced graphene
(LIG) or graphene oxide electrodes were designed.””>' By means of
a miniaturized 3D-printed platform, a smartphone was employed
to both power a LIG-based BE-ECL system and capture the ECL
emission.*®*® This setup was successfully used for the simulta-
neous quantification of vitamin B12 and vitamin C, demonstrating
the impact of BE-ECL in multiplexed applications.*®

Exogenous bipolar electrochemiluminescence

Commonly, an exBE-based ECL platform consists of a BPE
positioned between two feeder electrodes, immersed in an
electrolytic solution, containing the appropriate luminophore/
co-reactant system. Under these conditions, the magnitude of
AV across the BPE can be estimated using eqn (1), where [ is the
length of the BE.

Av=¢x1 (1)

As stated previously, redox reactions occur at both extremities
of the BPE only when AV overcomes the AV,,,;, associated with a
set of involved electroactive species, which, in the case of ECL
systems, consist of the luminophore/co-reactant and a sacrifi-
cial redox probe.> For example, in the presence of an aqueous
solution of [Ru(bpy);]**/TPrA, the reactions occurring at the
anodic (6") and cathodic (67) poles of the BPE are described
using eqn (2)-(4):
Anode:

[Ru(bpy)s]*" — [Ru(bpy)s]" + e~ @)
TPrA — TPrA*' + e~ (3)

Cathode:

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Illustration of the (A) open and (B) closed BE experimental config-
urations, with a representation of the corresponding redox reactions
involving the [Ru(bpy)sl>*/TPrA, [Ru(bpy)sl?*/S:0g%~ and luminol/H,0,
systems, the anodically and cathodically polarized extremities (5* and -,
respectively), the current flow and distribution and the colour of the
resulting ECL emission zones.

2H" +2e” — H, (4)

Following these electrochemical reactions, the electrogenerated
radical cation TPrA*" loses a H' to form the neutral TPrA®
radical. The latter is a strong reducer that reacts with the
oxidized form of the luminophore producing [Ru(bpy)s]*™,
which emits light at the anodic pole of the BPE (Fig. 1A). It is
important to highlight that in this so-called open configuration
rather high voltages are required between the feeder electrodes
to trigger the coupled reactions since the bipolar current
(fbipotar), passing through the BPE, is often limited by the bypass
current (ipypass) induced across the electrolytic solution. This
effect can be minimized by employing a high resistance electrolyte
or by using a closed BE configuration, in which the applied
potential is forced to drop between the extremities of the BPE,
thus decreasing the required voltage (Fig. 1B). In addition, such a
configuration allows physical separation of the anodic and catho-
dic solutions, avoiding contamination from products formed at
the opposite feeder electrodes.>*>® Moreover, this closed set-up
facilitates the simultaneous use of different luminophore/co-
reactant systems or different solvents (aqueous and organic) in
each electrolytic compartment.

Control and mapping of BPE polarization

From a fundamental point of view, in BE the length of the anodic
and cathodic regions extends with stronger electric fields. As a
consequence, the fraction of the BPE, having the proper potential
to trigger the ECL reactions, is electric field-dependent.”® Hence,
ECL has been used as an optical readout of the potential gradient
established across the BPE.***%°>° For example, the ECL emis-
sion produced by luminol/H,0O, at the anodic pole of a conducting
polymer (poly-3,4-ethylenedioxythiophene, PEDOT) was used to

This journal is © The Royal Society of Chemistry 2025
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map the electric properties along the material (Fig. 2A).>” This
approach has been extended to the efficient imaging of the
potential gradient distribution produced in bipolar electro-
chemical cells with different configurations and to investigate
the cathodic reactivity of luminol.>®*®' From the classic open
configuration to cylinder-based setups, well-defined anodic ECL
patterns were obtained, which are in agreement with the theo-
retical distribution of solution potential around a BE (Fig. 2B).°>
The magnitude of the interfacial potential difference is a key
component of the potential composition of BE, and it signifi-
cantly affects the effective control of redox reactions. In another
study, a novel approach was established to modulate and control
redox reactions at the BPE using an ion-selective membrane
(ISM).®* By forming a polymeric Na ISM on part of the BPE, the
potential differences at the cathodic and anodic poles can be
independently regulated. This study demonstrated significant
changes in ECL intensity in both open and closed bipolar
systems by varying the ISM location and primary ion concentra-
tions. Folded BPE structures with an ISM either at one or both
ends further enhance potential control. This technique offers
improved controllability over redox reactions, making it a pro-
mising advancement for BE devices.

More recently, the polarization gradient was optically mon-
itored through the annihilation ECL mechanism.®* In this case,
the oxidized and reduced forms of [Ru(bpy);]**, produced at the
anode and cathode of the BE, respectively, react in order to
populate the excited state of the luminophore. The synergy
between the asymmetric reactivity and an electro-migrating
mechanism generates an electric field-dependent anodic ECL

PEDOT-PT B

Optical

0V

Fig. 2 (A) Photographs of the luminol/H,O, ECL emission produced on a
PEDOT-Pt hybrid BPE as a function of the applied potential (indicated in
the figure). The dashed lines represent the position of Pt along the BE.
Reproduced from ref. 57 with permission from American Chemical
Society, copyright 2023. (B) Photographs of the ECL emission of lumi-
nol/H,O, produced on an ITO plate by using a bipolar cell with a cylindrical
configuration at different applied potentials (indicated in the figure). The
dashed line represents the position of the BE. Reproduced from ref. 62
with permission from American Chemical Society, copyright 2021.
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emission. Furthermore, there was an increase of the ECL
intensity when using a double BPE system due to the electro-
migration of the ionic species formed at each extremity of two
BPEs facing each other.

In addition, the electroactivity of silicon-based BPEs was
studied as a function of the applied electric field. For this, the
ECL emission of the [Ru(bpy)s]**/TPrA system allows visualization
of the influence of the bipolar current on the reactivity of the
silicon-based BPEs. As the external electric field increases, the
oxidized region of silicon expands, passivating the surface, which
is reflected by a gradual depletion of the ECL emission zone.®**®
Nevertheless, in all the above-mentioned examples, the potential
distribution of only one pole of the BPE was achieved. Recently,
Zhou et al. reported the mapping of the complete potential
distribution across a BPE.®” For this, the high reactivity of Mg
was used to trigger the spontaneous reductive-oxidation mecha-
nism of the [Ru(bpy)s]**/S,0s>~ system, producing a homogenous
ECL emission on the entire surface of the BPE. When applying a
high enough external electric field, there was a site-selective
decrease and increase in the ECL intensity at the anode and
cathode of the Mg-BPE, respectively. In addition, by fine-tuning
the spatial distribution of the global electric field, more sophisti-
cated ECL patterns were readily produced.

Signal amplification strategies in BE-ECL

As it is well-established, the performance of BE-based ECL
processes is intimately related to the electrochemical stability
of the luminophore, the thermodynamic difference between the
two electrogenerated products and the nature and spatial
arrangement of the BPEs. For example, Liu et al. developed
an ultrasensitive BE-ECL immunoassay for the quantification
of myoglobin.®® In this case, the in situ reduction of HAuCl, to
Au nanoparticles does enhance the conductivity of the sensing
pole while amplifying the ECL signal generated at the anode.
Alternatively, an MXene was used as the BPE substrate, due to
its high electroactive surface area and electrical conductivity.
In this setup, the anodic ECL emission was further enhanced by
the presence of immobilized triangular Ag nanoparticles via
surface plasmon resonance. Moreover, the use of uniformly
structured interdigitated BPE arrays with a different gap between
the cathodic and anodic terminals has been proposed.** This
involves the redox cycling of the [Fe(CN)o]> /[Fe(CN)s]*~ redox
pair, occurring between two closely spaced electrodes. While the
redox cycling takes place in the sensing channel of the BPE, ECL
emission is produced at the reporting chamber. A direct correla-
tion between the gap size and the intensity of the ECL emission
was demonstrated. The quantification of cell surface markers
was achieved by coupling the interdigitated BPE arrays to a
microfluidic device.”””* However, interference between the
responses of each BPE was found to limit this approach. With
a similar approach, a matrix of interwoven spiral BPEs with a
0.5 um gap was used, improving the sensitivity tenfold, in
comparison with the interdigitated BPE array system.”” Alterna-
tively, by adjusting the ratio between the cathodic and anodic
areas, a concentrated ECL emission was produced, thus enhan-
cing the sensitivity.”> More recently, Yee et al. proposed a
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sandwich architecture in which an ECL active layer is positioned
between two coplanar electrodes.”* A floating BPE modulates the
electric field distribution within the active layer, enabling the use
of opaque and electrochemically stable noble metals as driving
electrode materials, while allowing light emission to operate
through the transparent floating electrode. The floating-
electrode system presents an extended lifespan (above 1 hour),
in comparison with conventional sandwich-type ECL devices.

The extensive progress in the understanding of the funda-
mentals involved in BE-ECL enables different alternatives to
improve the efficiency, sensitivity, and versatility of this
approach. As mentioned previously, this has led to remarkable
advancements in multimodal detection strategies, multiplexed
quantification and bipolar ECL microscopy.

Applications of bipolar
electrochemiluminescence
Ratiometric sensing

In clinical and environmental applications, the relative ratio
between two different signals is often used to provide a more
precise and reliable measurement, minimizing the impact of
possible instrumental interferences. Such an approach enhances
the precision and robustness of the sensors by leveraging the BE-
ECL synergy.”>”® As stated above, the spatial separation of the
anodic and cathodic poles in the closed BE systems allows
simultaneous monitoring of two redox reactions, enabling the
generation of multiple signals for ratiometric analysis. For exam-
ple, Wang et al. developed an ECL biosensor for miRNA-141
detection using a system with two reservoirs connected by a
constant resistor.”” Boron nitride quantum dots at the cathode
coupled with the [Ru(bpy);]**/TPrA system at the anode served as
the dual ECL source. However, the main challenge in ratiometric
strategies based on bipolar ECL arises from the unbalanced
quantum efficiency of both anodic and cathodic luminophores,
leading to inaccurate ratio-based detection. Thus, the molecular
tailoring of novel luminophores and co-reactants that generate
stable emissions with comparable strength is highly desired.

Multicolor and multiplex detection

Alternatively, wireless multicolour ECL systems have gained
significant attention due to the synergistic effect between
potential-resolved and spectral-resolved signals, which enables
the simultaneous detection of multiple signals.”®* > The most
common multicolour BE-ECL systems use mixtures of Ru(u)
and Ir(m) complexes.””®> For example, [Ir(ppy).(pic-OMe)],
[Ir(ppy)z(acac)], and [Ru(bpy);]*" (with pic = picolinate, ppy =
2-phenylpyridine and acac = acetylacetonate ligands) serve as
blue, green, and red ECL luminophores, respectively.”” By
changing the applied voltage, these luminophores produce a
combined emission that covers the entire visible spectrum.
Moreover, the colour of the ECL emission at the anodic
extremity can be easily fine-tuned by reactions occurring at
the cathode due to changes in interfacial potentials and far-
adaic currents. With such a platform, the optical detection of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Colour change response as a function of the concentration of miRNA (indicated in the figure) obtained from the bipolar ECL emission of a
mixture of three different luminophores [Ir(ppy).(pic-OMe)l, [Ir(ppy)2facac)] and [Rulbpy)sl®* in a 1:0.2:0.1 ratio. Reproduced from ref. 79 with
permission from American Chemical Society, copyright 2024. (B) Assembly strategy of the label-free ECL immunosensor for cTnl based on the carbon
ink SEES. Reproduced from ref. 88 with permission from American Chemical Society, copyright 2022. (C) lllustration of the self-cleaning operation of a
paper-based BE-ECL device (left panel) and analytical mechanism for the quantification of M.Sssl MTase (right panel). Reproduced from ref. 92 with
permission from American Chemical Society, copyright 2022. (D) Representation of the closed BE set-up used during the quantification of CEA via ELISA
(top), ECL (middle) and LED imaging (bottom). Reproduced from ref. 95 with permission from American Chemical Society, copyright 2024. (E) Schematic
illustration of the wireless ECL—photoacoustic (PA) dual-signal output biosensor for the detection of ovarian cancer markers. Reproduced from ref. 96
with permission from American Chemical Society, copyright 2022. (F) Illustration of the BE-ECL detection at a porous platinum-coated nanopipette for
intracellular wireless electroanalysis (left panel) and optical pictures of the bright-field (top) and ECL emission (bottom) of the nanopipette during the

electroanalysis of intracellular hydrogen peroxide. Reproduced from ref. 98 with permission from Wiley-VCH, copyright 2020.

three miRNAs was achieved based on variations of colour,
providing a rapid and effective method to diagnose prostate
cancer (Fig. 3A). In addition, to enable the simultaneous
detection of multiple targets, this approach paves the way for
new possibilities in the development of multiplex detection
systems.

A single-electrode electrochemical system (SEES)
wireless multiplex ECL analysis of cardiac troponin I (cTnlI),
a specific biomarker of acute myocardial infarction, was devel-
oped (Fig. 3B).%® The SEES was designed by attaching an
insulating sticker with multiple holes to a single carbon ink
screen-printed electrode. Compared to multi-electrode array
systems, the SEES is characterized by its simplicity and cost-
effectiveness. In addition to these approaches, paper-based
microfluidic BE-ECL detection chips can be fabricated using
inkjet, wax, or screen printing.*®> Using these methods
enables the fabrication of patterns, and rational partitions were
obtained, allowing the simultaneous detection of two or more
components on a single platform. For example, Zhang et al.
introduced a hand-drawn paper-based BE-ECL platform for the
quantification of M.SssI methyltransferase (M.SssI MTase)
(Fig. 3C).”” In this case, the quenching of the ECL emission
produced by the MnS:CdS@ZnS/S,0s>~ system, occurring at
the cathode of the BPE, was used as the optical analytical
signal. By employing pencil-drawn graphite circuits as wires
and electrodes, the fabrication process was greatly simplified,
and costs were significantly reduced. Furthermore, the integra-
tion of a multilayer origami structure improved fluid handling,
minimized background interference and enhanced self-
cleaning efficiency.

23,86,87 £
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Multimodal readout

To improve accuracy and minimize false positives, bipolar ECL
can be easily coupled with alternative physicochemical readouts,
produced by colorimetric, photoacoustic, and electrochromic
methods.”*™” Liu et al. recently developed a triple-reading immu-
nosensor, combining the classic enzyme-linked immunoassay
(ELISA) and the optical readout produced by two different light
sources, ECL and light emitting diodes (LEDs) (Fig. 3D).”> The
ELISA detection of cancer embryonic antigen (CEA) was incorpo-
rated into the BE sensing platform at the cathode via an immu-
noreaction, while [Ru(bpy);]** was introduced at the anode for
ECL measurement. Additionally, LED imaging, powered by the
electron flux produced by the sensing reaction, produces an
additional readout for the quantification of CEA. Alternatively,
an ECL-photoacoustic dual-signal output biosensor for the detec-
tion of ovarian cancer markers was developed (Fig. 3E).°° For this,
while the sensing ECL emission is produced at the anode and the
hydrogen evolution reaction occurs at the cathode, carbon-based
nano-onions produce the photoacoustic readout via a thermal
expansion mechanism. Although, compared to classic ECL mea-
surements, BE-ECL offers notable advantages in multi-output
sensing, such as improved spatial readout separation and easy
independent signal acquisition, several challenges associated to
signal stability, precise control of the electron transfer and signal
interferences remain.

Micro- and nano-imaging

Recently, ECL analysis at both the micro- and nanoscale has
revolutionized the study of dynamic processes down to the
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cellular and molecular levels.”®'%°

In this context, bipolar electro-
chemical microscopy is a powerful tool for wireless single-cell
electrochemical analysis. For example, a porous platinum-coated
nanopipette, acting as an open bipolar ECL device, was designed
for intracellular wireless analysis (Fig. 3F).°® The porous platinum
coating acts as a BPE enabling cytosol extraction and ECL
generation by the L-012/H,0, system, with L-012 being a luminol
analogue that is soluble at neutral pH. With such a device,
electroanalysis of intracellular hydrogen peroxide, glucose, and
sphingomyelinase activity in vivo was achieved by applying a low
driving voltage, minimizing cell disruption. Following a similar
approach, wireless electrochemical visualization of intracellular
proteins in single cells using BE-ECL was achieved.’® Submicron-
sized single-walled carbon nanotubes functionalized with antibo-
dies conjugated with an ECL luminophore were used to target
antigens in the nucleus of MCF-7 cells. A low applied voltage
enables the ECL emission from L-012 due to the efficient voltage
drop caused by the confined anodic and cathodic compartments.
Alternatively, advanced microfabrication techniques facilitate
the design of multi-electrode arrays for high-resolution ECL
imaging.'%*'%>"'° For example, arrays of multi-electrode fibres
were designed by filling porous plates with carbon paste or by
thermal drawing,"*""*® and micro-Au electrodes were obtained by
electroless plating on track-etched membranes.'”” These devices
have been used for bipolar ECL microscopy, enhancing the spatial
resolution. Additionally, by optimizing BE designs and employing
confinement effects, the developed systems require lower driving
voltages, improving energy efficiency.

Emerging trends

Despite the outstanding developments involving exBE-based
ECL approaches, novel and more sophisticated wireless light-
emitting systems are continuously designed. This is mainly
motivated by the inherent advantages of BE. For example, due
to its wireless nature, it is possible to design ECL-based
dynamic systems, enabling the direct tracking of motion at
high spatial and temporal resolution. Moreover, by exploiting
the versatility of BE, it is possible to combine multiple light
sources, operating in different emission modes, thus paving the
way for the development of easy and straightforward multi-
modal light-emitting platforms. Hence, in this section, we
summarize different emerging trends in the field of BE-ECL.

Spatially-constrained and interfacial systems

Building upon the previously discussed concepts of ECL and BE
systems, an interesting area of study lies in the development of
spatially-constrained and interfacial systems. These are parti-
cularly relevant for addressing challenges related to the polar-
ization of small conductive objects, which, according to eqn (1),
typically require large electric fields."** For example, a micro-
fluidic device composed of a rhombus-shaped Au microelec-
trode integrated into a solid-state micropore was designed.
Under these conditions, the Au microelectrode is polarized
remotely by applying a mild voltage (10 V). The micropore
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focuses the electric field within a small region, boosting the local
potential gradient, while also eliminating unnecessary energy
dissipation in the surrounding solution. This design allows the
threshold polarization potential to be decreased by 100-fold. In a
similar way, Wang et al. demonstrated that BE in microchannels
decreases the required voltage, thereby improving the ECL
emission."™ This setup was used to develop a biosensing system
that integrates photonic crystal structural colour coding with BE-
ECL imaging for multiplex quantification. In this work, by
increasing the cell length/microchannel width ratio, a decrease
of the driving voltage to trigger the electrochemical reaction is
observed. Alternatively, the ECL emission within a 2D nanocon-
fined environment composed by a surfactant-based bubble was
reported."™ For this, soap bubbles loaded with 2D graphene
microparticles, acting as BPEs, and the [Ru(bpy);]**/2-(dibutyla-
mino)ethanol (DBAE) system produce ECL emission when
applying a low external electric field (Fig. 4A). This decrease, by
up to three orders of magnitude in comparison with conventional
systems, is associated with the spatial confinement within the
ultrathin soap bubble layer. This 2D environment enhances the
collision frequency between target molecules and BPEs, while
simultaneously minimizing the bypass currents.

Furthermore, surface-confined ECL was achieved by taking
advantage of the interface formed between a water/oil (w/o)
mixture. For this, amphiphilic Janus microbeads, acting as
BPEs, were placed at the w/o interface."** Due to the difference
in the polarity of the two immiscible liquids, the phase separa-
tion resembles a ‘“pseudo-closed” bipolar cell (Fig. 4B).
By applying a high enough electric field and in the presence
of a hydrophilic and a hydrophobic luminophore/coreactant
system, at the aqueous and organic phases, respectively, two
well-defined ECL emissions were produced. This indicates that,
despite the presence of potential gradients along the particle,
mass transport across the liquid/liquid interface remains par-
tially active, facilitating the electrochemical reactions. More-
over, by fine-tuning the orientation of the electric field, blue
and red hemispherical or quarter-sphere-shaped ECL emission
regions were produced (Fig. 4B).

Dynamic ECL systems

As stated above, the design of mobile devices capable of
producing “on-board” light has become a powerful tool for
the study of complex dynamics and interactions at the macro-,
micro- and nanoscale."">""® When a BPE is rotated within a
static DC electric field, alternating bipolar currents are
induced, which can be extracted from feeder currents (ifecder)
using a lock-n amplifier (Fig. 5A)."'® ECL is used to visualize the
potential drop at the interface of the rotating BPE. With this
configuration, the ECL intensity not only displays spatial
heterogeneity across the BPE surface, but also undergoes
dynamic angular modulation, with the emission maximum
being correlated to the BPE’s alignment with respect to the
applied field. This orientation-dependent behaviour arises
from asymmetric charge transfer kinetics, dictated by the
electrode’s rotational position. The ECL peak occurs shortly
after the BPE passes the orthogonal direction, as several

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) lllustration a thin layer soap bubble acting as a 2D nanoconfined
environment containing graphene sheets and the [Ru(bpy)s]°*/DBAE ECL
system, with a representation of the redox reactions and the ECL emission.
Reproduced from ref. 113 with permission from the Royal Society of
Chemistry, copyright 2022. (B) Representation and optical images of the
wireless ECL emission from amphiphilic Janus particles at the W/O inter-
face obtained with two different electric field orientations: perpendicular
(left panel) and parallel (right panel) to the W/O interface. Reproduced
from ref. 114 with permission from the Royal Society of Chemistry, copy-
right 2024.

reaction steps are required prior to the formation of the excited-
state 3-aminophthalate luminophore. Additionally, from a the-
oretical point of view, when using a rotating BPE, it is possible
to map the angular dependence of the induced polarization
potential. For example, it was demonstrated that an alternating
ECL emission is generated during the rotation of Fe-Au coated
BPEs. The oscillating light emission is intimately related to the
alignment of the BPE with respect to the electric field. Based on
this principle, a BE-ECL rotor was designed for the dynamic
quantification of glucose.""” In this case, the motion of an iron

SO
TR
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wire, acting as the BPE, is guided by a rotating-magnetic field.
In the presence of H,0,, produced by the enzymatic oxidation
of glucose, and by applying a high enough electric field, ECL
emission from L-012 is produced. Interestingly, glucose detec-
tion was achieved simultaneously at both the cathodic and
anodic extremities of the BPE, following two different mechan-
isms. Moreover, rotating BE-ECL systems facilitate the direct
visualization of the corresponding mass transport regime.

For example, the impact of controlled hydrodynamic condi-
tions, associated to rotational displacement of the ECL emission,
was recently studied. For this, the ECL emission of the
[Ru(bpy)s]**/TPrA system was produced at the anode of a rotating
disk electrode, acting as the BPE (Fig. 5B)."*® Under these condi-
tions, the ECL-emitting region moves gradually from the anodic
extremity to the cathodic pole of the BPE as a function of the
rotation speed. The hydrodynamic convection directly impacts the
shape of the ECL emission, shifting from an “ECL croissant” to a
ring-like pattern. It was demonstrated that the shape of such ECL
patterns is directly controlled by the rotation speed, chemical
reactivity and the wirelessly induced polarization.

Self-powered systems

Finally, self-driven optical readouts have emerged as interesting
alternatives to replace externally-triggered imaging approaches.
Although there are few examples, they take advantage of thermo-
dynamically- and kinetically-favoured redox reactions occurring in
well-defined spatial regions within a single object.*'*° For exam-
ple, the electrocatalytic activity towards the oxygen reduction
reaction of different Pt-based catalysts was evaluated by changes
in fluorescence occurring at the anode of a BE array.'*" The use of
ECL as optical readout allows avoiding the necessity of additional
light sources, in comparison with fluorescence-based approaches.
However, a thermodynamically-favoured source of electrons is

Rotating Disk Bipolar Electrode
(RDBPE)

f
H:  H,0 [Ru(bpy);]**

+
TPA

100 rpm

ECL

60 "Pm &+

25rpm 400 rpm

Fig. 5 (A) lllustration of the dependency of ifeeqer and ECL intensity on the orientation of the BPE. Maximum ieeqer OCCUrs when the BPE is orthogonally
aligned to the feeder electrodes and minimum occurs under parallel alignment (top scheme); images of luminol ECL at the anodic pole in different
orientations at Vo, = 4 V (bottom). Reproduced from ref. 116 with permission from Elsevier, copyright 2017. (B) Schematic diagram of a rotating disk
bipolar electrode with a representation of the redox reactions and the produced shape of the ECL emission (top scheme) and optical pictures of the
[Ru(bpy)glz*/TPrA ECL emission as a function of the rotational speed at a constant electric field of 8.3 V cm™™. The dotted circle and arrow indicate the
position and direction of the rotation, respectively. Reproduced from ref. 118 with permission from the Royal Society of Chemistry, copyright 2024.
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Fig. 6 (A) lllustration of the Zn/Fe self-powered ECL device with a
representation of the corresponding reactions (left panel) and photo-
graphs of metallic disks with different compositions (indicated in the
figure) in the absence (top) and presence (bottom) of a luminol/H,O,
solution (right panel). Reproduced from ref. 8 with permission from Wiley-
VCH, copyright 2024. (B) Scheme of the endogenous hybrid light-emitting
array with a representation of the associated redox reactions, the electron
flux and the colour of the resulting light emission (left panel), and optical
pictures of the ECL/LED emissions generated by the multimodal array in
the presence of the [Ru(bpy)s1?*/5,0g%~ and L-012/H,0, ECL systems at
the anodic and cathodic compartments, respectively, and increasing
$,04°~ concentrations (right panel). Reproduced from ref. 122 with
permission from the Royal Society of Chemistry, copyright 2023.

required to power the ECL emission. Due to their relatively high
thermodynamic redox potential, Zn and Mg (—0.76 V and —2.36 V
vs. NHE) can act as efficient on-board power sources. For example,
Liu et al. designed a bimetallic Zn/Fe self-powered ECL device by
coupling the oxidation of Zn and the reduction of H,O, at Fe
surface.® Under these conditions, the reactive oxygen species
generated during the reduction of H,O, react with luminol to
trigger the ECL emission (Fig. 6A). With this enBE system, the
quantification of ascorbic acid (a radical quencher) was achieved
with a good detection limit (0.31 uM). Furthermore, the concept of
enBE has become an interesting alternative to design self-powered
multimodal optical platforms based on two different light sources.
For instance, a multicolour light-emitting device was designed by
coupling the fundamentals of enBE, ECL and LEDs.'** The
endogenous bipolar electrode array was composed of three mod-
ified LEDs with different colours (i.e. yellow, green and blue). In
each diode, the driving force that powers the light emission is the
flux of electrons produced by the oxidation and reduction of Mg
and H' taking place at the anode and cathode of the LED,
respectively. In addition, ECL was introduced at the anode by
taking advantage of the spontaneous reductive-oxidation mecha-
nism of the [Ru(bpy);]**/S,0s>~ system powered by Mg. With such
a device, light emission with four different wavelengths was
produced, which, according to the Nernst equation, can be easily
fine-tuned by the physicochemical properties of the solution.
Following the same principle, a single self-driven multimodal
light-emitting bipolar electrode was designed.'” In this case, a
physical barrier produces an anodic and a cathodic compartment,
containing the [Ru(bpy);]*"/S,0s>~ and L-012/H,0, ECL systems,
respectively (Fig. 6B). While in the anodic compartment, once
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again, the spontaneous oxidation of Mg triggers the reductive-
oxidation mechanism of [Ru(bpy);]**/S,04”", the generated flux of
electrons from the anode to the cathode of the device powers the
green emission of the LED. Simultaneously, a fraction of the
electrons is consumed in the cathodic compartment inducing
the characteristic blue emission of the L-012/H,0, ECL system.

Conclusions

The integration of ECL and BE has driven the development of
new methodologies and devices with innovative applications in
bioanalysis, multiparametric detection, and electrochemical
microscopy. Recent studies have not only improved the sensi-
tivity and efficiency of these systems, but have also opened
opportunities to explore new fundamental concepts and their
implementation in advanced applications. In the future, one of
the main challenges and areas of opportunity lies in the
refinement of autonomous and self-powered systems, in which
the combination of spontaneous redox reactions and the con-
comitant activation of optoelectronic devices, such as LEDs,
will enable the development of completely independent sen-
sors. Likewise, the design of platforms with spatial confine-
ment and optimized electrochemical interfaces represents a
promising strategy to reduce activation voltages and enhance
selectivity in analyte detection. The study of dynamic systems,
where electrochemistry and hydrodynamics interact in real-
time, is another emerging field with great potential. The
manipulation of ECL emission patterns through flow and
motion control opens possibilities for real-time visualization
of electrochemical processes and the optimization of rotational
sensors for high-resolution biochemical analysis. Finally,
employing BE-ECL with multimodal and multiplexed detection
strategies will expand their applications in clinical diagnostics,
environmental monitoring, and the development of low-cost
portable devices. The synergy between these approaches offers
a promising pathway for advancing both fundamental research
as well as the development of innovative analytical technolo-
gies. This integration enables the creation of compact, stable,
and user-friendly detection platforms, with increasing potential
for incorporation into portable devices, such as the use of
smartphones to acquire imaging capability. Moreover, the Al-
assisted processing of images could be an interesting approach.
These developments aim to enhance both the accessibility and
performance of electrochemical sensing systems. In parallel,
the design of new luminophores with balanced anodic and
cathodic emissions, alongside a deeper understanding of elec-
tric field distribution and interfacial reaction dynamics on the
BPE surface, will be essential for improving system efficiency
and selectivity. Controlling redox processes under confined or
dynamic conditions also remains crucial. For instance, in
multiphase environments, it represents a valuable strategy for
developing more sensitive and selective detection approaches.
Furthermore, the emergence of self-powered and dynamic BPE-
ECL systems is a versatile platform to investigate complex
physicochemical phenomena and to engineer autonomous

This journal is © The Royal Society of Chemistry 2025
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analytical tools with a low energy requirement. Together, these
advances will establish BPE-ECL as a promising technology in
the future landscape of electrochemical sensing and biochem-
ical analysis.
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