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Light-Emitting Electrochemical “Swimmers”**

Milica Sentic, Gabriel Loget, Dragan Manojlovic, Alexander Kuhn, and Neso Sojic*

Controlling the motion of small objects is of crucial impor-
tance for many potential applications ranging from micro-
motors to nanomedicine and has generated huge interest in
the scientific community in recent years. In this context,
tracking such moving objects in real time is a challenge and
therefore tremendous effort has been made to design particles
with specific optical, in many cases fluorescent, properties.
Herein, we propose an original approach, where an object is
simultaneously moving and emitting light, produced by
electrogenerated chemiluminescence. This phenomenon is
based on the concept of bipolar electrochemistry, which is not
only the driving force for the propulsion of the particle, but
also for the emission of light, combining two redox reactions
on one object.

Biomotors are a great source of inspiration for chemists.!
Within this context, an important and multidisciplinary area
of research is devoted to the construction and study of micro-
and nanomotors.”! Designing such objects, which can mimic
the propulsion of biological systems in artificial and biological
environments has moved to the forefront of science over the
last decade.”! The spontaneous hydrolysis of adenosine
triphosphate (ATP), which supplies biomolecular motors
with energy in natural systems, has been mimicked in most of
the strategies developed to generate motion with micro-
objects.! The concept is based on the use of a chemical fuel to
generate self-electrophoresis or bubble propulsion.**

Although this approach has been widely used, because of
its convenience and the attainable speed, it also has a few
disadvantages, such as the use of such fuels®® may not be
compatible with some media. Therefore, alternative
approaches based on external stimuli are highly important.”!
The use of magnetic fields has been explored and already
provided some applications for cargo towing at the micro-
scale.'*"! Other fuel-free methods based on electric fields,
either direct or alternating current, have been developed for
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manipulating propellers.®! In this context, mechanisms such as
electrophoresis, dielectrophoresis, and induced-charged elec-
trophoresis have been explored to generate particle motion.”!
In a complementary approach used herein, electrochemical
reactions can be induced when polarizing a conducting object
in an electric field. This wireless concept, also called bipolar
electrochemistry, is based on the fact that when a conducting
particle is placed in an electric field, a polarization voltage
occurs between both extremities of the particle.'” This
polarization is proportional to the electric field and to the
dimensions of the object. If the polarization voltage is high
enough, redox reactions can be carried out at the opposite
sides of the particle, oxidation reactions at the anodic pole are
simultaneous with reduction reactions at the cathodic pole.
The spatial selectivity that this phenomenon provides has
been recently applied to analytical chemistry,® ' materials
science,”” and also to propel “swimmers”.*! Advantages of
this technique are the motion control provided by the field
strength/direction and its versatility, because any kind of
conducting object can theoretically act as a swimmer.

The observation of such swimmers is generally a challenge
and usually requires an efficient microscopy set upt¥ or
swimmers tagged with fluorescent molecules!™ to monitor
their motion. In this context, it would be helpful if the
swimmer could also act as an autonomous light source, with
the photon emission being intrinsically coupled to the motion.
Light can be emitted by a number of luminescent processes,
including electrogenerated chemiluminescence (ECL). ECL
is a widely used electrochemical process that has the
advantage of not requiring an excitation light source.™
Indeed, ECL is the light emitted by the excited state of
a luminophore, resulting from an initial electron transfer
reaction occurring at the electrode surface. ECL is a powerful
and extremely sensitive detection method, which has been
reported for a number of assays.'®! The majority of ECL
applications reported so far involve [Ru(bpy);]** (bpy =2,2"-
bipyridine) or its derivatives as the light-emitting species and
tri-n-propylamine (TPrA) as the co-reactant, because the
[Ru(bpy);]*"/TPrA system exhibits high ECL efficiency.
Therefore, this model system forms the basis of commercially
available ECL immunoassays."™! The combination of ECL
and bipolar electrochemistry has already been used for
analytical purposes.'” Manz and co-workers used ECL
generation at the anodic pole of a bipolar electrode for the
detection of amines!"” and Crooks and co-workers have
pioneered its use for many other analytical purposes.'®!
Herein, we use ECL for the coupling of light emission and
gas bubble production, to propel light-emitting bipolar
electrochemical swimmers.

As recently reported, translation, rotation, and levitation
of conducting particles can be triggered by bipolar electro-
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chemistry."¥ Among the reported mechanisms, the most
versatile involves the reduction of water [Eq. (1)]:

H,0( +e™ — 'hHyy + OH ™, 1)

at the cathodic pole of the bipolar swimmer.['*** This reaction
induces the asymmetric generation and release of H, bubbles,
which create local hydrodynamic forces at the bipolar
electrode (BE) surface. As a consequence, motion is gener-
ated in the direction opposite of the bubble release. Because
of charge neutrality during bipolar electrochemistry, water or
a sacrificial molecule such as hydroquinone must be oxidized
simultaneously at the anodic pole, generating oxidation
products such as O, or benzoquinone.'**"! These anodic
reactions are not useful in the context of propulsion and can
therefore be replaced by electrochemical reactions, leading to
ECL emission.

The ECL mechanism of the reaction of TPrA with
[Ru(bpy);]** is an active area of investigation!) and it
depends on several experimental parameters (for example,
surface hydrophobicity, electrode material, concentration
ratio, pH value, and presence of surfactant).” In brief, the
mechanism involves oxidation of both species, which then
react together to produce the excited state of the [Ru(bpy),]*"
luminophore and thus, ECL emission.'”) As depicted in
Figure 1, the asymmetric electroactivity induced by bipolar

[Ru(bpy).l"
+
TPrA

Figure 1. Asymmetric light-emitting electrochemical swimmer. Simulta-
neous reduction of H,0 at the cathodic pole (bottom of the bead) and
oxidation of ECL reagents at the anodic pole (top of the bead) induces
both motion and light emission from the bead in a glass capillary. P
corresponds to a side product of the TPrA radicals formed during the
ECL process.

electrochemistry generates simultaneous motion and light
emission of a bipolar swimmer. Indeed, these effects result
from the cooperative reduction of H,O at the cathodic pole
and oxidation of the ECL reagents at the anodic pole of the
bead.

A difference in potential between the poles of the object is
required to simultaneously generate the gas bubbles and
ECL, so to estimate this difference the corresponding redox
reactions have been characterized by cyclic voltammetry with
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a normal working electrode composed of the swimmer
material (see Supporting Information for experimental
details). This electrochemical measurement has been com-
bined with a simultaneous monitoring of the ECL intensity.
Typical voltammetric and ECL responses are presented in the
Supporting Information, Figure S2. From these curves, the
potential values for which the different redox reactions are
occurring at the swimmer surface can be easily calculated.
Water reduction (Equation 1) takes place at E, 4=-1.1V
versus Ag/AgCl and ECL emission occurs at E,, =1V versus
Ag/AgCl

The polarization voltage AV induced on a conducting
object is proportional to the external electric field £ and the
diameter of the bead /'™ as described by the simple relation

[Eq. @]
AV =El (2)

Based on the experimentally determined values of E, .4 and
E,,, one can conclude that the coupling of water reduction
and ECL emission at the reactive poles of a BE is possible
only if the polarization potential AV between both extremities
of the BE is at least equal to | E,.s— E,, |=2.1 V. Equation (2)
thus states that for a BE having a diameter / of about 1 mm,
the electric field E has to be, in a first-order approximation, at
least 21 Vem ™.

Levitation experiments were achieved in a U-shaped glass
cell (Figure S1)."! Glassy carbon (GC) was chosen as the
swimmer material because of its low density compared to
many other conducting materials, such as metals. This low
density decreases the force needed to overcome gravity for an
object with a given volume. The cell was maintained in
a vertical position and the GC bead was inserted into one arm
of the cell. Because of the slightly conical shape of the
capillary tube, the bead dropped until it was stopped by the
capillary walls. The feeder electrodes were inserted into the
top part of the cell and were polarized in such a way that the
H, bubbles were generated underneath the bead, as illus-
trated in Figure 1. The distance between both electrodes was
9.8 cm and the applied voltage was 250 V, this corresponded
to a global electric field of E=25.5Vcm™. This value is
above the previously calculated theoretical threshold value of
21 Vem™ and therefore, leads to the simultaneous levitation/
ECL emission of the GC bead under these conditions, as
demonstrated by Video S1 and Figure 2.

The left picture of Figure 2, obtained under ambient light,
shows the GC bead in the capillary. The bead is spherical, but
appears slightly stretched along its equatorial axis owing to an
optical effect of the cylindrical capillary. As shown in
Video S1 and Figure 2, the light was then turned off and an
electric field applied. The ECL generated at the anodic pole
of the BE was extremely bright and it could be instanta-
neously observed with the naked eye or with a mobile phone
camera.”!l The ECL images presented in Figure2 were
recorded with a consumer digital camera. The initial time
t=0s was defined as the time when the camera became
focused on the ECL signal. After six seconds, levitation began
owing to H, bubble production below the bead;"*! a phenom-
enon that could be clearly observed when the ambient light
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Figure 2. Levitation of a light-emitting GC bead. Series of optical
images showing a GC bead emitting ECL at different times during its
motion. The bead was placed in a U-shaped cell, filled with 100 mm
PBS buffer containing 0.5 mm [Ru(bpy)s]**, 100 mm TPrA, and a few
drops of surfactant. It was exposed to an external electric field of
25.5Vem ™. The left image was taken under white light and the other
images were taken in the dark. Inset: Plot showing the change in
height h of the bead as a function of time t.

was turned on during the bead motion. A surfactant was
added to the solution to promote the formation of homoge-
neous H, bubbles and facilitate their continuous release from
the bead surface, resulting in a more regular motion.['*

The inset of Figure 2 shows the height of the ECL bead as
a function of time. Height & was defined as the distance
between the equatorial axis of the immobilized bead on the
left picture and the center of the ECL emitting area during
the motion. This curve can be divided into three distinct parts,
from which the speed can be extracted based on the
slope. In the first part of the curve, the bead did not
move. This part corresponds to the period of bubble
accumulation underneath the bead for the gener-
ation of a sufficiently high buoyancy to overcome
gravity. After this initial phase, the change in height
was linear for seven seconds at a speed v,=
2mms~' or approximately two bead-lengths per
second. Finally, because the shape of the cell arm is
slightly conical (see left picture of Figure 2), the
space between the bead and the glass walls became
larger as the bead rose, thus allowing the bubbles to
escape from below the bead, which lead to
a decrease of the speed during the third phase
(vi=0.6mms™"). The levitation was stopped by
switching off the electric field. This caused the bead
to drop and a new rise could be triggered by re-
applying the electric field. The height and speed of
levitation is comparable to the ones reported
without ECL,"*! showing that the ECL mechanism
does not affect the bead propulsion. According to
Figure 1, the ECL profile should follow the shape of
the anodic pole, leading to a lightened hemisphere
at the top of the bead. This was the case at certain
moments of the experiment, but during the run
a more ring-like ECL shape was also observed. To
understand these changes, we further investigated
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the parameters affecting the ECL profile at the GC beads.

The pH value is a crucial parameter in the ECL process of
the model TPrA/[Ru(bpy);]** system. ECL is known to occur
at pH values greater than 5.5, with a maximum ECL intensity
at pH7.5. TPrA is insoluble at higher pH values and is
protonated at lower pH values, which greatly inhibits the
ECL emission.”? This is the reason we used PBS buffer in
these experiments, ensuring a constant pH value of 7.4 under
normal conditions. But, depending on the applied potential,
water may also be oxidized at the anodic hemisphere of the
bead following the reaction [Eq. (3)]:

H,O( — s Oy +2H ) +2¢” 3)

The beginning of the oxidation wave corresponding to this
reaction can be observed in Figure S2. It starts at a more
anodic potential than the ECL reactions, around 1.5 V versus
Ag/AgCl. The theoretical polarization voltage required to
achieve simultaneous water reduction (Equation 1) at the
cathodic pole and ECL emission and water oxidation
(Equation 3) at the anodic pole corresponds to | -1.1-1.5]
=2.6 V. This value fits with the value of AV applied in
Figure 2. This suggests that water oxidation may occur at the
very top of the bead where the polarization potential is the
highest. Therefore, it would induce a local pH decrease.

To check the variation in pH value, experiments were
performed in the presence of a pH indicator. A GC bead was
exposed to the same electric field as before. The medium was
also identical except that no surfactant was present and a few
drops of a universal pH indicator were added to the solution.
Figure 3b shows clearly that pH variations occur at the
reactive poles of the BE during these experiments. Indeed,

0 20000 40000 60000
ECL Infensity (a.u)—

Figure 3. a) Mechanism responsible for the shape of the ECL-emitting regions on
the bead. b) Optical micrograph of a GC bead in the U-shaped cell filled with

100 mm PBS, 0.5 mm [Ru(bpy)s;]**, 100 mm TPrA, and a universal pH indicator
with a 25.5 Vem™' external electric field. c) Images showing the evolution of the
ECL shapes on a GC bead in a U-shaped cell filled with 100 mm PBS, 0.5 mm
[Ru(bpy)s]**, and 100 mm TPrA at t=t, (left) and t=t, (right). A potential of 75 V
was applied between the feeder electrodes. Dashed lines show the position of the
GC bead. d) ECL intensity profiles from (c) taken along the middle vertical axis of
the bead at t; (red) and t, (blue). |=bead diameter.
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water reduction, which produces the H, gas bubble, also
induces an increase in pH (Equation 1) up to a value of
approximately pH 9. The absence of surfactant caused the H,
accumulation, producing the large bubble that can be seen at
the bottom of the bead. At the top of the bead, the pH reaches
a value of 4, confirming that water oxidation also takes place
at the anodic pole. This experiment confirmed that ECL
reactions are in competition with water oxidation at the
anodic pole of the bead. This reaction directly influences the
ECL process because it induces a local pH decrease, leading
to TPrA protonation, which causes a loss of ECL at the top
part of the bead, thus creating an ECL ring instead of
a hemispherical shape (Figure 3 a).

We further investigated the influence of parameters such
as applied voltage and buffer capacity, which directly affect
the pH gradient around the bead and thus the ECL profile
(Figure 3c; Figures S3,S4). A voltage of 75 V was applied at
the feeder electrodes and initially generated a hemispherical
ECL shape (Figure 3¢). The ECL was limited to the anodic
part of the bead and no ECL was detected at the cathodic
pole. The ECL-emitting region did not expand into the
solution surrounding the bead, but was confined to the bead
surface by the high TPrA concentration, which limits the
thickness of the electrocatalytic ECL reaction layer.! The
hemisphere observed at ¢; changes rapidly to a transient state
at t, typically after a few seconds (Figure 3c). The ECL
intensity was drastically suppressed in the upper part of the
previously ECL-emitting region at time ¢, whereas it
remained constant for the equatorial region (Figure 3d).
Such behavior can be rationalized by the mechanism illus-
trated in Figure 3a. At 75V, protons were formed at the
anodic pole of the bead. At the initial stage f, the buffer
capacity is strong enough to avoid TPrA protonation, thus the
ECL-emitting region is not affected. The electrogenerated pH
gradients were progressively established at the anodic pole of
the bead and the local pH variation limited the ECL region to
a ring shape after a few seconds (z). These experiments
demonstrate that the ECL shape can be fine-tuned using
easily controllable parameters such as the electric field or the
buffer concentration.

In this work, we presented the synergetic action of bipolar
electrochemistry in terms of simultaneous bubble production
and ECL generation, leading to the first example of
a propulsion mechanism for a swimmer that is coupled with
a chemical light source. The shape of the ECL undergoes an
interesting evolution during the run, and we demonstrated
that this is related to a pH decrease at the anodic pole of the
swimmer. Herein, we have shown that motion on the macro-
scopic scale occurs concomitantly with light emission. ECL
provided a method for directly monitoring of the motion of
the object, which is very useful in the context of autonomous
swimmers. The versatility of bipolar electrochemistry coupled
to ECL could allow the same principle to be applied to other
types of swimmers and at smaller scales. It therefore opens the
door to a new class of dynamic experiments with multifunc-
tional objects. For instance, dynamic multiplexed immuno-
assays or DNA assays could be developed in solution phase
with biofunctionalized swimmers, using ECL as a readout.
Finally, such an ECL swimmer resembles biological systems,
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and the present system could be considered an artificial
analogue of bioluminescent fish or other light-emitting
marine creatures.
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