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SUMMARY

Chirality plays a crucial role in different research fields, ranging from
fundamental physico-chemistry to applied aspects in materials sci-
ence and medicine. In this context, enantioselective loading and
pumping of chiral analytes for analysis, separation, and cargo deliv-
ery applications is an interesting scientific challenge. Herein, we
introduce artificial chiral soft electromechanical pumps based on a
bi-layer film built up by electrodepositing polypyrrole and an inher-
ently chiral conducting oligomer at its internal surface. The enantio-
selective device can be driven by bipolar electrochemistry to act as a
pump, allowing the selective loading and separation of different chi-
ral analytes injected as pure enantiomers and in racemic form (i.e.,
doxorubicin, a chemotherapy drug, limonene, carvone, and a chiral
ferrocene). The synergy between wireless electromechanical actua-
tion and inherent enantiodiscrimination features makes these actu-
ators excellent candidates for the controlled handling of chiral mol-
ecules in the frame of potential applications ranging from analysis to
drug delivery.

INTRODUCTION

Enantiodiscrimination of chiral molecules is an interesting topic in different fields of
research, such as chemistry, physics, and medicine."? Especially in the pharmaceu-
tical industry, the stereochemical configuration of a specific chiral drug can play a
crucial role,® since, in the human body, enantiomers can exhibit similar, different,
or opposite physiological effects. Thus, enantioselective recognition, separation,
synthesis, and delivery of chiral drugs are highly desired.” For example, ketoprofen,
anonsteroidal anti-inflammatory drug with analgesic and antipyretic effects, shows a
therapeutically relevant response only for the (S)-enantiomer.® However, since the
two antipodes of chiral analytes present the same physico-chemical properties,
discrimination or separation has been mainly achieved by using high-performance
liquid chromatographic or electro-migration methods, which require expensive
instrumentation and sophisticated time-consuming procedures.®’ In this context,
electrochemistry is an interesting alternative to such methods due to its simplicity,
low-cost, high sensitivity, and straightforward signal transduction.® Recently, a vari-
ety of electrochemical approaches for chiral recognition and asymmetric synthesis
have been developed, taking advantage of different enantioselective electrode/

electrolyte interfaces.”'?

Among those, inherently chiral molecular materials are a powerful ingredient for the
transduction of chiral information.”'* The outstanding enantiorecognition of such
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THE BIGGER PICTURE

Chirality plays an important role in
multiple fields of science, such as
chemistry, biology, or medicine.
Although enantioselective
separation of chiral molecules,
induced by external stimuli, has
been well established, the
development of miniaturized
chiral soft systems able to quickly
and wirelessly distinguish such
molecules still faces great
challenges. The synergy between
the mechanical properties and the
enantioselectivity of conjugated
polymers powered by bipolar
electrochemistry (BPE) could lead
to so far unexplored effects. The
here-prepared soft tubes could
mimic chiral columns generally
used in high-performance liquid
chromatography (HPLC).
Furthermore, the wireless mode,
an intrinsic feature of BPE, could
allow the separation of chiral
molecules, avoiding the physical
connection to an HPLC apparatus,
in a cheap and fast manner. The
whole system would be
miniaturized, envisioning the
possibility of using these devices
for wireless chiral separation when
low-cost, fast, and in situ analyses
are required.
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conjugated systems is based on the energetically favored diastereomeric interac-
tions between the inherent chiral surface and a specific enantiomer in solution.
This results in a neat separation of the antipodes of a given electroactive chiral mole-
cule in terms of peak potential, which allows to selectively activate only one of the
two enantiomers at a given applied potential.'*"'” Recently, the outstanding prop-
erties of inherently chiral materials were successfully combined with bipolar electro-
chemistry (BPE), resulting in interesting applications, e.g., the transduction of chiral
information from the molecular level into macroscopic enantioselective motion.'’
BPE is an interesting approach to generate in a wireless manner an asymmetric elec-
troactivity on conducting objects.'®?? In brief, by applying an external electric field
(€), a polarization potential difference (AV) is generated at the extremities of a con-
ducting object positioned somewhere in the solution. In the presence of electroac-
tive species, and when the AV exceeds a thermodynamic threshold potential (A Vi),
oxidation and reduction are triggered at each extremity of the so-called bipolar elec-
trode (BE).>*?° In particular, the possible wireless control of the asymmetric reac-
tivity on a BE, in synergy with the electroactivity, tuneability, and processability of
conducting polymers, opens up new and so far unexplored possibilities in the field

of chemically responsive soft materials.?*?’

In this context, BPE can be especially used as an interesting alternative for the effi-
cient stimulation of multi-responsive electropumping systems since its efficiency is
directly linked to the physico-chemical interactions between the dynamic object
and the analyte of interest. Theoretically, the wireless nature of BPE is its main
advantage, in comparison with already proposed responsive pumping ap-
proaches,”*?®~3* for which a physical connection to an external power supply is
required, thus limiting their potential applications, especially in the case of minia-
turized systems. Although several micro-fluidic pumping strategies,”’ based on
different multi-stimuli responsive materials, have been developed, the precise con-
trol of flow rate is still challenging. Thus, simple, efficient, and selective loading
and pumping mechanisms are highly desired. Pumping systems driven by electric
fields, compared with other external stimuli, are an interesting approach to control
the rate and direction of the flow. However, once again, electrically driven soft
pumps are still limited by the essential requirement of an electric contact in order
to trigger the actuation.’®*? Herein, we designed an enantioselective soft polymer
tube activated in a wireless mode by means of BPE. The wireless enantioselective
loading/pumping devices were designed as a free-standing bi-layer tube
composed of a polypyrrole (Ppy) chassis internally functionalized with an enantio-
pure oligo 2,2'-bis[2-(5,2'-bithienyl)]-3,3'-bithianaphthene, named BT,Ts (Fig-
ure TA). It has been demonstrated that the chirality of such conjugated molecules
is fully transferred from the monomer to the electrochemically produced oligo-
mers.>” "’ The synergy between the pumping mechanism of polypyrrole via BPE
and the outstanding enantiorecognition capability of the inherently chiral surfaces
leads to a selective loading or pumping of only one enantiomer of a chiral probe
via favorable or unfavorable diastereomeric interactions. As a proof of concept, the
enantioselective loading/pumping with the designed soft tubes was tested with
different chiral probes, i.e., doxorubicin, limonene, and carvone, due to their
importance in the pharmaceutical industry. Furthermore, the highly efficient enan-
tioseparation of the here-proposed approach was evaluated by injecting race-
mates of two chiral analytes with uncorrelated chemical structures. The released
fractions, collected during the electromechanically induced loading/pumping,
were then analyzed by chiral high-performance liquid chromatography (HPLC) to
corroborate their enantiomeric purity and the separation efficiency of these
systems.
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Figure 1. Chemical structures of the enantiopure inherently chiral monomers and schematic
illustration of the bipolar setup

(A) Chemical structures of enantiopure oligo-(R)- and oligo-(5)-BT,T4 (blue and red, respectively).
(B) Schematic illustration of the bipolar setup used for the wireless enantioselective loading/
pumping with a representation of the asymmetric polarization, the associated electrochemical
reactions, and the induced cation exchange.

(C) Schematic illustration of the asymmetric swelling and shrinking process induced by the electric
field, with a representation of the cation exchange. The orange and blue parts symbolize the oligo-
BT,T,4 and the Ppy films, respectively.

RESULTS

Design of the wireless enantioselective loading/pumping device

The soft tubular devices were designed by following a two-step approach. First, po-
tentiodynamic electropolymerization of the corresponding oligo-BT,T4 on the sur-
face of a gold wire was carried out, followed by the galvanostatic deposition of poly-
pyrrole on the hybrid Au/oligo-BT,Ts surface (Figure S1). The electrochemical
growth of both enantiomers of BT, T4 shows the characteristic current increase at po-
tentials beyond the oxidation of the monomer, which indicates the efficient modifi-
cation of the Au surface (Figures S2A and S2B). Furthermore, the final anodic and
cathodic currents are similar for both enantiomers, indicating that the obtained films
exhibit theoretically a similar thickness (Figure S2C). The potential transient re-
corded during the electropolymerization of pyrrole presents a relatively constant
value, around =+ 0.6 V vs. Ag/AgCl, during the whole deposition experiment, char-
acteristic of the oxidation potential of pyrrole (Figure S3). Subsequently, the modi-
fied electrode was dipped in acetone for 15 min, and afterward, the gold template
was removed mechanically. Optical pictures of the as-synthesized polymer tube
indicate an inner diameter of around =253 um, which is consistent with the diameter
of the template electrode (Figures S4A-S4C). In addition, a thickness of =40 um was
measured for the Ppy walls, which leads to an outer diameter of 293 um. Scanning
electron microscopy (SEM) images show a rough morphology for the outer layer
of the tube, whereas a slightly smoother surface is present in the inner part of the
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unmodified device (Figure S4C). To prove the oligomer functionalization of the inter-
nal part of the Ppy tube, the hybrid chiral object was cut along its main axis, and SEM
analysis of the two surfaces was carried out. As can be seen in Figure S5, two
completely different morphologies were obtained—the characteristic rough
external face of Ppy and a granular surface for the inner chiral part (Figures S5A
and S5B, respectively). These SEM analyses are in agreement with the ones obtained
in previous studies, where free-standing polypyrrole strips were functionalized with
oligo-BT,T,.">"®

Electrochemical characterization and enantioselectivity tests of doxorubicin
The first chiral probe was [5,12-naphthacenedione, 10-[(3-amino-2, 3, 6-trideoxy-
alpha-L-lyxo-hexopyranosyl)oxy]-7, 8, 9, 10-tetrahydro-6, 8, 11-trihydroxy-8-(hy-
droxylacetyl)-1-methoxy-, hydrochloride(8S-cis)], commercially known as doxoru-
bicin hydrochloride, which is the most important member of the family of
anthracycline antibiotics, particularly used for chemotherapeutic applications and
its antineoplastic action.’® However, it is responsible for many undesired side ef-
fects, ranging from delayed and insidious cardiomyopathy to irreversible heart fail-
ure. The potentiodynamic characterization of doxorubicin in a buffer solution (pH 4)
on a glassy carbon (GC) electrode exhibits two peaks, around —0.5 V vs. Ag/AgCl
and 0.8 V vs. Ag/AgCl, associated with the reduction of the 5,12-diquinone
group and the oxidation of the 6,11-dihidroquinone functionality, respectively
(Figure S6A).>742

In order to verify the enantiorecognition capability of the inherently chiral films to-
ward doxorubicin, a GC electrode modified with oligo-(R)- or (S)-BT,T, films was
used. The enantiopure oligomeric films were obtained by following the same
procedure as the one described above for the electropolymerization of BT, T,. After-
ward, the two antipodes of the chiral film were tested independently in a buffer
solution (at pH 4) containing 2 mM of doxorubicin by means of cyclic voltammetry.
Under these conditions, the signal related to the oxidation of the chiral molecule
at the surface of the oligo-(S) electrode appears at a similar potential value
compared with the one obtained with the bare GC electrode (0.8 V vs. Ag/AgCl),
whereas with the oligo-(R) surface, a shift of 400 mV toward higher anodic values
was obtained (Figure S6B). This peak separation between the (S)- and (R)-modified
electrodes indicates an inhibition of the electron transfer caused by an unfavorable
diastereomeric interaction.

Wireless enantioselective loading and pumping

After demonstrating the enantioselectivity of the inherently chiral oligomers by
means of conventional electrochemistry, we have studied the wireless enantioselec-
tive loading and pumping mechanism. At first, a 1-cm-long soft tube was immobi-
lized on an inert support and placed at the bottom of a bipolar cell containing a
0.2 M LiClOy, pH 4 buffer solution, maintaining a constant distance of 5 cm between
the feeder electrodes. As stated above, the wireless enantioselective loading/
pumping effect takes advantage of the synergy between the electromechanical
properties of Ppy and the outstanding enantiorecognition capability of the inher-
ently chiral oligomer. By applying an electric field (€) between the two feeder elec-
trodes, an asymmetric polarization is induced along the free-standing tube (Fig-
ure 1B).*? When a high enough ¢ is applied, oxidation and reduction of the doped
Ppy take place at the 8" and 3~ poles, respectively (Figure 1B). Commonly, such
redox reactions are accompanied by the release and uptake of cations at the anodic
and cathodic extremities of the device, respectively, in order to maintain electroneu-
trality (Figure 1C). This charge-compensating mechanism leads to local swelling and
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shrinkage of the extremities of the tube. However, the electromechanical pumping is
associated with changes in the inner diameter of the tube; thus, the swelling and
shrinking processes cause a decrease and increase in the inner diameter, respec-
tively.** Such an asymmetric change of the inner diameter induces a difference in
pressure at each extremity of the tube which, according to the Bernoulli principle,
triggers a unidirectional flow of liquid. It is important to highlight that the speed
and reversibility of the electrochemically induced flux are strongly related to the
applied electric field, since higher e values lead to a faster ion exchange, causing
a more pronounced asymmetric change of the inner diameter. Thus, low & values
are required in order to generate a continuous and reversible unidirectional flow
of liquid induced by a slow ion exchange. Considering that the AV, value that trig-
gers the oxidation and reduction of doped Ppy is found to be around 1.6 V,** an ¢
below 1.6 V/cm is needed to induce a slow ion exchange ina 1 cm Ppy tube. In order
to ensure the electromechanical unidirectional flow of liquid, a & of 1.4 V/ecm was
applied. Such a value is considerably smaller than the one used to induce electrome-
chanical pumping by alternating current presented in a previous work.*® In addition,
the selected electric field allows for minimizing the risk of oxidization of the chiral an-
alyte during the electromechanical pumping since the oxidation potential values of
Ppy and doxorubicin are both really close in the electrochemical window. Nonethe-
less, it is possible to assume that a small fraction of the electrons that flow from the
anode to the cathode of the soft tube originate from the oxidation of doxorubicin.
However, the electromechanical tube contraction is not related to any kind of chiral
interaction involving just the Ppy chassis. The presence of the oligo-BT,T,4, depos-
ited in the internal part of the tube, impacts the loading and pumping of the chiral
analyte, resulting in a stereoselective retention or release of the probe enantiomers.
Thus, a favorable diastereomeric interaction should trigger a loading effect (Fig-
ure 2A, upper image) that increases the retention time of the probe inside the
tube, whereas an unfavorable diastereomeric interaction would allow the chiral
probe to pass through the tube and be more easily released during the electrome-
chanical pumping (Figure 2A, bottom image). In order to corroborate this hypothe-
sis, two tubes, modified at the inner part with either oligo-(R)- or oligo-(5)-BT,Ta,
were tested under a constant electric field value of 1.4 V/cm. The enantioselective
BPE experiments were carried out by dissolving doxorubicin in an achiral commer-
cial ionic liquid, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(BMIMTFSI). The ionic liquid was used to avoid the spontaneous diffusion of the
probe in the aqueous medium. No colorant was added to visualize the enantioselec-
tive loading/pumping effect since doxorubicin has a characteristic red color. At first,
in the absence of an electric field, the analyte mixture is not captured by the soft tube
(Video S1), which allows us to rule out a capillarity effect as the driving force of the
pumping. Under a constant electric field (1.4 V/cm), by using the oligo-(S)-modified
soft tube, the analyte mixture is captured due to the electromechanical unidirec-
tional flow of liquid and remains trapped, caused by a favorable diastereomeric
interaction (Figure 2B, top row; Video S2 left side). On the contrary, while using
the oligo-(R)-modified device, the doxorubicin mixture flows from the cathodic to
the anodic extremity of the tube (Figure 2B bottom; Video S2 right side). The
observed enantioselectivity is in good agreement with the potentiodynamic mea-
surements, thus corroborating the effect of the diastereomeric interactions occur-
ring at the inner part of the tube. Furthermore, by applying a constant electric field
for a long period of time (around 20-25 min), the doxorubicin/BMIMTFSI mixture is
expulsed from the oligo-(S)-modified soft tube (Video S3). Itis important to highlight
that the electrochemically driven loading and pumping mechanism benefits not only
from the mechanical properties of Ppy, but also from the interactions between the
inherent chiral oligomer present at the inner part of the tube and the chiral analyte.
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(A) Schematic illustration of the loading/pumping mechanism driven by the favorable (top) and
unfavorable (bottom) diastereomeric interactions between the chiral probe and the oligo-BT,T,4.
The orange and blue parts symbolize the oligo-BT,T, and the Ppy film, respectively, whereas green
represents the chiral probe.

(B-D) (B) Optical pictures of the wireless enantioselective loading/pumping observed with Ppy
tubes modified at the internal part with oligo-(S)- (top) or oligo-(R)-BT,T,4 (bottom), at a constant
electric field value (1.4 V/cm). The global time of the experiment was 10 min and optical pictures
were taken every 2 min. Scale bars, 1cm. Optical pictures of the wireless enantioselective loading/
pumping obtained with Ppy tubes with a length of (C) 0.8 cm (scale bars, 0.8 cm) and (D) 1.5 cm
(scale bars, 1.5 cm) modified in the internal part with oligo-(5)- (top row) or oligo-(R)-BT,T,4 (bottom
row) at a constant electric field value (1.7 V/cm in C and 1.2 V/cm in D). The global time of the
experiment was 10 min, with pictures taken every 2 min.

This was demonstrated by studying the electromechanical pumping of an unmodi-
fied Ppy tube, indicating the absence of an inherent chiral oligomer. As it can be
seen, by applying a constant electric field (1.4 V/cm), it is not possible to induce
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the electromechanical loading of the analyte (Video S4). Thus, the presence of a chi-
ral environment at the inner part of the device facilitates the loading and subsequent
expulsion of the chiral probe due to the favorable and unfavorable diastereomeric
interactions.

However, due to the complexity of the physico-chemical system, a deeper analysis of
the loading/pumping mechanism is required. In order to provide a deeper insight,
we studied the effect of the nature of the liquid used as the solvent of the chiral
probe on the electromechanical unidirectional flux. For this set of experiments,
we used chlorinated paraffin as an alternative (CAS: 85422-92-0), and we tested
the enantioselective loading/pumping mechanism at a constant electric field
(1.5 V/cm). Once again, by using the oligo-(S)- modified device, the chiral mixture
is captured (and released only after a long period of time), whereas using the
oligo-(R)- modified soft tube, the doxorubicin mixture flows almost immediately
from the cathodic to the anodic extremity (Videos S5 and Sé). Since the same enan-
tioselective loading/pumping behavior was obtained in the presence of an ionic
(BMIMTFSI) and non-ionic liquid (chlorinated paraffin), it is possible to rule out an
electroosmotic mechanism during the unidirectional pumping.

In addition, such an enantioselective electromechanical loading/pumping mecha-
nism can be extended to free-standing modified Ppy tubes with different lengths.
In this case, shorter BEs (0.8 cm) require higher electric fields (1.7 V/cm) in compar-
ison to the 1 cm BE, whereas for longer soft tubes (1.5 cm), the necessary electric
field decreases (1.2 V/cm). This is in good agreement with the principles of BPE,
where the AV produced between the extremities of a conducting object, when
exposed to the electric field and for a given set of redox reactions, is a function of
the length (I) of the device (equation 1).

e =AV/l (Equation 1)

Although short tubes (0.8 cm) remain mechanically stable after first use, long devices
(1.5 cm) exhibit cracks and poor stability after the bipolar experiments. This is asso-
ciated with additional redox reactions, i.e., overoxidation of the conjugated back-
bone or more pronounced swelling and shrinking effects. Nonetheless, for all the
different polymer tubes, the same enantioselective behavior was observed, i.e., in
the case of the matching system, oligo-(S)-/doxorubicin, the chiral probe is loaded
inside the pump (Figures 2C and 2D top; Videos S7 and S8 left panels for 0.8 cm
and 1.5 cm long tubes, respectively), whereas for the mismatching combination,
oligo-(R)-/doxorubicin, a pumping effect is produced (Figures 2C and 2D bottom;
Videos S7 and S8 right panels for 0.8 cm and 1.5 cm long tubes, respectively).

Wireless enantioselective loading and pumping of alternative chiral probes
The general validity of the concept was evaluated by using alternative chiral probes,
i.e., limonene and carvone. These chiral molecules are two monoterpenes that exist
in two different enantiomeric configurations. Both enantiomers have well-pro-
nounced flavors and aromas, which allow their possible discrimination through our
nasal receptors. In fact, the enantiomers of limonene present a very characteristic
smell, lemon and orange for the (S)-and (R)-enantiomers, respectively. Instead, in
the case of carvone, the (R)-enantiomer has a mint-type aroma, whereas the (S)-iso-
mer, as the key component of caraway, presents an anise-like smell. Furthermore,
carvone has multiple biological properties, including antidiabetic, anti-inflamma-
tory, anticancer, neurological, antimicrobial, antiparasitic, antiarthritic, anticonvul-
sant, and immunomodulatory effects. In pharmaceuticals, limonene is added to
help medicinal ointments and creams penetrate the skin.*>*®
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Figure 3. Electrochemical enantiorecognition tests together with the wireless enantioselective
loading and pumping of carvone and limonene

(A) Potentiodynamic enantioselectivity tests for (S)- and (R)-carvone (left plot, orange and green
lines, respectively) and (S)- and (R)-limonene (right plot, yellow and red lines, respectively) obtained
on a GC electrode modified with oligo-(S)-BT,T4 in a 2 mM chiral probe, pH 4 buffer solution +
EtOH at 50 mV/s scan rate. The potentiodynamic profiles in gray were recorded on a bare
electrode.

(B and C) Optical pictures of the wireless enantioselective loading/pumping experiments, carried
out with Ppy tubes modified in the internal part with the oligo-(S)-BT, T4, at a constant electric field
value (1.4 V/cm), recorded for (b) (S)- and (R)-carvone (2 mM) and (C) (S)- and (R)-limonene (2 mM)
dissolved in BMIMTFSI. The duration of the experiments was 10 min, with pictures taken every

2 min. Scale bars, 0.5 cm.

Due to their interesting properties, these molecules were used to verify the versatile
nature of the approach proposed here. As for the above-mentioned experiments, at
first, the enantiomers of both compounds were tested on a bare GC electrode (in pH
4 buffer solution + 100 pL of EtOH to increase the solubility of the chiral compounds).
The potentiodynamic profiles of the enantiomers of carvone and limonene exhibit a
broad shoulder around 1.64 V vs. Ag/AgCl on a bare GC electrode (Figure 3A, left
and right). Since such a signal is absent on the potentiodynamic profile of the back-
ground, it is possible to assume that this current shoulder is associated with the
oxidation of the antipodes when they are adsorbed at the carbon surface (Fig-
ure S7A). However, under the same experimental conditions and using the oligo-
(S)- or oligo-(R)-BT,T4-modified electrodes, better-defined signals were observed
for both probe/oligomer combinations with a peak-to-peak difference of around
190 and 180 mV for carvone and limonene, respectively (Figures 3A and S7B). The
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interaction between the chiral probe and the oligomer leads to oxidation of the an-
alyte on the film surface, producing well-defined potentiodynamic signals. A similar
affinity pattern as with doxorubicin was observed, i.e., the R-oligomer film inhibits
the oxidation of the S-probe of limonene and carvone. Moreover, in the case of car-
vone, the specular experiment was also performed by depositing on the electrode
surface the S-oligomer film that inhibits the R-probe (Figure S7B).

After this set of experiments, wireless enantioselective loading and pumping were
evaluated for both chiral molecules. Once again, the antipodes of each probe
were dissolved in BMIMTFSI before the electromechanical measurements. However,
since these molecules are colorless, two uncharged dyes were added to the
mixtures, PY 1 yellow (2-[(4-methyl-2-nitrophenyl)diazenyl]-3-oxo-N-phenylbutana-
mide) for limonene and Pg8 green (nitroso iron complex) for carvone, respectively.
In this set of experiments, the loading/pumping effect of a 1 cm modified BPE
with a constant electric field (1.4 V/cm for both limonene and carvone) in the pres-
ence of each chiral probe was evaluated. Such a low electric field value allows the
electromechanical unidirectional flow of liquid, avoiding the oxidation of the chiral
analyte inside the soft tube. In addition, under these conditions, the used colorants
do not exhibit any electroosmotic impact on the pumping mechanism since electric
fields above 3.2 V/cm are required to release the ionic liquid loaded with the corre-
sponding colorant (Video S9) from the tube. Using the oligo-(S) modified tube,
(S)-(+)-carvone is loaded, caused by the favorable diastereomeric interactions (Fig-
ure 3B, top; Video S10A), whereas the (R)-(—)-carvone is pumped from the cathodic
to the anodic extremity of the tubular object (Figure 3B, bottom; Video S10B). The
specular loading/pumping effect was obtained when using the oligo-(R)-modified
BE, for which the (S)-(+)-carvone was pumped and the (R)-(—)-carvone was loaded
(Figure S8; Videos S10C and S10D). Finally, the same behavior as in the case of
doxorubicin was observed for limonene. When using the oligo-(S)-modified tube,
only (S)-limonene gets loaded (Figure 3C top; Video S11, front and side views),
whereas the (R)-limonene is pumped along the tube (Figure 3C bottom; Video S12).

Wireless enantioselective separation of racemic solutions

After studying the enantioselective properties of the modified polypyrrole tubes, we
decided to explore the separation capability of these devices. Since the diastereo-
meric interactions (favorable or unfavorable) between the inherently chiral oligomers
and the chiral probes allow to selectively retain or release a given antipode, it is
possible to assume that by injecting directly a racemate of the chiral analytes, the
electromechanical pump can mimic the enantioseparation capabilities of a commer-
cial chromatographic column. In order to corroborate this hypothesis, the enantio-
separation of the racemate of carvone was carried out by using an oligo-(R)-modified
Ppy tube. In this case, the racemic probe was used as such (without further addition
of any dye, ionic liquid, or paraffin). Chiral HPLC was used to evaluate the composi-
tion of the fractions released from the electromechanical chiral pump. Under a con-
stant electric field (1.4 V/cm), four fractions were collected at different times (4 s, 15
s, 20 min, and 25 min). As can be seen by the chromatograms, the first two released
fractions are enriched with the unfavored enantiomer (the (S)-carvone) (Figure 4A).
On the contrary, for the last two fractions, the highest chromatographic peak corre-
sponds to the (R)-antipode, which is retained inside the tubular device for almost 20/
25 min (Figure 4A). The enantiomeric excess (ee) values for the first and second frac-
tions are 98% for (S)-carvone and 2% for (R)-carvone, whereas for the third and fourth
fractions, the ee is 3% for the (S)-enantiomer and 96% for the (R)-enantiomer. This is
in good agreement with the potentiodynamic and electromechanical
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Figure 4. Enantioselective separations of racemic mixtures

(A) Chromatograms of four individual fractions obtained during the electropumping of carvone
racemate with a (R)-Ppy tube (global time of the experiment 25 min).

(B) Chromatograms of four individual fractions obtained during the electropumping of N,N-
dimethyl-1-ferrocenyl-ethylamine racemate with a (R)-Ppy tube (global time of the experiment
25 min). The gray chromatograms represent the direct HPLC analysis of the racemic probes before
injection into the modified Ppy tube.

enantioselective recognition measurements, since, as stated above, the oligo-(R)-
device exhibits a favorable diastereomeric interaction with (R)-carvone.

Finally, to demonstrate the robustness of the enantioselective separation related to
the designed soft pumps, the analysis of the racemate of N,N-dimethyl-1-ferrocenyl-
ethylamine was carried out. In fact, this modified chiral ferrocene presents a
completely uncorrelated chemical structure with carvone, limonene, or doxorubicin.
Once again, under a constant electric field (1.4 V/cm), four fractions were collected
and analyzed by chiral HPLC. The chromatograms of the first two released fractions
exhibit mainly a peak corresponding to the (S)-antipode, whereas the last two frac-
tions present only the chromatographic peak corresponding to the (R)-enantiomer
(Figure 4B). Previous potentiodynamic experiments’ have demonstrated that the
(R)-oligomer preferentially oxidizes the (R)-ferrocenyl probe (and vice versa). Thus,
from the sequence shown in Figure 4B, it is evident that the racemate, injected in
the modified (R)-Ppy tube, is well separated into the two enantiomers. These results
clearly demonstrate that the here-presented chiral soft pumps work efficiently, even
in the presence of analytes with uncorrelated chemical structures (with high or low
steric hindrance) or different chemical characters (aromatic or non-aromatic).

DISCUSSION

In previous work, BPE has been presented as a powerful tool to induce a pumping
effect via the electromechanical properties of conducting polymers.*” Such a system
has the main advantage of allowing the wireless induction of the pumping effect
without the need for further physical connections that commonly induce rigidity in
the system. With the approach described herein, we have introduced additional
functionality to wireless electropumping, i.e., enantioselectivity via the internal
functionalization of the polypyrrole tubes with inherently chiral oligomers. The
outstanding enantiorecognition mechanism that characterizes these oligomers al-
lows them to selectively recognize just one of the antipodes of a chiral analyte at a
given applied electric field. The synergy between these two main ingredients, the

Chem 10, 660-674, February 8, 2024 669



¢? CellPress

OPEN ACCESS

electromechanical properties of polypyrrole and the enantiorecognition features of
inherent chiral oligomers, leads to two main and so far unexplored effects, namely
the enantioselective loading and pumping of chiral analytes. Thus, the inherently
chiral soft tubes can load the preferred enantiomer for several minutes and release
the other stereoisomer after only a few seconds, depending on the diastereomeric
interactions between the oligomers and the analytes. Furthermore, these systems
can separate racemic probes into the corresponding antipodes, the latter being ob-
tained with high enantiomeric purity. This concept is generic for electroactive chiral
probes since it works equally well for several analytes with complex chemical com-
positions. In addition, the efficient control of simple experimental parameters,
such as the length of the BPE and the distance between the feeder electrodes, allows
for optimizing the loading/pumping efficiency. The devices can be recovered and
reused multiple times by washing their internal surface, since after the measure-
ments, almost no analyte remains inside the hollow tube. Furthermore, due to the
low polarization potential applied along the object, the overoxidation of the film
can be ruled out; thus, the initial charged state of the Ppy device can be recovered
by simply inverting the polarity of the applied electric field. Although the here-pre-
sented findings are the result of a first set of proof-of-concept experiments, they
allow imagining that by fine-tuning the physical properties of the polymer tubes,
i.e., inner and outer diameters, thickness, shape, and length, it should be possible
to modulate their behavior to adapt them to more complex applications, such as
macro-, micro-, and nano-devices for slow release functionalities implemented in
drug delivery systems. Furthermore, the viscosity of the medium in which the analy-
tes are dissolved guarantees the formation of a well-defined drop that can be
considered a microenvironment in which reactions can take place. In particular, by
fine-tuning the applied electric field, it is possible that certain types of molecules
(easily oxidizable such as doxorubicin), when retained inside the tube, can also be
transformed to a certain extent. For this reason, in future experiments, we are plan-
ning to perform the enantioselective conversion of a prochiral precursor into its chi-
ral form in a drop of a viscous medium, which is swallowed by the chiral tube. In this
case, the drop would act like a microreactor, containing the chiral species generated
in situ inside the object. As a matter of fact, enantioselective approaches are highly
desirable in cargo-towing systems to load and unload selectively active chiral mole-
cules. The difference in retention time between the antipodes of a chiral molecule
inside the tube also allows for envisioning the applicability of these devices as mini-
aturized enantioselective columns for chiral separation. In fact, our device presents
multiple advantages in comparison to conventional chiral HPLC, such as the low cost
of the equipment and fast separation times, in synergy with its wireless nature and
the relatively straightforward tunability of the redox reactions occurring at each ex-
tremity of the device.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Serena Arnaboldi (serena.arnaboldi@unimi.it).

Materials availability
All materials generated in this study are available from the lead contact without

restriction.

Data and code availability
This study did not generate any datasets.
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Potentiodynamic measurements of doxorubicin, carvone, and limonene on
glassy carbon (GC) electrodes

The three chiral probes were electrochemically characterized by cyclic voltammetry by
using a classic three-electrode electrochemical cell (3 cm?® of solution) coupled with GC
(Metrohm, A = 0.033 cmz), platinum (Pt) wire, and silver/silver chloride (Ag/AgCl) as
working (WE), counter (CE), and reference (RE) electrodes, respectively. The three chiral
probes in the 1-2 mM concentration range were dissolved in commercial pH 4 buffer
solution (Fluka, prepared with citric acid, NaOH, and NaCl), with the addition of
100 pL of ethanol (EtOH) in the case of both carvone and limonene in order to increase
their solubility. The enantioselectivity tests were carried out by using the same experi-
mental conditions, but using a GC electrode modified with oligo-(S)- or oligo-(R)-BT,T4
films. Enantiopure oligo-(S)- or oligo-(R)-BT ;T4 films were obtained performing 36 po-
tential cycles at a 200 mV/s scan rate, starting from the corresponding enantiopure
monomers (0.75 mM fixed concentration) in acetonitrile (ACN) + lithium perchlorate
(LiCIO4) 0.1 M as the supporting electrolyte. The cell was constituted by GC as the
WE, a Pt wire and an Ag/AgCl as CE and RE, respectively.

Synthesis of the enantioselective soft tubes

The soft tubular devices were designed by following a two-step approach. First, the
potentiodynamic electropolymerization of the corresponding oligo-BT,T4 (0.75 mM
in ACN, 36 cycles, v = 200 mV/s) on the surface of a gold wire (Au, d = 0.3 mm) was
carried out in a classic three-electrode electrochemical cell, using a Pt wire and an
Ag/AgCl as CE and RE, respectively. After the electrooligomerization, the gold
wire covered by the enantiopure inherently chiral film was washed with ACN to re-
move monomer residuals, dried, and used as support for the polypyrrole (Ppy) elec-
trodeposition. The galvanostatic electropolymerization of pyrrole (400 pA for 3,600
s) was performed in a 0.2 M monomer 0.25 M sodium dodecilbenzensulfonate (DBS)
aqueous solution. Afterward, the tube, constituted of polypyrrole + oligo-(S)- or
oligo-(R)-BT,T,4, was mechanically removed from the gold wire (used as the tem-
plate) after dipping it in acetone for 15 min.

Microscope and SEM images
Microscope images were recorded with a digital Leica DVM6 model. SEM observa-
tions were performed with a Tescan Vega model.

Wireless achiral loading/pumping experiments

For the wireless achiral loading/pumping experiments, enantiopure soft tubes
based on polypyrrole modified at the inner part with oligo-(5)-BT,T4 were fixed in
the middle of a classic bipolar cell on an inert support. Two graphite feeder elec-
trodes were positioned at the extremities of the cell (5 cm apart). The electrolyte so-
lution was a pH 4 buffer + 0.2 M LiClO, as supporting electrolyte to provide a suffi-
cient amount of ions for the electromechanical charge compensation mechanism of
polypyrrole. In order to visualize the loading/pumping effect, a drop of achiral com-
mercial ionic liquid BMIMTFSI (CAS: 174899-83-3; Aldrich 98%) and drops of (1) pris-
tine BMIMTFSI, or with the addition of (2) PY1 and with (3) Pg8, nitroso iron complex,
were approached to one of the holes of the inherently chiral soft pump. All the mea-
surements were carried out in a constant electric field. Experiments were monitored
by using a charge-coupled device (CCD) camera (CANON EOS R7, Objective Canon
Macro Lens 100 mm 1:2.8). Images were processed with ImageJ software.

Wireless enantioselective loading/pumping experiments
For the wireless enantioselective loading/pumping experiments, enantiopure
soft tubes based on polypyrrole modified at the inner part with oligo-(S)- or
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oligo-(R)-BT,T4 were fixed at the middle of a classic bipolar cell on an inert sup-
port. Two graphite feeder electrodes were positioned at the extremities of the
cell (5 cm apart). The electrolyte solution was a pH 4 buffer + 0.2 M LiClO, as sup-
porting electrolyte to provide a sufficient amount of ions for the electromechanical
charge compensation mechanism of polypyrrole. The chiral probes (2 mM) were
dissolved (1) in an achiral commercial ionic liquid BMIMTFSI (CAS: 174899-83-3;
Aldrich 98%) and (2) in a commercial chlorinated paraffin (CAS: 85422-92-0), which
are not soluble in water. For limonene and carvone (colorless liquid), a dye was
added to the mixture (PY1 and Pg8, sodium;iron(2+);1-nitrosonaphthalen-2-olate,
respectively). However, no dye was added in the case of doxorubicin which shows
a natural red color. In order to visualize the loading/pumping effect, a drop of a
few microliters of the corresponding chiral mixture was approached to one of
the holes of the inherently chiral soft pump. All the measurements were carried
out with a constant electric field. Experiments were monitored by using a CCD
camera (CANON EOS R7, Objective Canon Macro Lens 100 mm 1:2.8). Images
were processed with ImageJ software.

Wireless enantioseparation experiments

For the wireless enantioseparation experiments, enantiopure soft tubes based on
polypyrrole, modified at the inner part with oligo-(R)-BT,T4 were fixed in the middle
of a classic bipolar cell on an inert support. Two graphite feeder electrodes were
positioned at the extremities of the cell (5 cm apart), containing a pH 4 buffer +
0.2 M LiClOy solution acting as supporting electrolyte. All the measurements were
carried out at a constant electric field of 1.4 V/cm. The racemates of carvone
(CAS: 1335436-22-0) and N,N-dimethyl-1-ferrocenyl-ethylamine (50:50 prepared
from (S)- enantiomer CAS: 31886-57-4 and (R)-enantiomer CAS: 19342-01-9) were
used as such without further addition of solvents and/or dyes. In two separate exper-
iments, a drop of a few microliters of each racemic probe was approached to the
negatively charged side of the inherently chiral soft pump. All the released fractions
were collected from the anodic end using a microsyringe and the products were ex-
tracted using heptane (3 mL).

Chiral HPLC analysis was carried out with a HPLC equipment (Agilent 1260 Infinity
1) coupled with a Daicel CHIRALPAK IG-3 column in isocratic reverse phase condi-
tions. The HPLC analysis of carvone racemate was performed by injecting 1 pL of
each heptane solution in the chiral column with ACN/H,O 50:50 as eluent and a
1 mL/min flow. The photodiode array (PDA) detector was operating at a wave-
length of 236 nm. The HPLC analysis of N,N-dimethyl-1-ferrocenyl-ethylamine
racemate was carried out by injecting 50 pL of each heptane solution in the chiral
column with Hexane/Ethanol/Dichloromethane 99:1:0.1 as the eluent and with a
1 mL/min flow. The PDA detector was tuned to a wavelength of 420 nm. In all
cases, both the racemic mixture and each enantiomer were also tested separately
under the same conditions in order to compare the enantioseparation results with
the starting material and to correctly assign the chromatographic peaks to the cor-
responding enantiomer.

The ee of the fractions was calculated by using the following equation:
[(R)E—(S)E]
[(R)E+(S)E]

where (R)E and (S)E are the integrated HPLC peak areas of (R)- and (S)-enantiomers of
the analyte under study.

Enantiomeric excess(ee) = x 100
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