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Developing chemiresistive devices for the wireless detection of
complex analytes has gained considerable interest. In particular,
the enantioselective recognition of chiral molecules is still a
challenge. Here, we design a hybrid chemiresistive device for
the wireless enantioselective discrimination of chiral analytes by
combining the enantiorecognition capabilities of an inherently
chiral oligomer, that is, oligo-(3,3’-dibenzothiophene) (BT2T4)
and the insulating/conducting transition of polypyrrole (Ppy).
The device is obtained by modifying each extremity of an
interdigitated electrode (IDE) with Ppy on the interdigitated
area and oligo-BT2T4 on the connection pads. Due to the

asymmetric electroactivity triggered by bipolar electrochemis-
try, the wireless enantioselective discrimination of both enan-
tiomers of tryptophan and DOPA was achieved. A difference in
the onset resistance values was obtained for both enantiomers
due to a favorable or unfavorable diastereomeric interaction
between the inherently chiral oligomer and the antipode of the
chiral molecule. Interestingly, such a device showed a wide
quantification range, from μM to mM levels. This work opens up
new alternatives to designing advanced wireless devices in
enantiorecognition.

Introduction

Chemiresistive devices are systems where a perturbation on the
charge carriers induces changes of resistance (or conductance)
due to the presence of a given analyte. These have gained
considerable attention[1] since conductivity is a bulk transport
property; thus, small perturbations on the mobility of the
charge carriers result in significant conductivity changes
compared to possible variations in potential or current.[1a,2]

Multiple devices based on the insulating/conducting transition
of sophisticated carbon-based polymeric materials have been
designed to analyze ammonia, methane, cyclohexene, hydro-
gen sulfide, or hydrogen.[3] Although most chemiresistive
sensors proposed in the literature show excellent performance
towards a target analyte, preparing the transducing polymeric
layer is rather complicated. In addition, these devices require a
direct electric connection; hence, developing wireless sensors is
still a challenge.

In this context, bipolar electrochemistry (BE) has emerged as
an easy and straightforward alternative for the design of
wireless transductors of chemical information.[4] BE is based on

the asymmetric polarization of a conducting object, or bipolar
electrode (BPE), using an external electric field (ɛ). Under these
conditions, a polarization potential difference (ΔV) between the
two ends of the BPE is induced. Once the ΔV overcomes the
thermodynamic threshold potential (ΔVmin), redox reactions
occur asymmetrically on each extremity of the conducting
object. Such unconventional induction of electroactivity has
been used in material science,[5] electrosynthesis[6] and
sensing.[7] For example, a wireless chemiresistive device was
designed to evaluate the catalytic activity of metallic surfaces
towards hydrogen and oxygen evolution reactions. For this, a
conducting polymer insulating/conducting transition works as a
variable-resistance switch on one extremity of the BPE, whereas
water-splitting reactions take place on the opposite side.[8] Such
sophisticated approaches open up exciting opportunities for
the wireless electroanalysis of more or less complex analytes,
e.g., chiral molecules.

As is well known, chirality is one of nature’s most important
asymmetric features due to its involvement in biology, physics,
and chemistry.[9] In particular, developing easy and straightfor-
ward approaches for selective enantiorecognition of chiral
analytes is of utmost interest. Although multiple enantioselec-
tive electrochemical interfaces have been designed,[10] in most
of these, chiral recognition is achieved regarding kinetic
changes (i. e., current). Recently, inherent chiral oligomers have
become a powerful alternative for the efficient differentiation of
the antipodes of a chiral molecule.[11] In these π-conjugated
materials, enantiorecognition is based on favorable and unfav-
orable diastereomeric interactions between the chiral oligomer-
ic surface and the enantiomers of a given analyte.[12] Is
important to highlight that as it is well-established, in order to
induce enantioselectivity, either via diastereomeric interactions
or host-guess complexation, a chiral probe and an asymmetric
environment are required. Furthermore, the synergy between
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the enantioselective capabilities of these materials and BE has
been extensively studied for the transduction of chiral informa-
tion in solution.[13]

In this work, we take advantage of the enantioselective
capabilities of 2,2’-bis[2-(5,2’-bithienyl)]3,3’-bithianaphthene
(BT2T4) and the insulating/conducting transition of polypyrrole
(Ppy) to design a hybrid chemiresistive sensor. For this, an
interdigitated electrode (IDE), acting as BPE, was modified on
one extremity with the oligomers of BT2T4 and on the
interdigitated part with the charged state of polypyrrole (Ppyn+)
(Scheme 1). With such a device, the wireless enantioselective
discrimination of the stereoisomers of DOPA and tryptophan as
model chiral molecules was carried out. Since enantiorecogni-
tion is based on the favorable and unfavorable diastereomeric
interactions between the inherent chiral oligomer and the
antipode, the resistance of Ppy will change only if the correct
enantiomer is present in the solution.

Experimental Section
Pyrrole (99%), D- and L-3,4-dihydroxyphenylalanine (D-, L–DOPA),
D-, L- tryptophan (D-, L-Trp) and lithium perchlorate (LiClO4, 99%)
were purchased from Sigma Aldrich. Anhydrous acetonitrile (ACN,
99%) was obtained from Honeywell Riedel-de-Haën™. All chemicals
were used as received without further purification. The interdigi-
tated electrodes (IDEs, Metrohm) consist of 250 pairs of patterned
Au electrodes with a band gap of 5 μm (glass substrate dimensions:
Length 2.29 x Width 0.76 x thickness 0.07 cm). Enantiopure
inherently chiral oligomer, (S)- or (R)-2,2’-bis[2-(5,2’-bithienyl)]3,3’-
bithianaphthene ((S)-BT2T4 or (R)-BT2T4) was synthesized following a
published methodology.[12] Scanning electron microscopy experi-
ments and energy-dispersive X-ray spectroscopy mappings were
carried out using a Vega3 Tescan 20.0 kV microscope.

The hybrid bipolar IDEs were prepared following a two-step
procedure (Scheme S1a). At first, the electropolymerization of Ppy
on IDE (designed as Ppyn+/IDE) was carried out. A two potentiostat
system (PGSTAT101, Metrohm Lab Instrument, and a PalmSense4
potentiostat) was connected to a symmetry unit specially designed
for the in-situ electrochemical-conductance method.[2,14] In such a
setup, an Au IDE (Scheme S1b, left), a platinum (Pt) mesh, and an
Ag wire, acting as working, counter, and pseudo-reference electro-
des, respectively, were used. The potentiodynamic polymerization
was performed on a 0.01 M pyrrole, 0.1 M LiClO4 ACN solution.
Briefly, as potentiostat (1) performs the classic potentiodynamic
experiment in a potential range between � 1.0 V vs. Ag° to 1.3 V vs.
Ag°, v=0.1 V/s, and 10 cycles, a constant potential (ΔE=10 mV) is
applied between the branches of the IDE using potentiostat (2) and
the symmetry unit (3) (Scheme S1a). The electropolymerization of
Ppy was optimized in order to obtain a maximum conductance of

215 mS�15 mS. After the interdigitated part was modified, the
Ppyn+-coated IDE was used as a working electrode for electro-
oligomerizing an enantiopure inherently chiral molecule on the
opposite extremity of the IDE (Scheme S1a). The electrosynthesis of
the enantiopure oligo-(S)- and oligo-(R)-BT2T4 was performed by
cyclic voltammetry in a conventional three-electrode cell composed
of the Ppyn+/IDE, a Pt wire, and Ag wire, as working, counter and
pseudo–reference electrodes, respectively. The potentiodynamic
oligomerization was performed by scanning from 0.0 V vs. Ag° to
1.2 V vs. Ag°, 0.2 V/s, 36 cycles, in a 0.1 M LiClO4 and 0.75 mM
monomer ACN solution. Once again the electro-oligomerization
was optimized to obtain a maximum cathodic current of 0.41 mA�
0.07 mA. After the deposition, the hybrid Ppyn+/IDE/oligo-BT2T4

(Scheme S1b, right) device was used as a bipolar electrode for the
wireless enantiodiscrimination measurements.

The wireless enantioselective discrimination measurements were
carried out in a bipolar cell containing an aqueous 0.2 M LiClO4

solution in the presence of 5 mM L- or D- enantiomer. The
antipodes of two different chiral probes were used as model
analytes: DOPA and Trp. The hybrid Ppyn+/IDE/oligo-BT2T4 (length
2.25 cm) was placed between two graphite feeder electrodes with a
separation distance of 5.0 cm, and different electric field values
were applied (Scheme S2a). The resistance between the IDE combs
was measured ex-situ, after each applied electric field, using a
commercial multimeter (Lafayette DMB-1) connected to the Au
section of the IDE (Scheme S2b). For the concentration dependence
experiments, the range between 0.0001 mM and 10 mM L–DOPA
was analyzed with the hybrid Ppyn+/IDE/oligo-(S)-BT2T4 at a
constant electric field (2.3 V/cm). For the sake of reproducibility all
the bipolar experiments were carried out three times.

Results and Discussion

As stated, the hybrid Ppyn+/IDE/oligo-BT2T4 device was de-
signed following a two-step procedure. At first, the electro-
polymerization of Ppy was carried out using the in-situ electro-
chemical conductance method. This technique allows us to
evaluate the electrical behavior of the polymer during electro-
polymerization in real-time.[2] The potentiodynamic polymer-
ization was performed in a 0.01 M pyrrole, 0.1 M LiClO4 ACN
solution. As can be seen, the conductance profile exhibits a
gradual increase within a potential range between � 0.3 and
0.6 V, reaching a maximum value of 215 mS�15 mS (Figure S1).
According to the principles of the in-situ electrochemical
conductance method, as the polymerization progresses, Ppy
deposits on the gaps between the interdigits, passing from the
insulating region to the percolation and finally to the thin layer.
Under the experimental conditions of this work, such transitions
occur in the first three potentiodynamic scans. In addition, the
electrochemical behavior of the obtained Ppy in a free-
monomer 0.1 M LiClO4 ACN solution shows the characteristic
asymmetric charge/discharge process of Ppy between � 0.6 V
vs. Ag° and 0.6 V vs. Ag° (Figure S2). At the same time, the
conductance profile exhibits a sigmoidal response where the
insulating/conducting transitions occur between � 0.3 V vs. Ag°
and � 0.9 V vs. Ag° (Figure S2). The conductance profile’s
hysteresis (ΔEG�0.6 V) is characteristic of the rather slow
insulating/conducting transition of π-conjugated polymers.[15]

Scheme 1. Schematic illustration of the BE experiment for enantioselective
discrimination on the hybrid IDE bipolar electrode, representing the redox
reactions occurring on both sides of the BPE. The orange, black, and yellow
parts stand for the oligo-BT2T4, the Ppyn+, and the Au branches, respectively.
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After this, the electro-oligomerization of the inherently
chiral monomer on the opposite extremity of the IDE was
carried out. This work used 2,2’-bis[2-(5,2’-bithienyl)]3,3’-bithia-
naphthene, BT2T4, as an inherent chiral monomer due to its
outstanding enantioselective capabilities.[11,13b,16] Figure S3
shows the cyclic voltammograms obtained during the oligome-
rization of both enantiomers of BT2T4, taking place on the
opposite extremity of the Ppyn+/IDE in a 0.75 mM monomer,
0.1 M of LiClO4 ACN solution (36 cycles). As it is established, the
oxidation of BT2T4 shows, in the first cycle, two oxidation peaks
characteristic of the bithianaphthene core and the thiophene
moiety. However, the gradual increase of the anodic and
cathodic current at lower potentials than the oxidation of the
monomer demonstrates the surface modification of the pads of
the IDE. SEM analysis coupled with EDX spectroscopy was
carried out to confirm each polymeric successful deposition.
Three regions have been examined: the Ppyn+/IDE part, the
pristine Au, and the Au/oligo-BT2T4 section. The SEM images
present three well-defined morphologies: a globular surface of
Ppy on top of the Au interdigits and between the gaps, a
relatively smooth surface for the pristine Au, and a granular
morphology for the oligo-BT2T4 (Figure 1a–c). The EDX signal for

the Ppyn+/IDE section shows the presence of carbon (C� Kα),
nitrogen (N� Kα), and gold (Au� Kα), in comparison with the
pristine Au section (Au� Kα) (Figure 1d, black and yellow lines),
evidencing the presence of Ppy on the interdigitated structure.
On the contrary, the oligo-BT2T4 section shows the characteristic
signals of sulfur (S� Kα), accompanied by an increase of the
carbon signal (C� Kα), corroborating the deposit of the inherent
chiral oligomer (Figure 1d, orange line).

After the fabrication and characterization of the hybrid
bipolar electrode, the wireless enantiorecognition was tested.
As the first proof-of-concept, the two enantiomers of DOPA
were used as chiral analytes. For this, two independent Ppyn+/
IDE/oligo-(S)-BT2T4 devices were placed separately at the center
of a bipolar cell containing an aqueous 0.2 M LiClO4 solution in
the presence of 5 mM L- or D-DOPA. Under these conditions,
redox reactions are induced at the extremities of the BPE when
a high enough electric field is applied. Thus, the oxidation of
the chiral analyte triggers an electron flow from the anodic to
the cathodic extremity of the BPE, resulting in the reduction of
Ppyn+. In particular, such reduction causes a change in the
doping state of this conjugated polymer, leading to variations
in its resistance; hence, Ppy acts as a variable-resistance switch.
As it can be seen, by using the device functionalized with the
oligo-(S) (Figures 2a and S4) and in the presence of L–DOPA or
D-DOPA at low electric field values (ɛ<below 1.5 V/cm), there
is not enough driving force to induce the redox reactions. Thus,
the resistance of Ppy remains almost unchanged. However,
above this threshold ɛ, the redox reactions occur, causing a
considerable increase in the resistance. As expected, when
using the oligo-(S) BPE, such transition occurs above 1.5 V/cm in
the presence of L–DOPA and around 3.0 V/cm for D-DOPA
(Figures 2a and S4). This indicates that the hybrid Ppyn+/IDE/
oligo-(S)-BT2T4 preferably reacts with L–DOPA, reflected by a
rather large onset electric field separation (Δɛonset) of 1.5 V/cm.
Such a clear separation between the resistance profile obtained
for the two enantiomers is associated with the favorable or
unfavorable diastereomeric interactions between the inherently
chiral oligomeric film and the two antipodes of DOPA in
solution.

As it is well-established by classic electrochemistry, a peak-
to-peak separation between the two enantiomers of DOPA of
around 200 mV and 300 mV has been obtained when using
electrodes modified with inherent chiral oligomers.[11b,13a] Thus,
in a first-order approximation, such thermodynamic difference
is directly translated to a shift of the threshold electric field in
BE. The specular result was obtained using the Ppyn+/IDE/oligo-
(R)-BT2T4 BPE (Figure 2b). Once again, threshold electric field
values of 1.5 V/cm for D-DOPA and 3.0 V/cm for L–DOPA were
obtained when using an oligo-(R) device. Thus, the oligo-(R) BPE
reacts preferentially with D-DOPA due to the favorable diaster-
eomeric interactions. This agrees with the enantiorecognition of
DOPA performed with classic electrochemistry (Figure S5) and
with alternative bipolar systems based on actuation, rotation,
and light emission.[13] Furthermore, these results demonstrate
the possible use of π-conjugated polymers as variable-resist-
ance switches to transduce chiral information in solution.

Figure 1. SEM images of (a) the Ppyn+/IDE, (b) pristine Au, and (c) Au/oligo-
BT2T4 surfaces. (d) EDX signals for measuring the emission peak of carbon,
nitrogen, gold, and sulfur at the surface of the Ppyn+/IDE (black line), pristine
Au (yellow line), and Au/oligo-BT2T4 (orange line) sections.
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After this set of experiments corroborating the wireless
enantioselective recognition of chiral analytes utilizing the

hybrid chemiresistive BPE, we evaluate the possible quantitative
analysis of chiral molecules in solution in the next step. The
resistance was measured as a function of L–DOPA concentra-
tion, ranging from 0.1 μM to 10 mM. In this case, a constant
electric field of 2.3 V/cm was applied across a bipolar cell
containing a hybrid Ppyn+/IDE/oligo-(S)-BT2T4 device. The resist-
ance plot as a function of L–DOPA concentrations exhibits a
linear correlation (R2=0.983) (Figure 2c). Interestingly, resist-
ance changes were obtained even at extremely low concen-
trations of L–DOPA (0.1 μM). As stated above, small perturba-
tions on the mobility of the charge carriers result in significant
conductivity changes since conductivity is a bulk transport
property. Such an outstanding range of quantification demon-
strates the efficiency of resistance as a physicochemical readout
of chemical information, in comparison with current and
potential in conventional electrochemistry, or bending, rotation
and light emission in bipolar electrochemistry measurements.

Finally, the possible analysis of alternative chiral analytes
has been explored to verify the approach’s general validity. The
resistance profile as a function of the applied electric field was
evaluated in the presence of both tryptophan enantiomers
(Trp). In this case, two independent Ppyn+/IDE/oligo-(S)-BT2T4

devices were placed separately in a bipolar cell containing an
aqueous 0.2 M LiClO4 solution in the presence either of 5 mM L-
or D-Trp. Once again, no resistance changes were observed
under these conditions at electric field values below 2 V/cm for
both enantiomers (Figures 3 and S6). However, the conducting/
insulating transition for the oligo-(S) device occurs around
2.1 V/cm for D-Trp and 3.0 V/cm for L-Trp (Figures 3 and S6).
However, the Δɛonset is similar to that obtained for the
enantiomers of DOPA; the opposite diastereomeric interaction
was observed for Trp. Hence, a favorable interaction was

Figure 2. Normalized resistance plots as a function of the applied electric
field for the enantioselective discrimination of the antipodes of DOPA using
(a) a hybrid Ppyn+/IDE/oligo-(S)-BT2T4 and (b) a hybrid Ppyn+/IDE/oligo-(R)-
BT2T4 bipolar electrodes obtained in a 5 mM DOPA, 0.2 M LiClO4 aqueous
solution. (c) Resistance as a function of L–DOPA concentration obtained in a
0.2 M LiClO4 aqueous solution using a hybrid Ppyn+/IDE/oligo-(S)-BT2T4

device with a constant applied electric field of 2.3 V/cm. The readout time
for all bipolar experiments was 5 s and the error bars represent the average
of three measurements.

Figure 3. Normalized resistance plot as a function of the applied electric field
for the enantioselective discrimination of the antipodes of Trp (indicated in
the figure) using a hybrid Ppyn+/IDE/oligo-(S)-BT2T4 bipolar electrode,
obtained in a 5 mM Trp, 0.2 M LiClO4 aqueous solution. The readout time for
all bipolar experiments was 5 s.
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obtained, leading to a lower threshold electric field between
the oligo-(S)-BT2T4 and D-Trp.

In contrast, the opposite occurred in the presence of the L-
antipode because of the unfavorable diastereomeric interaction.
This was corroborated by using the Ppyn+/IDE/oligo-(R)-BT2T4 in
the presence of D-Trp, where the conducting/insulating tran-
sition takes place at 3.6 V/cm. Thus, an unfavorable interaction
occurs (Figure S7). These results illustrate the possible use of
wireless chemiresistive-based bipolar electrodes as analytical
tools for enantiorecognition of different electroactive chiral
analytes.

Conclusions

In conclusion, a hybrid chemiresistive device based on
interdigitated electrodes was designed for the wireless enantio-
selective discrimination of chiral probes in solution. The bipolar
electrode consists of an IDE modified on each of its extremities
with Ppy on the interdigitated section and oligo-BT2T4 on the
connection pads. This device takes advantage of the asymmet-
ric electroactivity generated by bipolar electrochemistry. For
this, the enantiorecognition occurs on the inherently chiral
oligomer, where the differentiation is based on favorable and
unfavorable diastereomeric interactions, and the transduction
of information appears on the Ppy extremity, which acts as a
variable-resistance switch. As a result, the onset resistance
values differed for both enantiomers of DOPA and Trp, which
were used as model chiral analytes. Furthermore, the resistance
is directly proportional to the chiral analyte concentration in an
outstanding range of quantification (from μM to mM) surpass-
ing the performance of alternative bipolar systems. Finally, the
presented simple approach can be considered a complemen-
tary tool to alternative enantiorecognition techniques, i. e.,
spectroscopic methods. Thus, this proof-of-concept work paves
the way for the design of advanced wireless devices in
enantioselective discrimination.

Supporting Information Summary

Supplementary Information (SI) is available including exper-
imental procedures of the in-situ electrochemical-conductance
method, electropolymerization on the IDE, schematic illustration
of the BE experiment, additional enantiomeric detection
measurements, and potentiodynamic study.
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