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Multimodal imaging is a powerful and versatile approach that integrates and correlates multiple optical
modalities within a single device. This concept has gained considerable attention due to its potential
applications ranging from sensing to medicine. Herein, we develop several wireless multimodal light-
emitting chemical systems by coupling two light sources based on different physical principles:
electrochemiluminescence (ECL) occurring at the electrode interface and a light-emitting diode (LED)
switched on by an electrochemically triggered electron flow. Endogenous (thermodynamically
spontaneous redox process) and exogenous (requiring an external power source) bipolar
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Introduction

Multimodal imaging is based on the combination and correla-
tion of two or more optical readouts of biological or chemical
information, commonly within a single testing platform or
device."™ The design of such complex systems is of crucial
importance for many applications ranging from sensing to
dynamic readout e.g. using self-propelled micro/nano-objects. It
is a fast developing research area at the interface of several
disciplines. In particular, light-emitting approaches based on
fluorescence, electrochemiluminescence (ECL) or light emitting
diodes (LEDs), are interesting alternatives to develop novel
imaging systems.”*?> With these approaches, the physico-
chemical information is encoded by light emission, allowing
a direct visualization. This provides an easy and straightforward
alternative to study complex dynamics with high spatial and
temporal resolution. In this context, light-emitting imaging
methods, based on ECL or LEDs, present rather strong light
intensity, easily captured with simple commercial cameras, in
comparison with fluorescence which requires expensive and
more sophisticated optical microscopy set-ups. However, the
majority of the available light-emitting devices require a direct
electric connection to a power source.
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optical readouts for complex bio-chemical systems.

In recent years, bipolar electrochemistry (BE) has evolved
into a powerful technique to induce light emission in a wireless
manner.'****> Briefly, under the influence of an electric field (¢),
applied across an electrolyte solution, a polarization potential
difference (AV) is generated at the extremities of a conducting
object, the so-called bipolar electrode (BPE).>** In the presence
of electroactive species, oxidation and reduction reactions take
place at the extremities of the BPE, only when the AV overcomes
the thermodynamic threshold potential (AVy,i,). The synergy
between BE and light-emitting systems, based on ECL or by
incorporating electronic devices within the BPE, has been
extensively used for a broad range of applications, from sensing
and optical mapping/imaging to the study of dynamic
behaviors.*”**> Recently, a sophisticated and so far unexplored
different type of BE, based on thermodynamically spontaneous
redox reactions, has been developed. In such an approach
a highly favored redox reaction i.e. the oxidation of Mg, is used
as a source of electrons to trigger the light emission of
a diode.**** However, the majority of the designed wireless light-
emitting systems exhibit only a single color. A promising
alternative to design wireless multimodal optical systems is to
couple two different light sources based on different physical
principles and powered by BE.

In this work, we design wireless multimodal light-emitting
systems by taking advantage of the synergy between two light
sources: the ECL emissions occurring at the anode and cathode
of a hybrid BPE and the switching-on of a LED, triggered by the
concomitant electron flow from the anodic to the cathodic
extremities of the device. The ECL/LED systems are designed by
combining three main ingredients: (i) the proper luminophore/

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the different hybrid wireless light-emitting systems used for (a and b) the exogenous and (c and d)
endogenous bipolar electrochemistry approach, with a representation of the associated chemical reactions, the electron flux and the color of the

resulting light emissions.

co-reactant couple, (ii) a micro-LED, and (iii) bare metallic wires
connected to both extremities of the LED acting as BPEs, where
the interfacial ECL occurs (Scheme 1). The resulting hybrid
devices emit light by exploiting the concept of BE in two
different scenarios: when the driving force is exogenous (i.e.
non-spontaneous, Scheme 1a and b), an external electric field is
required, and endogenous (i.e. spontaneous, Scheme 1c and d),
where thermodynamically favored redox reactions act as the
source of electrons to trigger both light emissions. In other
words, in the endogenous configuration, no external power
source is required and the device is self-powered. Such light-
emitting wireless devices offer a novel multimodal platform
for the straightforward optical readout of chemical information
in solution.

Results and discussion
Hybrid light-emitting bipolar electrodes

To demonstrate the versatility of our multimodal wireless
approach, we developed different designs of hybrid light-
emitting devices that were powered either exogenously by an
external electric field, as in a classic BE configuration, or
endogenously by exploiting the redox activity of spontaneous
Mg oxidation (Scheme 1). The hybrid bipolar systems were
elaborated by connecting two metal wires to the anode and
cathode of a miniaturized green LED. Four different systems
were designed and produced according to the nature of the
wireless power source: (i) Au-LED-Au and Fe-LED-Fe for the
exogenous devices (Scheme 1a and b); (ii) Pt-LED-Mg and Fe-
LED-Mg for the endogenous ones (Scheme 1c and d). To
generate different colors, we selected two typical ECL lumino-
phores, Ru(bpy);*" and L012 (8-amino-5-chloro-2,3-dihydro-7-
phenyl-pyrido[3,4-d]pyri-dazine-1,4-dione), a luminol
analog.”**® They generate photons in the red (620 nm) and in
the blue (470 nm) spectral regions, respectively. Both can
operate in oxidation or in reduction, depending on the chosen
co-reactant. Thus, the proper selection of the luminophore and

© 2023 The Author(s). Published by the Royal Society of Chemistry

its sacrificial co-reactant allows tuning the color of the ECL
emission at the surface of the metallic extremities of the hybrid
device. By coupling the oxidation of Ru(bpy);>*/TPrA with the
reduction of protons, a characteristic red emission can be
induced at the anode of the Au-LED-Au device (Scheme 1a). The
flux of electrons from the anode to the cathode, through the
LED, simultaneously also powers the green emission of the
diode (570 nm). It is important to highlight the presence of
dissolved dioxygen during the BE measurements, thus a frac-
tion of the electrons passing through the BPE might be also
associated to the reduction of dioxygen. With the same philos-
ophy, the anodic and cathodic blue ECL emission of the L012/
H,0, system can be coupled to the green light produced from
the LED by using the Fe-LED-Fe BPE (Scheme 1b). Indeed, blue
ECL emission of L012 can be induced simultaneously in
oxidation and in reduction on both anodic and cathodic poles,
respectively.”®

On the other hand, as stated above, the endogenous bipolar
approach requires a thermodynamically favourable source of
electrons, in the present case the spontaneous oxidation of Mg
at the anode of the device. Since the oxidation of Mg and the
reduction of protons take place spontaneously with a standard
redox potential difference of 2.34 V, in theory, a fraction of the
released electrons passes from the anodic to the cathodic pole
through the LED, triggering the emission of the diode. To
favour this spontaneous flux of electrons along the endogenous
BPE device, it is necessary to use the current, originating from
the anodic reaction, for a kinetically favoured cathodic reaction.
Furthermore, Mg can act as a strong reductant causing the
spontaneous reduction of the luminophore/co-reactant system.
Thus, in the case of the Pt-LED-Mg hybrid system, the ECL
emission based on the reductive-oxidative mechanism of the
Ru(bpy);>*/S,05>~ system, occurs exclusively at the anode
(Mg).*>* In theory, such reactions lead to a sufficient flux of
electrons that passes through the BPE towards the cathode
where the kinetically favoured reduction of protons occurs on
Pt, switching on the green light emission of the LED (Scheme

Chem. Sci., 2023, 14, 10664-10670 | 10665
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1c). The same concept can be extended to the L012/H,0,
system, where the blue ECL emission can be triggered at the
anode and cathode of the BPE, via the spontaneous oxidation of
Mg (Scheme 1d). Thus, in a first order approximation, such
a spontaneous system can be considered as a short-circuited
battery and this explains the polarity of the electrodes and the
direction of the current indicated in Scheme 1c and d.

Exogenous bipolar electrochemical approach

To test the exogenous bipolar electrochemical approach, the
intensity of the light emission produced by the Au-LED-Au and
Fe-LED-Fe BPEs, as a function of the applied electric field was
evaluated. The optical behavior of the devices was studied by
placing the BPEs independently at the center of a classic bipolar
electrochemical cell containing a 5 mM PBS (pH 7.4) solution in
the presence of the corresponding luminophore/co-reactant
system. For the Au-LED-Au device, the Ru(bpy);>*/TPrA couple
(1 mM/100 mM ratio) was used. Under these conditions and at
low ¢ values (below 2.1 V em ™), there is not enough driving
force to induce redox reactions at the anode and cathode of the
device; thus, no light emission from the diode or the electrodes
was observed (Fig. 1a). Once the electric field reaches the
threshold value of around 2.2 V em™, the high enough AV
triggers two coupled redox reactions, producing a flux of elec-
trons from the anodic to the cathodic side of the diode and thus
its concomitant light emission. However, at this point no ECL
emission is generated, hence, the reduction of protons is
probably coupled to the oxidation of TPrA. This was
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corroborated by evaluating the potentiodynamic profile of
Ru(bpy);>*/TPrA on Au (Fig. S17). As expected, during the anodic
sweep, the oxidation of TPrA takes place at lower potentials than
Ru(bpy)s>* (0.8 V vs. Ag/AgCl and 1.1 V vs. Ag/AgCl, respectively)
(Fig. S1at). However, at ¢ values above 2.6 V em ™', the charac-
teristic red ECL emission of the Ru(bpy);>"/TPrA at the anode
occurs and is easily visible with naked eyes (Fig. 1a). In addition,
the light intensity of the diode increases as a function of the
applied electric field, whereas the intensity of the ECL emission
reaches a maximum value at 3.4 Vem ™" (Fig. 1a bottom). This is
expected since, according to the BE principles, the length of the
anodic and cathodic regions, with the proper polarization to
trigger the redox reactions, increases as a function of the
applied electric field.®**® Such an enlargement of the polariza-
tion regions is visualized by the continuous displacement of the
red ECL emission towards the center of the BPE (Fig. 1a top).
Thus above 3.4 V.em ™!, the reduction of protons is coupled not
only to the oxidation of the luminophore and co-reactant, but
also to the oxygen evolution reaction at the anode, causing the
continuous increase of the light intensity of the diode.

To expand this concept to another model ECL luminophore,
the light-emitting behavior of the Fe-LED-Fe device was evalu-
ated in the presence of the L012/H,0, system (1 mM/100 mM).
Once again, at low & values (below 1.1 V em™') there is not
enough driving force to induce redox reactions, which is re-
flected by the absence of light emission from the diode or the
electrodes (Fig. 1b). Above 1.2 V cm ™", a high enough AV trig-
gers the characteristic blue ECL emission at the anode of the

0.0 0.5 1.0 1.5 2.0 25

BPE length / cm

% 24vcm? =
25

2.1Vcm?

N
=3
N

1.5V cm! e

Integral light intensity
L]

1.3Vcm?

L3
300,

o
.

(34 ]
%7, o®

-]
[34 L]
0000000000008000000®

o
N

0.0 05 10 15 20 25
5 & -1
Electric field /Vcm

Fig.1 ECL and LED light generated by the exogenous multimodal devices. 3D representation of the light intensity profiles (top) and integrals of
the light intensity (bottom) as a function of the imposed electric field obtained by using (a) an Au-LED-Au device in a 5 mM PBS (pH 7.4), 1 mM
Ru(bpy)s>*, 100 mM TPrA solution and (b) a Fe-LED-Fe device in a 5 mM PBS (pH 7.4), 1 mM L012, 100 mM H,O, solution. Inset: optical pictures of
the corresponding exogenous multimodal light-emitting devices at different applied electric fields (indicated in the figure). Plain and empty blue
dots represent the ECL emissions of LO12 occurring at the cathodic and anodic poles, respectively.
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device. In this case, the oxidative and reductive mechanisms of
the L012/H,0, take place simultaneously at the surface of the Fe
electrodes.*® The potentiodynamic measurements of the system
present the anodic and cathodic ECL emission around 0.64 Vvs.
Ag/AgCl and —0.14 V vs. Ag/AgCl, respectively (Fig. S1b¥), con-
firming the coupled redox reactions at the extremities of the
BPE. However, under these conditions, cathodic ECL and the
emission of the diode are not detected. This can be attributed to
a relatively low current produced by the associated redox reac-
tions for such a low electric field. However, as it can be seen, by
applying higher ¢ values (above 1.9 V em™?), it is possible to
trigger the characteristic blue ECL emission at both the anodic
and cathodic side of the BPE together with green light emission
from the LED (Fig. 1b). Once again, the light intensity of the
diode and the ECL at the cathode, increases as a function of the
applied electric field, whereas the intensity of the anodic ECL
emission reaches a maximum value at 2.2 V ecm ™. It is impor-
tant to highlight that additional resistive effects such as the
interfacial potential drop, as well as the intrinsic resistance of
the electrolyte and the LED, cause a considerable increase of the
electric field required to trigger the LED and/or ECL emission.
However, the possible fine-tuning of the applied electric field
gives the exogenous system the advantage of wirelessly inducing
a wide range of redox reactions.

Endogenous bipolar electrochemical approach

After this first set of experiments, demonstrating the exogenous
induction of both ECL/LED emissions, we investigated the
possibility to use endogenous BE for the design of multimodal
autonomous light-emitting devices. As stated above, this is
based on the efficient coupling of thermodynamically sponta-
neous redox reactions. Thus, the main driving force is the
highly favored oxidation of Mg, at the anode of the LED, as
a source of electrons. As stated above, this spontaneous system
acts as a short-circuited battery, explaining the polarity of the
electrodes and the direction of the current indicated in Scheme
1c and d. Therefore, the endogenous systems do not require any
external power supply to generate both types of light. In theory,
by connecting a Pt or Fe wire at the cathodic extremity of the
diode, a fraction of the electrons produced by the oxidation of
Mg can be directed to the cathode of the device, inducing the
green light emission of the LED.

Two different hybrid bipolar electrodes were designed: Pt-
LED-Mg and Fe-LED-Mg. The light emission of these devices
was tested independently as a function of the co-reactant
concentration, containing the proper luminophore. For the Pt-
LED-Mg device, the ECL intensity of Ru(bpy);>" (1 mM) and
the spontaneous emission of the diode were evaluated as
a function of the concentration of S,04>~ in a 0.1 M PBS (pH
7.4), 10 mM H,SO, solution. As expected, under these condi-
tions, in the absence of co-reactant, only the diode emits light,
due to the spontaneous oxidation of Mg and reduction of
protons at the Pt electrode, respectively (Fig. 2a). In the presence
of the S,04>7, the reductive-oxidative ECL mechanism takes
place spontaneously at the interface of the Mg anode, acting as
a reductant, producing the characteristic red emission of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Endogenous light-emitting multimodal devices. 3D represen-
tation of the light intensity profiles as a function of the (a) $,0g%~
concentration obtained by using a Pt-LED-Mg device in a 0.1 M PBS
(pH 7.4), 1 mM Ru(bpy)32+, 10 mM H,SO,4 solution or (b) H,O,
concentration obtained by using a divided Fe-LED-Mg device in
a 0.1 M PBS (pH 7.4) solution, in the presence of L012 (1 mM) and
H>SO4 (10 mM) in the cathodic and anodic compartments, respec-
tively. The insets show the optical pictures of the corresponding
endogenous multimodal light-emitting devices at different co-reac-
tant concentrations (indicated in the figure).

Ru(bpy);>* (Fig. 2a). Such reactions cause an increase of current
passing through the LED, with a concomitant increase of the
light intensity of the diode. As can be seen, both light emissions
increase with the co-reactant concentration until reaching
a maximum intensity at 5 mM (Fig. 2a and S27).

With a similar philosophy, we studied the optical behavior of
the Fe-LED-Mg device as a function of the H,0, concentration
ina 0.1 M PBS (pH 7.4), 1 mM L012 solution. It is important to
highlight the absence of H,SO, in this solution, due to the low
solubility of the luminophore at low pH values. However, once
again due to the thermodynamically favored oxidation and
reduction of Mg and H', respectively, only the diode emits light
in the absence of the co-reactant (Fig. S3af). Moreover, the
intensity of the green emission increases as a function of the
H,0, concentration, whereas the characteristic blue ECL
emission of L012 occurs, at the cathode and anode at concen-
trations of co-reactant above 20 mM and 50 mM, respectively
(Fig. S3a and bf). The barely visible ECL emission at the
cathodic and anodic extremities is associated with the relatively
low amount of electrons produced during the oxidation of Mg in
the absence of acid. Thus, under these conditions, high
concentrations of co-reactant are required to trigger the oxida-
tion of Mg and induce the ECL emission.

In order to corroborate this hypothesis and enhance the
cathodic ECL emission, a divided Fe-LED-Mg endogenous
bipolar system was designed. This consists in placing

Chem. Sci., 2023, 14, 10664-10670 | 10667
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a polydimethylsiloxane (PDMS) barrier to separate physically
the anodic and cathodic compartments (Fig. S4at). In addition,
a porous glass connector was integrated into the PDMS barrier
as an ionic membrane in order to keep electroneutrality. This
configuration is reminiscent of a closed configuration in BE, but
without the feeder electrodes. The optical behavior of the
divided Fe-LED-Mg device as a function of H,0, concentration
was tested, in a 0.1 M PBS (pH 7.4) solution, in the presence of
L012 (1 mM) and H,SO, (10 mM) in the cathodic and anodic
compartments, respectively. Under these conditions, the light
intensity of the diode increases by around one order of
magnitude in the absence of H,0,, in comparison with the
undivided system (Fig. 2b, and S4bt). Furthermore, the char-
acteristic blue ECL emission of L012 at the cathode appears
after the initial addition of H,0,, exhibiting an increase of the
light intensity as a function of the co-reactant concentration
(Fig. 2b and S4bt). Such an enhancement of the light intensity
of both, the ECL and the LED emissions, is attributed to the
presence of acid in the anodic compartment. This favors the
oxidation of Mg, which translates into a considerable increase
of current passing from the anode to the cathode of the
hybrid BPE.

Endogenous multicolor light-emitting device

Finally, we tested whether the same compartmentalized device
can be used to design a multimodal light-emitting platform
composed of 3 different light sources. As stated above, in the
presence of Ru(bpy);** and $,05>", a reductive-oxidative ECL-
like mechanism occurs spontaneously at the Mg anode. Thus,
it is relatively straightforward to assume that by using such
a luminophore/co-reactant system in the anodic compartment
of the divided Fe-LED-Mg device, the characteristic red ECL
emission can be produced (Scheme 2). Consequently, a flux of
electrons from the anode to the cathode of the LED takes place,
inducing the green emission of the diode and, in the presence
of the L012/H,0, system in the cathodic compartment, the blue
ECL emission on the surface of the Fe wire (Scheme 2).

First, we evaluated the optical behaviour of the divided
hybrid systems as a function of the H,O, concentration at the
cathodic side in a 0.1 M PBS (pH 7.4), 1 mM L012 solution. For
this set of experiments, we kept constant the composition of the
anodic compartment, hence, a 0.1 M PBS (pH 7.4), 1 mM

Cathodic compartment ; Anodic compartment
6+ hv (570 nm)

Ru(bpy),?*+5,05*
L012+H,0,

hv (470 nm) ” e
'..'\

lonic

conductor

PDMS
Barrier

Mgl‘

Scheme 2 Schematic illustration of the divided light-emitting bipolar
system used for the endogenous multimodal approach, with a repre-
sentation of the associated chemical reactions, the electron flux, the
physical separation, the ionic conductor (dot lines) and the cathodic
(blue)/LED (green)/anodic (red) light emissions.
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Ru(bpy);>*, 20 mM S,04>7, 10 mM H,SO, solution was used.
Under these conditions, in the absence of H,0,, only the red
ECL emission of Ru(bpy);>" at the anode was observed (Fig. 3a
and S5at). However, as expected, the addition of H,0, to the
cathodic compartment induces the generation of the reductive
ECL of L012 with the characteristic blue ECL color. Further-
more, the kinetically favoured reaction leads to a faster
consumption of electrons at the cathode, which causes an
increase of current passing through the LED and a concomitant
enhancement of light intensity (Fig. 3a and S5at). Similarly, we
evaluated the optical responses of the device as a function of the
S,04”” concentration in the anodic compartment in a 0.1 M PBS
(pH 7.4), 1 mM Ru(bpy);>*, 10 mM H,SO; solution. In this case,
the cathodic solution was composed of a 0.1 M PBS (pH 7.4),
1 mM L012, 100 mM H,O, solution. As can be seen in Fig. 3b,
the green emission of the LED and the blue ECL at the cathode
were generated spontaneously in the absence of S,05>". The
addition of the S,05°" co-reactant to the anodic compartment
enables the reductive-oxidative pathway of the Ru(bpy);>*/S,-
ng’systern, which leads to the characteristic red ECL emission.
Furthermore, the continuous addition of S,0g>~ causes an
increase in the light emission of the LED and the cathodic ECL
(Fig. 3b and S5bf). In this configuration, we generated

100

0.0 0.5 1.0 1.5 20
BPE length / cm

(b) 10mM
5 mM
f
0mM
ESEEa

\f?'\« WO

0.0 0.5 1.0 15 20
BPE length / cm

Fig.3 3D light intensity profiles obtained with a divided Fe-LED-Mg as
a function of the co-reactant concentration, in a 0.1 M PBS (pH 7.4)
solution in the presence of (a) LO12 (1 mM) and increasing H>O,
concentrations (indicated in the figure) in the cathodic compartment
and Ru(bpy)s?* (1 mM), H,SO, (10 mM) and S$,0g2~ (20 mM) in the
anodic part, and (b) L0O12 (1 mM) and H,O, (100 mM) in the cathodic
compartment and Ru(bpy)s>* (1 mM), H,SO4 (10 mM) and increasing
5,05~ concentrations (indicated in the figure) at the anodic side.
Insets show optical pictures of the corresponding endogenous
multimodal  light-emitting devices at different co-reactant
concentrations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spontaneously 3 light emissions: (i) blue cathodic ECL of L012,
(ii) green LED light, and (iii) red anodic ECL.

Conclusions

In this work, we designed wireless multimodal light-emitting
chemical devices by coupling two different light sources, ECL
and LED, which are based on different physical principles. We
used the concept of bipolar electrochemistry in exogenous and
endogenous configurations. A pallet of different hybrid bipolar
systems has been developed, depending on the nature of the
polarization in the presence of the proper
luminophore/co-reactant couples. Both ECL/LED emissions
were triggered by exogenous and endogenous bipolar electro-
chemistry. For the exogenous approach, both ECL/LED emis-
sion intensities directly depend on the applied electric field,
whereas for the endogenous system, light emission is a function
of the co-reactant concentration. In addition, a compartmen-
talized endogenous approach was developed, which signifi-
cantly improves the ECL emission. Finally, we reported an
original multimodal light-emitting platform, generating three
different colors based on the same compartmentalized device.
The direct interplay between the ECL/LED emission and the
chemical composition in each compartment should allow using
these so far unexplored multimodal optical readouts for the
development of a new class of dynamic experiments with
multifunctional objects. For example, it is possible to imagine
that by using thermodynamically favored enzymatic reactions
in one compartment, these devices can efficiently transduce
information related to enzyme kinetics via multimodal optical
readouts.

wireless
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