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Different areas of modern chemistry, require wireless systems able to transfer chirality from the
molecular to the macroscopic event. The ability to recognize the enantiomers of a chiral analyte is
highly desired, since in the majority of cases such molecules present different physico-chemical
properties that could lead, eventually, to dangerous or harmful interactions with the environment or the
human body. From an electrochemical point of view, enantiomers have the same electrochemical
behavior except when they interact in a chiral environment. In this Feature Article, different approaches
for the electrochemical recognition of chiral information based on the actuation of conducting
polymers are described. Such a dynamic behavior of n-conjugated materials is based on an
electrochemically induced shrinking/swelling transition of the polymeric matrix. Since all the systems,
described so far in the literature, are achiral and require a direct connection to a power supply, new
strategies will be presented in the manuscript, concerning the implementation of chirality in
electrochemical actuators and their use in a wireless manner through bipolar electrochemistry. Herein,
the synergy between the wireless unconventional actuation and the outstanding enantiorecognition of
inherent chiral oligomers is presented as an easy and straightforward read out of chiral information in
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solution. This approach presents different advantages in comparison to classic electrochemical systems

rsc.li/chemcomm such as its wireless nature and the possible real-time data acquisition.
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Introduction

In late 90s, a smart material was defined as a system that
responds in a controllable and reversible way to external
stimuli." In such a category physico-chemically driven actuators
have the ability to change the shape, stiffness, position, natural
frequency and/or other mechanical characteristics in response
to changes in temperature and electric or magnetic fields.
Different types of solid state actuators have been reported,
including shape memory alloys, piezoelectrics, magnetostric-
tive or electrostrictive devices and electroactive polymers
(EAPs).”> The latter, have gained considerable attention due to
their large deformation transitions, biocompatibility and pro-
cessability. Polymeric materials have been exploited in several
fields of research, where lightweight, flexible and high energy
efficiency materials are required. Commonly electroactive poly-
mers can be categorized into two main groups: dielectric and
ionic EAPs. Dielectric EAPs include dielectric elastomers, ferro-
electric polymers, electrostrictive graft elastomers, and liquid
crystal elastomers. On the other hand, ionic EAPs can be
divided into ionic polymer gels, conductive polymers (CPs),
and ionic polymer-metallic composites.>™® Among these soft
materials, CPs stand out due to their outstanding electric, optical
and mechanical properties.'" In this frame, CPs appear particu-
larly attractive as chassis materials to design soft actuators since
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their conformational changes result from an electrochemical
charging/discharging process. The electromechanical properties
of several CPs, such as polyanilines, polypyrroles, and polythio-
phenes have been described in order to design efficient actuating
systems."”™"® Nonetheless, the majority of the reported systems
require a direct electrical connection in order to trigger the
dynamic event, which limits its use as an optical readout of
chemical information in solution. Thus, the possibility to com-
bine the electromechanical response to far more complex
physico-chemical properties such as chirality is a fascinating
challenge. Furthermore, the ability of wirelessly triggering
mechanical deformation in order to develop easy and straightfor-
ward read-outs of chiral information, opens up novel and interest-
ing research lines, especially having in mind the increasing
popularity of smartphones combined with a portable
potentiostat.'®"” For example, recently the wireless concept of
bipolar electrochemistry was coupled with chirality to develop new
unconventional electrochemical systems that are able to transfer the
chiral stimuli from the molecular level to the macroscopic scale
through 2D and 3D dynamic approaches.'® In this Feature Article, at
first, the basic concepts of electromechanical actuation of -
conjugated polymers are presented, followed by a description of
the bipolar electrochemistry approach and its possible use to trigger
actuation. Afterwards the outstanding synergy between wireless
electrochemistry and chiral recognition is illustrated.

Electromechanical actuation of conducting polymers

As stated above, conducting polymers are one of the most
interesting materials for designing soft-matter actuators, due
to their outstanding flexibility, high strength and conductivity.
CP-based actuators have been designed with different shapes
such as films, filaments and textiles.'*™*! Electromechanical
actuation of these materials is based on the uptake/release of
ions associated with the charging/discharging transition of the
conjugated backbone of CPs. According to the electrochemi-
cally stimulated conformational relaxation model (ESCR), such
a process leads to four conformational changes within the
polymeric matrix: swelling, shrinking, compaction and
relaxation.”® Otero’s group has studied such conformational
changes by evaluating the coulovoltammetric and dynamovol-
tammetric response during the actuation of Ppy strips in a
classic three electrode system.”> Commonly, such a shrinking/
swelling transition is intimately related to the initial redox state
and composition of the polymer matrix. For example, for a
neutral and partially de-doped polymer, at first, the initial
charging causes a slow uptake of anions (relaxation process)
in order to compensate the positive charges formed within the
polymer (Fig. 1a). Afterwards, when a high enough anodic
potential is applied, the complete doping of the polymer takes
place with the concomitant uptake of anions, causing the
elongation of the material (Fig. 1b). On the contrary, when
the discharge of the polymer begins, a fast release of anions
occurs, leading to the contraction of the film (Fig. 1c). After this
point, the compaction process takes place, due to applied
cathodic potential (Fig. 1d). Thus, during the electrochemical
charging/discharging process, n-conjugated polymers undergo
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Fig. 1 Characteristic coulovoltammogram obtained during the charging/
discharging process of a neutral and partially de-doped polymer with a
schematic representation of the different conformational changes within
the polymeric matrix: (a) relaxation, (b) swelling, (c) shrinking and
(d) compaction.

length changes, typically associated with notable variations in
elastic moduli, electrical conductivity and electromagnetic
absorption spectra. All of these variations can be reflected in
mechanical deformations.

The electrochemical stimulation of EAPs involves a switching
between their oxidized and reduced states. During such a redox
transition, electrons are exchanged from and towards the CPs. The
overall electroneutrality is maintained by the uptake and release of
ions, supplied by the electrolyte. When a n-conjugated material is
polymerized in its oxidized state, the positive charges within the
polymer matrix are compensated by the anions. The nature of these
anions strongly affects the material properties. For example, if the
anions are relatively small, an anionic exchange takes place during
the reduction/oxidation transition of the polymer. However, when
using bulky anions, negative charges are trapped within the polymer
matrix. In this case, in order to keep electroneutrality, a cationic
exchange occurs during the redox processes.”

Among the different CPs, polypyrrole stands out due to its
low degree of crystallinity, in comparison with polyaniline,
polythiophene and poly-3,4-alkoxythiophenes. In addition, PPy
can be easily obtained either by chemical or electrochemical
polymerization, in organic or aqueous media, producing free-
standing films with relatively highly conductivity. Ppy actuation
can be easily achieved with a conventional electrochemical
setup; where a Ppy strip is wired to a power supply and used
as working electrode. Under such conditions, different electro-
mechanical deformations can be generated, according to the
assumed Ppy configuration, ie. bulk, linear, bending bilayer,
buckling and bending tri-layer (Fig. 2). However, it is important
to highlight that in the following examples, in order to trigger
actuation, the symmetry of the system needs to be broken.

Bulk actuators are based on an isotropic volume change,
thus the uptake/release of ions takes place simultaneously on

Chem. Commun., 2023, 59, 2072-2080 | 2073
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Fig. 2 Electrochemical actuation using CPs in different configurations. From left to right; bulk expansion, linear, bending bilayer, buckling sheet, bending
trilayer, and bending trilayer in air (Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

all the exposed surfaces of the conducting polymer. For exam-
ple, Yamada et al>* developed a solid-state micro-actuator,
where the change in the redox state of the Ppy films, covered
with polyethylene glycol in a comb-shaped microelectrode
array, produced a simultaneous isotropic shrinking/swelling
process. Linear deformation can be achieved by using free-
standing films, strips, or fibers, where the ion exchange takes
place exclusively on the tip of the film. Although Ppy presents large
strain in air but not in solution, different approaches have been
proposed to overcome such a limitation by using, (i) ionic liquids
as solvents,* (ii) hollow fibers®® or (iii) corrugated freestanding
PPy films.*® However, even with the most promising approach and
under well-defined experimental conditions the strain reaches a
percentage up to 30%.> Conventional bending of CPs can be
achieved by designing a bilayer system in order to break the
symmetry of the device. Thus, the change in volume, triggered
by the oxidation (or reduction) of the CP layer, generates a stress
gradient at the interface CP/passive layer, causing bending of the
actuator. Finally, the tri-layer actuators are constituted by a passive
layer sandwiched by two CP films. In such a set-up one conducting
layer is connected to the working electrode whereas the second
one is short-circuited with the reference and counter electrodes.”®

Although these systems have gained considerable attention,
the necessity of a direct electric connection is one of their main
constrains. In this context, the wireless configuration presents
many advantages, in comparison with the conventional
approaches, like the mobility of the device and the possibility
of obtaining real-time data acquisition and application directly
in situ. Furthermore, since the bipolar electrochemistry method
allows the asymmetric polarization of a conducting object, it is
possible to couple the electromechanical actuation with a redox
reaction of interest. Thus, in the following section the concepts
of bipolar electrochemistry and its possible use as an external
stimuli for electromechanical actuation are described.

Bipolar electrochemistry for wireless actuation of conducting
polymers

In recent years bipolar electrochemistry (BE) has been success-
fully used as a wireless approach in different fields ranging

2074 | Chem. Commun., 2023, 59, 2072-2080

from electrochemiluminescence to electrodissolution and
organic synthesis.?*3° This method is based on the asymmetric
induction of electroactivity on a conducting object or bipolar
electrode (BPE), in the presence of an external electric field (¢).
Under these conditions a potential difference (AV) between the
extremities of the BPE is produced (Fig. 3).

When such a AV overcomes the thermodynamic threshold
potential (AVyyin), in the presence of electroactive species in
solution, redox reactions take place at both sides of the object.
Thus, in a first order approximation, the faradaic current that
passes through the BPE, from the anodic to the cathodic side, is
proportional to the concentration of the analytes under study.
Hence the electrochemical activity of a molecule can be coupled
with different physico-chemical read outs, i.e. optical changes
or light emission.***> Among them, electromechanical actua-
tion is an interesting, easy and straightforward alternative for
the optical visualization of chemical information.*®

However, it is important to take into account different
experimental factors before carrying out BE measurements.
Briefly, the polarization potential difference generated at the
extremities of an anisotropic conducting object, placed ortho-
gonal to the feeder electrodes is given by eqn (1):

wc
Feeder electrodes

Fig. 3 General principle of bipolar electrochemistry.

This journal is © The Royal Society of Chemistry 2023
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Av=c¢l (1)

where [ is the length of the bipolar electrode.

Under these conditions the ¢ required to polarize the BPE is
a function of the potential difference (AE) applied between two
feeder electrodes separated at a certain distance (L) (eqn (2)).

&= AE/L @)

As it can be seen for a given set of L and [ the polarization
potential is intimately related to the applied AE. However, as
stated above, a thermodynamic threshold potential (AV,y,;,) needs
to be overcome in order to trigger the redox reactions. Such a
theoretical potential value can be easily estimated by the difference
in standard potentials of the redox reactions of interest.

In this frame, the wireless electromechanical deformation of
conducting polymers, by imposing an electric field, allows the
polarization of the device with respect to the surrounding
solution, leading to 6" and 6~ extremities (Fig. 3).

Thus, according to the initial redox state and composition of
the polymer matrix, it is possible to couple the oxidation
(doping) or overoxidation of the material with its correspon-
dent reduction (de-doping).

For example, Kuhn et al. proposed a mechanism of actua-
tion of polypyrrole based on a double break of symmetry.** In
this case a charged polypyrrole doped with dodecylbenzene
sulfonate was used as a polymeric actuator. The first break of
symmetry is based on the wireless asymmetric polarization of
the polymeric cantilever triggered by bipolar electrochemistry.
Under these conditions by applying a high enough ¢, at the §*
side, the overoxidation of Ppy occurs, accompanied by a release
of cations and a consequent shrinking of the polymer matrix. At
the 0~ extremity, instead, the Ppy reduction is accompanied by
an uptake of cations causing a considerable swelling of the
polymer (Fig. 4a). The second break of symmetry is based on
the intrinsic anisotropic surface roughness of the electroche-
mically obtained polypyrrole film. In this work, the synthesized

Ppy™! Ppy™
6+

(a)
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~
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Ppy presents a smooth and a rough face which impact the
kinetics of the uptake/release of ions (Fig. 4b and c). Briefly,
due to the relatively high porosity of the rough face, a fast ion
exchange takes place, whereas, the compact structure of the
smooth face limits the ion mobility. The combination of such
asymmetric uptake/release of ions causes a directional overall
bending. It is important to highlight that the relative kinetics of
bending are intimately connected to the size of the ion, thus,
small ions facilitate the uptake/release transition.

Therefore, the reversibility of the Ppy swelling/shrinking process
can be easily fine-tuned by the proper selection of the dopant ion or
the applied electric field. For the approaches herein described the
dopant used was the anion of the sodium dodecylbenzenesulpho-
nate salt. Thus, the actuation of the synthetized Ppy follows a cation
driven mechanism. Such a concept has been used to design
electrochemically driven crawlers, pumps, switches, and mechanical
transducers of chemical information in solution.**~>°

In this context, wireless electromechanical actuation was
explored for the transduction of chiral information in solution.
For example, Assavapanumat et al designed the first wireless
enantioselective actuator, by using an imprinted hybrid platinum-
Ppy device.® However, in this system, the enantiorecognition is
based on the relative kinetic differences which limits its use for the
simultaneous analysis of both enantiomers in solution. Thus, in the
following section the synergy between inherently chiral recognition
and bipolar electrochemistry is presented as an outstanding alter-
native for the transduction of chiral information.

Hybrid actuators endowed with chirality in bipolar
electrochemistry

A missing point in the strategies proposed so far in the
literature, concerning the design of electrochemical actuators,
is the development of chiral systems that are able to transfer
chirality across length scales transforming the induced event at
the molecular scale, in a triggered dynamic response at the

(b)

(a) Schematic illustration of the electrochemical actuation mechanism of a Ppy polymer (blue) placed between two feeder electrodes, before and

after applying an electric field. The Ppy film is intrinsically asymmetric, having a rough face (b) and a smooth one (c). (b and ¢) SEM micrographs at 50 pm

of the two Ppy sides.

This journal is © The Royal Society of Chemistry 2023
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macroscopic level. In this context electroactive heterocycle-
based oligomeric films endowed with “inherent” chirality have
been recently and successfully used in enantioselective electro-
analysis experiments.’” In inherently chiral molecular materi-
als, the chirality and their functional properties originate from
the same structural element on account of the presence of
atropisomeric®** (Fig. 5a-c) or helicoidal elements® (Fig. 5d)
in the main conjugated backbone.

The energy barrier of these materials is too high to be
overcome in the working operating conditions, which allows
the separation of the racemic mixture into the two stable
enantiomers by chiral HPLC. Since all of these molecules have
two a-homotopic positions on the terminal thiophenes suitable
for electrochemical oligomerization, it is possible to deposit the
racemate and enantiopure films on an electrode surface by
applying the proper voltage in a classic electrochemical
experiment.

These inherently chiral enantiopure electrodes resulted in
an exceptionally large peak potential difference (often in the
order of 200-300 mV) for the enantiomers of many chiral
probes. Importantly, such an impressive enantiodiscrimination
ability seems to be a general characteristic, being observed with
chiral probes that are quite different in structure and reactivity
(e.g. 3,4-dihydroxyphenylalanine, ofloxacin and naproxen); by
using surfaces prepared from different inherently chiral mono-
mers, in alternative media, and on various electrode supports,
including screen printed electrodes. Moreover, due to the neat
enantiomer peak separation, such systems allow an estimation
of enantiomeric excess.”® Since the electron transfer is occurring
in a chiral environment (the modified electrode surface) the two
redox processes take place at two different thermodynamic

Fig. 5 Chemical structures of some of the antipodes of the inherently
chiral monomers already studied.
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potentials, related to the matching/mismatching interactions
between the chiral probe and the chiral surface. This potential
difference, as it will be demonstrated in the following para-
graphs, is crucial for the development of unconventional elec-
trochemical approaches involving chirality and bipolar
electrochemistry. In such a context, the synergy between the
bipolar electrochemistry and the high stereospecificity of inher-
ently chiral materials plays a pivotal role for the design of
enantioselective soft actuators, presenting different advantages;
(i) good mechanical properties, due to the presence of a
conductive polymer (Ppy), (ii) high enantioselectivity of inher-
ently chiral materials used to functionalize the Ppy chassis, (iii)
a wireless-like mode, and as a matter of fact in bipolar electro-
chemistry the actuator does not require a connection to a power
supply.

In particular, the majority of the unconventional electro-
chemical approaches have been developed involving the
deposition of the enantiomers of the monomer nicknamed
BT,T, (Fig. 5a) on the Ppy chassis.

This molecule presents dibenzothiophene as a central scaf-
fold and it is constituted by two equal moieties, each one being
approximately planar and of high effective conjugation. The
two a-homotopic positions on the thiophene terminal rings
allow its chemical or electrochemical oligomerization.>® Herein
the Ppy and oligo-BT,T, were deposited galvanostatically in a
sequential process; first the Ppy chassis was deposited on the
surface of a gold slice, followed by the oligomerization of the
inherently chiral monomer on the polymeric surface.

Afterwards, the hybrid actuator was easily peeled off and was
properly cut in order to design the cantilever-shaped BPE. In
addition, to obtain mechanical readouts triggered by chiral
stimuli, the Ppy was functionalized just on one side with the
enantiopure inherently chiral oligomer.

On the contrary, on the opposite extremity of the BPE, a
pristine Ppy polymer was modelled to obtain the cantilever.

Then the hybrid actuator was placed between two feeder
electrodes, in a bipolar cell, containing a solution with the
chiral probe under study. The final goal was to demonstrate
that throughout this system it was possible to absolutely
recognize with an on-off approach the enantiomers of a chiral
analyte. 3,4-Dihydroxyphenylalanine (DOPA) was chosen as an
applicative probe for several reasons; the L-enantiomer of DOPA
is synthetized from i-tyrosine by the enzyme tyrosine hydro-
xylase being the precursor of important catecholamine neuro-
transmitters such as dopamine, norepinephrine, epinephrine;
and eventually it can be used in the treatment of Parkinson’s
disease. Potentiodynamic measurements carried out in a
solution containing - or p-DOPA, on a free standing Ppy strip
functionalized with the (S)- or (R)-BT,T4;, have demonstrated
that the separation between DOPA enantiomers can be of
hundreds of mvV.

As stated above, this potential difference value is the main
ingredient that allows the successful use of bipolar electro-
chemistry in enantiorecognition applications. Thus, it is possi-
ble to transform exclusively .-DOPA when Ppy is functionalized
with the (S)-oligomer and vice versa, o-DOPA with the oligomer

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cc06630k

Open Access Article. Published on 25 2023. Downloaded on 10/18/2025 11:42:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

in the opposite configuration. The proposed system involves
three types of symmetry breaking; (i) intrinsic asymmetry of the
Ppy surface roughness; (ii) intrinsic chirality of the oligomer
that guarantees separation in terms of peak potential values;
(iii) intrinsic asymmetry of bipolar electrochemistry that allows
simultaneously two different redox reactions at the bipolar
electrode to occur. In particular, a selective oxidation occurs
on the extremity where the chiral oligomer is deposited,
whereas the reduction of the charged Ppy takes place on the
opposite side.””

Considering an electrochemical experiment in which an
enantiopure electrode surface is dipped in a solution contain-
ing two antipodes of a chiral electroactive species, it could be
possible to selectively activate just one of the two enantiomers
of the chiral analyte under study, by applying a specific electric
field value. This feature allows the determination of more than
one species when they are both present in solution, since their
oxidation occurs at different thermodynamic potential values.
It is important to highlight that with alternative enantio-
selective surfaces, i.e. cyclodextrins, metal-organic frameworks
or molecular imprinted modified electrodes, such outstanding
detection is not possible since in such approaches the differ-
entiation between enantiomers of chiral analytes is in terms of
current intensity, without differences in thermodynamic
potential values.'8>6>8778

Chiral cantilevers for single detection

In the first set-up developed the Ppy strip was functionalized on
the rough side with the enantiomers of the BT,T, oligomer.
Bipolar enantiorecognition measurements were carried out
towards 1- and p-DOPA, by applying a proper electric field.
Such systems allow the absolute recognition of, with an on-off
approach, the DOPA antipodes; in fact, the mechanical defor-
mation of the Ppy strip takes place just in the case of matching
interactions between the oligomer and the analyte in solution
(in particular (S)-oligo with .-DOPA and (R)-oligo with p-DOPA)
(Fig. 6 top). The downwards Ppy deformation is related to the
ion uptake occurring on the rough side of the strip, causing a
swelling of the polymer.*® Furthermore the bending degree of
these hybrid actuators is concentration dependent, which leads
to their possible use as an electroanalytical tool for the quanti-
fication of chiral molecules in solution.’”

The same approach was exploited to obtain enantiomorphic
macro-hybrid actuators, where the enantiospecific curling was
associated to the matching and mismatching interactions
between the object and DOPA antipodes in solution (Fig. 6 on
the bottom).”® In this case, a hybrid sandwich BPE, composed
by Ppy and both (S)- and (R)-oligo-BT,T,, was exposed to a
proper electric field in the presence of either - or p-DOPA.

Chiral cantilevers for double detection

With a similar philosophy, a double recognition cantilever
system was built to simultaneously quantify, through mechan-
ical deflection, both enantiomers of DOPA when they are
present in racemic form or as unbalanced mixtures. In
this set-up two hybrid actuators functionalized with (S)- and

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Top: concentration dependent deflection of Ppy for the enantio-
selective recognition of L-DOPA on oligo-(S)-BT,T4 hybrid actuator
(Copyright © 2020, American Chemical Society). Bottom: picture of the
two (R)- and (S)-enantiomorphs recovered at the end of the bipolar
experiments illustrating the transmission of molecular chirality to the
macroscopic scale (Copyright © 2020, American Chemical Society).

(R)-oligomers were immobilized onto an inert support on their
rough sides (Fig. 7).

When the BPE is exposed to solutions containing different
ratios of the analyte, deformations of both cantilevers can be
observed. The degree of the deformations was directly corre-
lated to the concentration of each enantiomeric probe in
solution. In this set of experiments BT,T, was deposited on
the smooth side of the Ppy to obtain an outwards bending of
both the strips (Fig. 7).%

Chiral cantilevers as chiral valves

Wireless enantio-responsive valves triggered by bipolar electro-
chemistry combined with chiral recognition were also devel-
oped. A Ppy actuator functionalized with the enantiomers of an

r—e
52% 32%

Fig. 7 Bipolar electrochemical experiments for the enantiomeric excess
determination of solutions with different molar ratios between p- and
L-DOPA probes (Copyright © 2021, American Chemical Society).
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inherently chiral oligomer was used as a bipolar valve to cover a
tube loaded with a dye. In the presence of the correspondent
chiral analyte, when a proper electric field is applied, the
designed actuator has shown a reversible cantilever-type deflec-
tion, allowing the release of the dye from the reservoir (Fig. 8).
The tube can be opened and closed by simply switching the
polarity of the electrochemical system. Furthermore, by using a
double enantio-responsive cantilever system, functionalized
with (S)- and (R)-oligomers respectively, it is possible to detect
different chiral analytes in a single experiment. Therefore, the
device works well even in the presence of chemically different
chiral analytes in the same solution. Finally, although the
proposed set-up has characteristic dimensions in the milli-
meter scale, in principle they can be scaled down to smaller
dimensions in order to design micro-valves for microfluidics.®!

Outlook

While much of the work on hybrid actuators has focused on
achiral systems, that need a connection to a power supply with
difficulties in scaling down, there is a growing need for meth-
ods that involve both chirality and wireless-mode features. A
number of studies in the literature have demonstrated that the
enantiomers of chiral analytes can be recognized trough elec-
trochemistry on chiral electrode surfaces but in terms of
current intensities. The introduction of inherently chiral mate-
rials in electrochemical applications allows enantiospecific
electrodes that are able to discriminate chiral probes in terms
of thermodynamic potential values to be obtained. This is
particularly convenient for determinations when both the
enantiomeric analytes are present and is even more crucial
for applications in bipolar electrochemistry. In such techniques
it is necessary to produce a polarization potential difference to
activate the redox reactions at the extremities of the bipolar
electrode. By functionalizing the BPE with inherently chiral
materials, it is possible to selectively oxidise or reduce only one
of the two enantiomers of the chiral probe under study. Such a
feature is related to the high difference in the oxidation
potentials between the two probe enantiomers when tested

D-DOPA

L-DOPA

(R)-Oligo (R)-Oligo

i

Fig. 8 Bipolar enantioselective valve operating with a Ppy actuator func-
tionalized with (R)-oligo-BT,T4 dipped in an aqueous 0.2 M LiClO4
solution of 5 mM p-DOPA on the left and 5 mM L-DOPA on the right
(Copyright © 2022, John Wiley and Sons).
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on these enantiospecific intrinsically chiral surfaces. Bipolar
electrochemistry is a wireless technique that can be exploited in
different fields, especially when coupled with a complex
physico-chemical property such as chirality. The development
of electrochemical systems, that throughout a dynamic event,
translate chirality from the molecular to the macroscopic scale,
is highly desired and a hot topic. This should open up inter-
esting perspectives for the possible use of this approach as an
alternative and straightforward tool in the electroanalysis of
samples containing chiral molecules. In this frame, the striking
enantiodiscrimination ability of inherently chiral compounds
has opened new ways for mechanical and optical read-outs.**"*>
For example, recently a novel autonomous enzyme-based swim-
mer able to convert chiral information at the molecular level
into macroscopic enantioselective trajectories was designed.®*
With a similar philosophy wireless enantioselective rotors,
where the angle of rotation was used as a readout of chiral
information, were designed.®® Furthermore, enantiorecogni-
tion by means of light emitting devices was achieved by
coupling inherently chiral compounds and microelectronic
objects.®*® All these outstanding approaches allow correlation
of the output signal (i.e. the dynamic event of a macroscopic
object or light emission) with the concentration and chirality of
the electroactive enantiomers dissolved in the working
solution, even in the case of mixtures containing different
ratios of the probe antipodes. In the near future we are
planning to build-up chiral micro-cargo-towing reactors that
are able to decipher the chirality of probes under study and to
cargo-deliver them to the desired destination. These systems
will be triggered by three main ingredients; chirality, electric
and magnetic fields.

Author contributions

SA wrote and edited the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work has been funded by the H2020 European Research
Council (ERC) under the HORIZON-ERC-2021 work program
(grant agreement no 101040798, ERC Starting grant CHEIR). SA
is grateful to Prof. A. Kuhn and Dr G. Salinas for the fruitful
scientific discussions.

Notes and references

1 W. B. Spillman Jr, J. S. Sirkis and P. T. Gardiner, Smart Mater. Struct.,
1996, 5, 247.

2 J. M. Hollerbach, I. W. Hunter and J. Ballantyne, in Robotics review 2,
ed. O. Khatib, J. J. Craig and T. Lozano-Perez, The MIT Press.,
Cambridge, 1992, pp. 299-342.

3 F. Carpi, S. Bauer and D. De Rossi, Science, 2010, 330, 1759.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cc06630k

Open Access Article. Published on 25 2023. Downloaded on 10/18/2025 11:42:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

4

5

[NolecRRN o))

10

11

12

13

14

15
16

17
18

19

20

21

22

23
24

25

26

27

28

29

30

31

32

33

34

Q. Shen, S. Trabia, T. Stalbaum, V. Palmre, K. Kim and I.-K. Oh, Sci.
Rep., 2016, 6, 24462.

M. Zhang, K. R. Atkinson and R. H. Baughman, Science, 2004,
306, 1358.

C. Ohm, M. Brehmer and R. Zentel, Adv. Mater., 2010, 22, 3366.

K. K. Sappati and S. Bhadra, Sensors, 2018, 18, 3605.

A. Salleo, Mater. Today, 2007, 10, 38.

X. Li, Y. Wang, M. Xu, Y. Shi, H. Wang, X. Yang, H. Ying and
Q. Zhang, J. Appl. Polym. Sci., 2020, 138, 50406.

D. Gonzalez, J. Garcia and B. Newell, Sens. Actuators, A, 2019,
297, 111565.

(@) A. D. Santa, D. De Rossi and A. Mazzoldi, Smart Mater. Struct.,
1997, 6, 23; (b) J. Heinze, B. A. Frontana-Uribe and S. Ludwigs, Chem.
Rev., 2010, 110, 4724; (c) J. G. Ibanez, M. E. Rincon, S. Gutierrez-
Granados, M. Chahma, O. A. Jaramillo-Quintero and B. A. Frontana-
Uribe, Chem. Rev., 2018, 118, 4731.

P. Chiarelli, A. Della Santa, D. De Rossi and A. Mazzoldi, J. Intell.
Mater. Syst. Struct., 1996, 6, 32.

K. Kaneto, M. Kaneko, Y. Min and A. G. Mac Diarmid, Synth. Met.,
1995, 71, 2211.

M. R. Gandhi, P. Murray, G. M. Spinks and G. G. Wallace, Synth.
Met., 1995, 73, 247.

E. Smela, O. Inganas and I. Lundstrom, Science., 1995, 268, 1735.
A. Ainla, M. Mousavi, M.-N. Tsaloglou, J. Redston, J. Bell,
M.-T. Fernandez-Abedul and G. Whitesides, Anal. Chem., 2018, 90, 6240.
A. J. Bandodkar, I. Jeerapan and J. Wang, ACS Sens., 2016, 1, 464.
G. Salinas, M. Niamlaem, A. Kuhn and S. Arnaboldi, Curr. Opin.
Colloid Interface Sci., 2022, 61, 101626.

Y. A. Ismail, J. G. Martinez, A. S. Al Harrasi, S. J. Kim and T. F. Otero,
Sens. Actuators, B, 2011, 160, 1180.

S. Dutta, S. Mehraeen, N.-K. Persson, J. G. Martinez and
E. W. H. Jager, Sens. Actuators, B, 2022, 370, 132384.

N.-K. Persson, J. G. Martinez, Y. Zhong, A. Maziz and E. W. H. Jager,
Adv. Mater. Technol., 2018, 3, 1700397.

(@) T. F. Otero, L. Valero and J. G. Martinez, Electrochim. Acta, 2017,
246, 89; (b) T. F. Otero, M. Alfaro, V. Martinez, M. A. Perez and
J. G. Martinez, Adv. Funct. Mater., 2013, 23, 3929; (c) T. F. Otero,
Electrochim. Acta, 2016, 212, 440; (d) M. Fuchiwaki, J. G. Martinez
and T. F. Otero, Adv. Funct. Mater., 2015, 25, 1535; (¢) M. Fuchiwaki,
J. G. Martinez and T. F. Otero, Electrochim. Acta, 2016, 195, 9;
(f) J- G. Martinez, T. F. Otero and E. W. H. Jager, Langmuir, 2014,
30, 3894; (g) F. Garcia-Cordova, L. Valero, Y. A. Ismail and
T. F. Otero, J. Mater. Chem., 2011, 21, 17265; (h) B. ]J. West,
T. F. Otero, B. Shapiro and E. Smela, J. Phys. Chem. B, 2009,
113, 1277.

K. Yamada, Y. Kume and H. Tabe, jpn. J. Appl. Phys., 1998, 37, 5798.
W. Lu, A. Fadeev, B. Qi, E. Smela, B. Mattes, J. Ding, G. Spinks,
J. Mazurkiewicz, D. Zhou, G. Wallace, D. MacFarlane, S. Forsyth and
M. Forsyth, Science, 2002, 297, 983.

K. Yamato and K. Kaneto, Anal. Chim. Acta, 2006, 568, 133.

P. Murray, G. M. Spinks, G. G. Wallace and R. P. Burford, Synth.
Met., 1997, 84, 847.

(@) G. M. Spinks, L. Liu, G. G. Wallace and D. Z. Zhou, Adv. Funct.
Mater., 2002, 12, 437; (b) A. S. Hutchison, T. W. Lewis, S. E. Moulton,
G. M. Spinks and G. G. Wallace, Synth. Met., 2000, 113, 121;
(¢) J. D. Madden, R. A. Cush, T. S. Kanigan and I. W. Hunter, Synth.
Met., 2000, 113, 185; (d) A. DellaSanta, D. DeRossi and A. Mazzoldi,
Smart Mater. Struct., 1997, 6, 23; (e) A. DellaSanta, D. DeRossi and
A. Mazzoldi, Synth. Met., 1997, 90, 93.

D. Melling, J. G. Martinez and E. W. H. Jager, Adv. Mater., 2019,
1808210.

K.-F. Chow, B.Y. Chang, B. A. Zaccheo, F. Mavré and
R. M. A. Crooks, J. Am. Chem. Soc., 2010, 132, 9228.

H.-W. Shi, W. Zhao, Z. Liu, X.-C. Liu, J.-J. Xu and H.-Y. Chen, Anal.
Chem., 2016, 88, 8795.

F. Mavré, R. K. Anand, D. R. Laws, K.-F. Chow, B.-Y. Chang,
J. A. Crooks and R. M. Crooks, Anal. Chem., 2010, 82, 8766.

W. Zhang, M. Caldarola, B. Pradhan and M. Orrit, Angew. Chem., Int.
Ed., 2017, 56, 3566.

J. P. Guerrette, S. J. Percival and B. Zhang, J. Am. Chem. Soc., 2013,
135, 855.

S. Voci, B. Goudeau, G. Valenti, A. Lesch, M. Jovi¢, S. Rapino,
F. Paolucci, S. Arbault and N. Sojic, J. Am. Chem. Soc., 2018,
140, 14753.

This journal is © The Royal Society of Chemistry 2023

35

36

37
38
39
40
41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58
59

60

61
62

63

64

65

66

67

68

69

View Article Online

ChemComm

E. H. Doeven, E. M. Zammit, G. J. Barbante, C. F. Hogan, N. W. Barnett
and P. S. Francis, Angew. Chem., Int. Ed., 2012, 51, 4354.

P. Pinyou, F. Conzuelo, K. Sliozberg, J. Vivekananthan, A. Contin,
S. Poller, N. Plumeré and W. Schuhmann, Bioelectrochemistry, 2015,
106, 22.

S. Inagi, Y. Ishiguro, M. Atobe and T. Fuchigami, Angew. Chem., Int.
Ed., 2010, 122, 10334.

F. AlTal and ]J. Gao, J. Am. Chem. Soc., 2018, 140, 9737.

S. Hu and J. Gao, J. Phys. Chem. C, 2018, 122, 9054.

S. Jansod, M. Cuartero, T. Cherubini and E. Bakker, Anal. Chem.,
2018, 90, 6376.

J. C. Cunningham, P. R. DeGregory and R. M. Crooks, Annu. Rev.
Anal. Chem., 2016, 9, 183.

B. Roark, J. A. Tan, A. Ivanina, M. Chandler, J. Castaneda, H. S. Kim,
S. Jawahar, M. Viard, S. Talic, K. L. Wustholz, Y. G. Yingling,
M. Jones and K. A. Afonin, ACS Sens., 2016, 1, 1295.

B. Roark, J. A. Tan, A. Ivanina, M. Chandler, J. Castaneda, H. S. Kim,
S. Jawahar, M. Viard, S. Talic, K. L. Wustholz, Y. G. Yingling,
M. Jones and K. A. Afonin, ACS Sens., 2016, 1, 1295.

G. Salinas, S. Arnaboldi, L. Bouffier and A. Kuhn, ChemElectroChem,
2021, 9, €202101234.

B. Gupta, B. Goudeau, P. Garrigue and A. Kuhn, Adv. Funct. Mater.,
2018, 28, 1705825.

B. Gupta, M. C. Afonso, L. Zhang, C. Ayela, P. Garrigue, B. Goudeau
and A. Kuhn, ChemPhysChem, 2019, 20, 941.

L. Zhang, B. Gupta, B. Goudeau, N. Mano and A. Kuhn, J. Am. Chem.
Soc., 2018, 140, 15501.

B. Gupta, B. Goudeau and A. Kuhn, Angew. Chem., Int. Ed., 2017,
56, 14183.

A. A. Melvin, B. Gupta, K. Tieriekhov, W. Nogala, P. Garrigue,
S. Reculusa and A. Kuhn, Adv. Funct. Mater., 2021, 31, 2101171.

B. Gupta, L. Zhang, A. A. Melvin, B. Goudeau, L. Bouffier and
A. Kuhn, Chem. Sci., 2021, 12, 2071.

S. Assavapanumat, B. Gupta, G. Salinas, B. Goudeau, C. Wattanakit
and A. Kuhn, Chem. Commun., 2019, 55, 10956.

S. Arnaboldi, T. Benincori, R. Cirilli, W. Kutner, M. Magni,
P. R. Mussini, K. Noworyta and F. Sannicolo, Chem. Sci., 2015,
6, 1706.

F. Sannicolo, S. Arnaboldi, T. Benincori, V. Bonometti, R. Cirilli,
L. Dunsch, W. Kutner, G. Longhi, P. R. Mussini, M. Panigati,
M. Pierini and S. Rizzo, Angew. Chem., Int. Ed., 2014, 126, 2661.

S. Arnaboldi, T. Benincori, A. Penoni, L. Vaghi, R. Cirilli, S. Abbate,
G. Longhi, G. Mazzeo, S. Grecchi and P. R. Mussini, Chem. Sci., 2019,
10, 2708.

S. Arnaboldi, S. Cauteruccio, S. Grecchi, T. Benincori, M. Marcaccio,
A. Orbelli Biroli, G. Longhi, E. Licandro and P. R. Mussini, Chem.
Sci., 2019, 10, 1539.

S. Arnaboldi, S. Grecchi, M. Magni and P. Mussini, Curr. Opin.
Electrochem., 2018, 7, 188.

S. Arnaboldi, B. Gupta, T. Benincori, G. Bonetti, R. Cirilli and
A. Kuhn, Anal. Chem., 2020, 92, 10042.

M. Trojanowicz, Electrochem. Commun., 2014, 38, 47.

M. Kaniewska, T. Sikora, R. Kataky and M. Trojanowicz, J. Biochem.
Biophys. Methods, 2008, 70, 1261.

A. Ahmadi, G. Attard, J. Feliu and A. Rodes, Langmuir, 1999,
15, 2420.

G. A. Attard, J. Phys. Chem. B, 2001, 105, 3158.

G. A. Attard, C. Harris, E. Herrero and J. Feliu, Faraday Discuss.,
2002, 121, 253.

O. A. Hazzazi, G. A. Attard and P. B. Wells, J. Mol. Catal. A: Chem.,
2004, 216, 247.

O. A. Hazzazi, C. A. Harris, P. B. Wells and G. A. Attard, Top. Catal.,
2011, 54, 1392.

I. Mogi, R. Morimoto, R. Aogaki and K. Watanabe, Sci. Rep., 2013,
3, 2574.

L. Ma, Y. Cao, Y. Duan, L. Han and S. Che, Angew. Chem., Int. Ed.,
2017, 56, 8657.

J. A. Switzer, H. M. Kothari, P. Poizot,
E. W. Bohannan, Nature, 2003, 425, 490.

C. Wattanakit, Y. B. Saint Come, V. Lapeyre Bopp, A. Philippe,
M. Heim, S. Yadnum, S. Nokbin, C. Warakulwit, J. Limtrakul and
A. Kuhn, Nat. Commun., 2014, 5, 4325/1.

T. Yutthalekha, C. Warakulwit, J. Limtrakul and A. Kuhn, Electro-
analysts, 2015, 27, 2209.

S. Nakanishi and

Chem. Commun., 2023, 59, 2072-2080 | 2079


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cc06630k

Open Access Article. Published on 25 2023. Downloaded on 10/18/2025 11:42:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

70

71

72

73

74

75

76
77

2080 |

T. Yutthalekha, C. Wattanakit, V. Lapeyre, S. Nokbin, C. Warakulwit,
J. Limtrakul and A. Kuhn, Asymmetric synthesis using chiral-
encoded metal, Nat. Commun., 2016, 7, 12678.

C. Wattanakit, T. Yutthalekha, S. Asssavapanumat, V. Lapeyre and
A. Kuhn, Nat. Commun., 2017, 8, 2087.

L. Dong, L. Zhang, X. Duan, D. Mo, J. Xu and X. Zhu, RSC Adv., 2016,
6, 11536.

L. Dong, Y. Zhang, X. Duan, X. Zhu, H. Sun and J. Xu, Anal. Chem.,
2017, 89, 9695.

L. Dong, B. Lu, X. Duan, J. Xu, D. Hu, K. Zhang, X. Zhu, H. Sun,
S. Ming, Z. Wang and S. Zhen, J. Polym. Sci., Part A-1: Polym. Chem.,
2015, 53, 2238.

P. S. Sharma, A. Pietrzyk-Le, F. D’Souza and W. Kutner, Anal.
Bioanal. Chem., 2012, 402, 3177.

M. P. Tiwari and A. Prasad, Anal. Chim. Acta, 2015, 853, 1.

F. Yang, N. Kong, X. A. Conlan, H. Wang, C. J. Barrow, F. Yan, J. Guo
and W. Yang, Electrochim. Acta, 2017, 237, 22.

Chem. Commun., 2023, 59, 2072-2080

78

79

80

81

82

83

84

85

View Article Online

Feature Article

E. Zor, E. Morales-Narvaez, S. Alpaydin, H. Bingol, M. Ersoz and
A. Merkoci, Biosens. Bioelectron., 2017, 87, 410.

S. Arnaboldi, B. Gupta, T. Benincori, G. Bonetti, R. Cirilli and
A. Kuhn, Chem. Mater., 2020, 32, 10663.

S. Arnaboldi, G. Salinas, G. Bonetti, R. Cirilli, T. Benincori and
A. Kuhn, ACS Meas. Sci. Au, 2021, 1, 110.

G. Salinas, F. Malacarne, G. Bonetti, R. Cirilli, T. Benincori,
S. Arnaboldi and A. Kuhn, Chirality, 2023, 35, 110.

G. Salinas, G. Bonetti, R. Cirilli, T. Benincori, A. Kuhn and
. Arnaboldi, Electrochim. Acta, 2022, 421, 140494.

G. Salinas, S. Arnaboldi, G. Bonetti, R. Cirilli, T. Benincori and
A. Kuhn, Chirality, 2021, 30, 875.

S. Arnaboldi, G. Salinas, A. Karajic, P. Garrigue, T. Benincori,
G. Bonetti, R. Cirilli, S. Bichon, S. Gounel, N. Mano and A. Kuhn,
Nat. Chem., 2021, 13, 1241.

S. Arnaboldi, G. Salinas, G. Bonetti, R. Cirilli, T. Benincori and
A. Kuhn, Biosens. Bioelectron., 2022, 218, 114740.

195]

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cc06630k



