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A B S T R A C T

Developing cost-effective electrode materials with high performance for enantioselective recognition is rapidly 
gaining attention. In this work, we harness the unique physicochemical properties of halloysite nanotubes 
(HNTs) as innovative electrode platforms for chiral discrimination. We functionalized HNTs with an enantiopure 
oligomer based on thiophene units via chemical oligomerization using FeCl3 as an oxidizing agent. The successful 
functionalization of the HNTs with the oligomer was further confirmed by both solid state 13C NMR and zeta 
potential studies (from − 20.0 ± 1.5 mV to − 12.4 ± 3.0 mV after modification). The resulting composite ma
terials (oligo-(S)- and oligo-(R)- modified HNTs) demonstrated remarkable enantioselective recognition capa
bilities in terms of peak potential values (560–650 mV) when testing the enantiomers of DOPA, a chiral drug of 
pharmaceutical interest. These findings highlight the potential of HNT-based modified electrodes as a novel class 
of chiral electrochemical sensors, paving the way for advanced applications in enantioselective analysis.

1. Introduction

Highly efficient enantioselective recognition of chiral molecules is 
fundamental in multiple research fields [1,2]. For example, in the 
pharmaceutical industry, most active substances are chiral; in partic
ular, only one of the enantiomers is of medical importance [3]. As is well 
known, the antipodes of a chiral analyte are non-superimposable mirror 
image molecules that exhibit significant differences in chemical and 
biological activity. Developing enantioselective analytical methods is 
paramount since both enantiomers present similar physicochemical 
properties. Different and sophisticated analytical methods have been 
developed, from chiral chromatography [4,5] to enantioselective nu
clear magnetic resonance spectroscopy [6], eventhough, most of these 
require expensive instrumentation and rather time-consuming manip
ulation. In this context, electrochemical methods have gained consid
erable attention due to their simplicity, high sensitivity, and low cost 
[7–9]. Since enantiorecognition occurs exclusively in a chiral environ
ment and electrochemistry is an interfacial process, asymmetrically 

modified surfaces are required. Different and complex chemically 
modified electrodes have been studied, from molecularly imprinted 
metals to cyclodextrins and chiral metal-organic frameworks [10–15]. 
Nevertheless, the enantiodiscrimination is based on a difference in 
current intensity between the signals of the two antipodes of a chiral 
probe, which limits the use of these modified electrodes for the in-situ 
analysis of enantiomeric mixtures.

In recent years, inherently chiral oligomers, such as the 2,2′-bis(2,2′- 
bithiophene-5-yl)-3,3′-bibenzothiophene (BT2T4) have been studied, 
exhibiting excellent high electroactivity and outstanding enantiose
lectivity [16–19], in terms of thermodynamic differences between the 
antipodes of a chiral probe. In this type of π-conjugated polymers, where 
the stereogenic and electroactive elements coincide within the poly
meric backbone, enantiorecognition occurs due to the induction of 
diastereomeric interactions between the oligomeric layer and the en
antiomers of an electroactive analyte. Building upon previous successes 
in enantioselective recognition, we aim to further enhance the perfor
mance of chiral electrodes. Our prior work demonstrated the effective 
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discrimination of enantiomers using oligo-(R)- and oligo-(S)-BT2T4 
modified electrodes, particularly for probes related to the tyrosin bio
logical catecholamine pathway [19]. To amplify these enantior
ecognition capabilities, we now turn our attention to high surface area 
substrates. By depositing the oligomeric materials on such substrates, we 
can create a sophisticated chiral environment that mimics bulk enan
tiorecognition, potentially leading to even greater selectivity and effi
ciency. This approach holds promise for advancing the field of chiral 
electrochemistry and enabling new applications in enantioselective 
analysis and separation.

In this context, halloysite nanotubes (HNTs), a cost-effective mineral 
clay of the kaolin group, with a hollow tubular structure composed of 
aluminosilicate layers with external tetrahedral silica (Si–O–Si) and in
ternal octahedral alumina (Al–OH) sheets, is presented as a promising 
high surface area substrate. The length of these nanotubes is in the 
micrometer range, with an outer and inner diameter between 50 and 
100 nm and 10–60 nm, respectively. HNTs have attracted considerable 
attention due to their unique chemical and physical properties, such as 
good biocompatibility, opposite charge structure between the inner and 
outer surface, low cost, surface reactivity, hollow cavities, easy 
dispensability, and high chemical stability [20–22]. These excellent 
properties enable the use of HNTs in different applications, such as drug 
delivery [23], CO2 adsorption [24], environmental remediation [25], 
and energy storage [26].

In this work, the negative outer surface of HNTs was modified with 
the enantiomers of BT2T4 oligomers, acting as chiral environment, to 
electrochemically recognize the antipodes of 3,4-dihydroxyphenylala
nine (DOPA). A thermodynamic peak-to-peak separation between the 

voltammetric signals of the DOPA enantiomers was achieved due to the 
formation of matching and mismatching configurations between the 
inherently chiral oligomer and the antipode of the chiral analyte. This 
study opens the way to design a novel type of advanced high surface area 
materials in bulk enantioselective processes for future applications in 
enantioseparation [27,28], asymmetric synthesis [29–31], or 
electroanalysis.

2. Experimental sections

2.1. Materials and reagents

Halloysite nanotubes (HNTs), 1-butyl-3-methylimidazolium bis(tri
fluoromethylsulfonyl)imide (BMIM/TFSI), and D-, L-3,4-dihydrox
yphenylalanine (D-, L-DOPA) were purchased from Sigma-Aldrich while 
ferric chloride hexahydrate (FeCl3.6H2O) from Carlo Erba Reagents. 
Analytical grade of acetonitrile (ACN) was purchased from Honeywell 
Riedel-de-Haën™. All chemicals and solvents were used without further 
purification. Enantiopure inherently chiral monomers, (S)- or (R)-2,2′- 
bis[2-(5,2′-bithienyl)]3,3′-bithianaphthene ((S)-BT2T4 or (R)-BT2T4) 
were synthesized and separated through chiral HPLC in our laboratory 
following a published methodology [32].

2.2. Chemical oligomerization of enantiopure BT2T4 on HNTs (named 
oligo-(S)-BT2T4@HNTs or oligo-(R)-BT2T4@HNTs)

The oligo-(S)- and oligo-(R)-BT2T4@HNTs materials were prepared 
via chemical oligomerization (Fig. 1-a). Briefly, 30 mg of HNTs was 

Fig. 1. Schematic illustration of (a) chemical oligomerization of BT2T4, (b) preparation of modified HNTs, and (c) steps for preparing the enantioselective elec
trode surface.
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dispersed in 30 mL of ACN. Afterward the solution was kept under 
sonication for 15 min and then stirred at room temperature for 15 min to 
produce a homogenous dispersion. Then, 0.085 mM of enantiopure 
BT2T4 was mixed with the HNTs solution under continuous stirring for 1 
h at room temperature to better incorporate the inherently chiral 
monomer onto the surface of HNTs. 0.013 M of FeCl3, acting as an 
oxidant, was rapidly added to the mixture solution under constant 
stirring allowing reaction running for 24 h, at room temperature (Fig. 1- 
b). After 24 h, the obtained materials were then collected and washed 
five times with ACN via centrifugation (6000 rpm for 10 min, 
Centrifuge-4226). The sample was then dried in an oven at 40 ◦C for 1 h 
to remove the excess solvent. The kinetic of BT2T4 oligomerization on 
HNTs was followed via ultraviolet and visible (UV–vis) spectroscopy 
with a UV-1800 spectrophotometer (SHIMADZU). 500 μL samples at 
different oligomerization times were transferred into a quartz cuvette 
and diluted with 500 μL of ACN. The UV–vis spectra of the solution were 
then measured in a wavelength range from 250 nm to 1100 nm.

2.3. Characterizations

The pristine HNTs and the obtained oligo-(S)- and oligo-(R)- 
BT2T4@HNTs samples were analyzed by different physicochemical 
methods. Fourier transform infrared (FTIR) measurements were per
formed with a Jasco spectrometer (FT/IR-4600) in a wavenumber range 
of 500–4000 cm− 1 and 500 scans to confirm the nature of the deposited 
materials. Thermal gravimetric analysis (TGA) was carried out by using 
TGA-8000 (PerkinElmer) from 30 to 800 ◦C under nitrogen flow (20 mL/ 
min) with a heating rate of 10 ◦C/min. The size and morphology of the 
corresponding materials were characterized utilizing field emission 
scanning and transmission electron microscopy (FE-SEM and FE-TEM) 
on JEOL JSM-7600F and JEOL JEM-3100F at 1 and 300 kV, respec
tively. For TEM analysis, samples were dispersed in ethanol before 
transferring onto a copper grid. 13C solid-state NMR spectra were ob
tained on a JEOL ECA400 spectrometer at 400 MHz (spinning rate, 15 
kHz) using a cross-polarization sequence with a 5 ms contact time and a 
5 s relaxation delay; the chemical shifts were referenced to TMS, 
kaolinite and H3PO4, respectively. Zeta potential of bare HNTs and 
HNTs modified with oligo-Rac-BT2T4 were measured with a Zetasizer 
Nano series (Malvern Instruments).

2.4. Enantiorecognition tests

The potentiodynamic characterization of the chiral probes was car
ried out with an AUTOLAB potentiostat-galvanostat PGSTAT101 (Met
rohm Lab Instruments) connected to a personal computer. A plastic 
screen-printed three-electrode system (SPE), composed of graphite, sil
ver, and platinum, acting as working, pseudo reference, and counter 
electrodes was used, respectively. The analysis solution was formed by 
mixing 0.6 mg of modified HNTs and 200 μL of BMIM/TFSI ionic liquid 
containing 6 mM of D-DOPA or L-DOPA as chiral analytes. The same 
procedure was used to evaluate the linear dynamic range (from 1 mM to 
8 mM). The samples were then placed under sonication for at least 2 h to 
obtain homogenous dispersion. After that, 0.5 μL of the mixture solution 
was drop-casted on the surface of the SPE (see Fig. 1-c). The voltam
mograms were recorded in a potential range from 0 to 1.8 V vs. Ag◦ at a 
potential scan rate of 50 mV/s. In addition, the reproducibility and 
stability of the modified electrodes were verified by carrying out all the 
experiments three times.

2.5. Encapsulation efficiency and drug loading determinations

The encapsulation efficiency (EE) and drug loading (DL) of DOPA 
into the oligo-(R)-BT2T4@HNTs were determined using both an indirect 
and a direct method.

Indirect Method: A known amount of the DOPA-loaded HNTs was 
dispersed in buffer solution pH 4. The suspension was then subjected to 

centrifugation to separate the HNTs from the solution containing the 
free DOPA. The concentration of free DOPA in the supernatant was 
quantified using UV–vis spectroscopy. A calibration curve was prepared 
using known concentrations of DOPA in the same solvent. The absor
bance of the supernatant was measured at the appropriate wavelength, 
and the concentration of free DOPA was determined from the calibration 
curve.

Direct Method: A known amount of the DOPA-loaded HNTs was 
smashed and added to a buffer pH 4 solution to completely allow the 
release of the encapsulated DOPA. The total amount of DOPA in the 
solution was quantified using UV–vis spectroscopy, following the same 
procedure and calibration curve as described for the indirect method.

The encapsulation efficiency (EE) and drug loading (DL) were 
calculated using the following equations: 

EE (%)=(Amount of DOPA measured after smashing and dissolution) /
(Total amount of DOPA initially added) * 100 

DL (%)=(Amount of DOPA measured after smashing and dissolution) /
(Total weight of HNTs with DOPA) * 100 

All measurements were performed in triplicate for both methods, and 
the results were averaged.

2.6. Enantioselective release study of D- and L-DOPA from oligomer- 
modified HNTs

A known amount of D-DOPA-loaded or L-DOPA-loaded HNTs was 
suspended in 5 mL of the release medium (buffer pH 4) and placed inside 
a dialysis bag. The dialysis bag had a molecular weight cutoff (MWCO) 
of 3.5 kDa, which allows the passage of DOPA while retaining the HNTs. 
The dialysis bag was then immersed in a larger volume of the release 
medium in a cell under constant stirring. At predetermined time in
tervals (0.5, 1, 2, 4, 8, 12, 24, 48 h), 1 mL of the release medium was 
withdrawn from the receiving compartment. The withdrawn volume 
was immediately replaced with an equal volume of fresh release medium 
to maintain a constant volume. The concentration of D-DOPA and L- 
DOPA in the collected samples was determined using HPLC. The samples 
were injected into a C18, 4.6 × 150 mm, 5 μm particle size, using a 
mobile phase consisting of 20 mM phosphate buffer, pH 2.5–3.0, with 
0.1 % acetic acid and methanol (90:10) at a flow rate of 1.0 mL/min. The 
detection wavelength was set at 280 nm. Calibration curves for D-DOPA 
and L-DOPA were prepared using standard solutions of known concen
trations in the release medium. The concentrations of D-DOPA and L- 
DOPA in the samples were determined by comparing the peak areas to 
the respective calibration curves. The cumulative amount of D-DOPA 
and L-DOPA released at each time point was calculated and expressed as 
a percentage of the total drug loaded, using the following equation: 

Cumulative Release (%)= (Amount of DOPA released at time t /

Total amount of DOPA loaded) * 100 

Release profiles (cumulative release vs. time) were plotted for D- 
DOPA and L-DOPA from both oligo-(S)-BT2T4@HNTs and oligo-(R)- 
BT2T4@HNTs.

The initial burst release (defined as the release within the first 0.5 h) 
and the release rate (calculated from the slope of the linear portion of the 
release curve) were determined. The data was fitted to first-order release 
model to investigate the mechanism.

3. Results and discussion

Although the oligomerization is commonly performed through 
electrochemistry on the electrodic surfaces, this leads to the immobili
zation of the chiral selector at the electrochemical interface, which 
represents, in some applications, a technical limitation. Therefore, the 
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possible chemical oligomerization of the racemic mixture of BT2T4 
monomer onto the surface of HNTs was performed in the presence of a 
strong oxidant agent (FeCl3). Under these conditions, the well- 
established oligomerization mechanism of π-conjugated materials oc
curs (Fig. 1-a) [33,34]. Briefly, during the oxidation of BT2T4, the 
formed radical cations dimerize at the α-positions of the thiophene 
groups, which, after proton elimination, produce the neutral dimers. 
Due to the high thermodynamic driving force of the FeCl3, the subse
quent oxidation of the dimers takes place, which undergoes a series of 
coupling steps. Once enough oligomeric structures are formed, the 
nucleation and growth of short-chain polymeric structures are deposited 
via electrostatic interactions. Hence, it is possible to assume that the 
nucleation and growth of long-chain oligomeric structures can occur at 
the negatively charged outer surface of HNTs. To corroborate this hy
pothesis, we evaluate the kinetics of oligomerization of the racemic 
BT2T4 monomer in a HNTs/ACN suspension in the presence of FeCl3 
through UV–vis spectroscopy (Fig. 2). As can be seen, the bare HNTs 
suspension does not exhibit any evident absorption band in the wave
length range of work (Fig. 2a-black line). However, in the presence of 
the racemic monomer, a band around 400 nm appeared, which can be 
attributed to the π-π* electron transition (see Fig. 2a-blue line) of the 

BT2T4. Upon addition of FeCl3, multiple absorption bands in a range 
between 550 and 900 nm appear, indicating the rapid formation of the 
radical-cation (Fig. 2b-black line). In particular, the absorption bands 
between 600 and 900 nm are attributed to charged species associated 
with the conducting state of π-conjugated oligomeric films. As the 
oligomerization time increases, all the absorption bands combine to 
form more conjugated polaronic and bipolaronic states. The UV–vis 
spectra in Fig. 2b reveal a decrease in absorbance in the 600–800 nm 
region as the oligomerization of BT2T4 progresses over 24 h. This 
observation can be attributed to conformational changes in the growing 
oligomers. Initially, the shorter oligomers may adopt a more coiled or 
twisted conformation, limiting the extent of π-conjugation. However, as 
the oligomers grow longer, they can undergo a transition to a more 
planar conformation, extending the conjugation length and leading to a 
red shift in the absorption bands. This red shift is evidenced by the 
emergence of a new band at longer wavelengths (after 800 nm) as the 
reaction proceeds. The extended conjugation in the more planar 
conformation results in a decrease in the energy gap between electronic 
states, causing the absorption to shift towards lower energies and longer 
wavelengths. This phenomenon is consistent with the well-documented 
trend of red-shifting absorption bands with increasing conjugation 
length in various conjugated polymers [32]. Since during this type of 
oligomerization, the produced material is in its cationic state, the 
negatively charged outer surface of HNTs acts as a counter ion to keep 
the electroneutrality of the system. Hence, as stated above, the oligo
mers’ nucleation and growth may occur at the surface of the HNTs. To 
provide evidence of the chemical modification, we compared the IR 
spectrum of the bare HNTs and the oligo-Rac-BT2T4@HNTs composite 
(see Fig. S1 (a-c)). As it can be seen, the IR spectrum of the pristine HNTs 
present absorption bands at 3690 cm− 1 and 3627 cm− 1 attributed to the 
O–H groups in the inner and the outer surface of HNTs, respectively. In 
addition, a band at 1118 cm− 1 assigned to the Si–O stretching and 
multiple signals at 1076 cm− 1, 1037 cm− 1, 910 cm− 1, 647-683 cm− 1, 
and 529 cm− 1 characterized the vibration of Si–O–Si and O–Si, bending 
vibration of Al–OH, symmetrical vibrational stretching of Si–O and 
deformation of Al–O–Si groups, respectively [35–39]. After the chemical 
oligomerization of BT2T4 the main absorption bands of HNTs remain but 
some differences can be appreciated in the ranges between 3000 and 
3500 cm − 1 (Fig. S1 (b)) and 3000-1500 cm− 1 (Fig. S1 (c)), in particular 
a small broad band appears between 3050 and 3100 cm− 1 which is 
attributed to the region of such oligothiophene-based oligomers (Fig. S1 
(b))[40].

Solid-state NMR spectroscopy was employed to further confirm the 
successful modification of the HNTs. The 13C solid-state NMR spectra of 
the pristine HNTs and the modified HNTs are shown in Figure S1 (d-e). 
The pristine HNTs exhibits no signals in the 13C spectrum coherent with 
the fact that halloysites are mainly constituted of Si and O (Fig. S1 (d)). 
In contrast, the spectrum of the modified HNTs shows additional signals 
in the range of 120–150 ppm, which can be attributed to the aromatic 
carbons of unsaturated species decorating HNTs (Fig. S1 (e)). Such re
sults confirm the presence of the oligomer on the surface of the HNTs 
[41].

The outer layer modification was corroborated by comparing the 
surface morphology of the pristine HNTs and the oligo-(S) and oligo-(R)- 
BT2T4@HNTs composites (Fig. 3-left, Fig. 3-middle and Fig. 3-right). As 
expected, the SEM images of the bare HNTs show a relatively smooth 
surface with the typical nanotube structure (Fig. 3a-left panel), whereas, 
after chemical modification, the HNTs exhibit a rough granular surface 
characteristic for the deposit of the enantiomers of BT2T4 (Fig. 3b and 
3c-left panel). The low and high magnification TEM of the pristine HNTs 
show the characteristic hollow nanotube structure with a smooth surface 
(Fig. 3a-middle and right panels) and an outer diameter of 64.2 ± 28.4 
nm. Once again, after BT2T4 oligomerization, the TEM images present a 
rough granular surface indicating the deposit of the chiral oligomer at 
the HNTs surfaces (see Fig. 3b-3c-middle and right panels). Interest
ingly, a significant difference in the outer diameter of the oligo-(S)- 

Fig. 2. UV–vis spectra of (a) bare HNTs (black line) and HNTs with adsorbed 
racemic BT2T4 monomer (blue line) in acetonitrile solution before chemical 
oligomerization, and (b) UV–vis spectra showing the evolution of BT2T4 
chemical oligomerization in acetonitrile solution in the presence of HNTs at 
room temperature over 24 h (baseline corrected). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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BT2T4@HNTs (113.7 nm ± 41.6) and the oligo-(R)-BT2T4@HNTs 
(175.1 nm ± 102.4) has been observed, which could be attributed to 
several factors, such as variations in the oligomer conformation on the 
HNT surface, the influence of chirality on the oligomerization process, 
or inherent heterogeneity in the starting HNTs. While the exact reason 
for this difference requires further investigation, our preliminary results 
suggest that it does not significantly affect the enantioselectivity of the 
modified HNTs towards DOPA. Both types of HNTs exhibit comparable 
peak-to-peak separation in the CV curves, indicating similar enantior
ecognition capabilities.

TEM analysis reveals a helical-like chain growth orientation onto the 
surface of HNTs. This was corroborated by comparing the morphology of 
the oligo-BT2T4 in the absence of HNTs (Fig. S2), where a granular 
growth with no apparent well-defined structures was obtained. It is 
possible to assume that the inherent chiral oligomer’s handedness 
guides the growth’s orientation.

The composition and the thermal stability of the HNTs composite 
materials were evaluated via thermogravimetric analysis (TGA) (see 
Fig. S3). The weight and related derivative curves of bare HNTs, oligo- 
(S)- and oligo-(R)-BT2T4@HNTs exhibit a first weight loss below 100 ◦C 
and at 170 ◦C corresponding to the desorption of water at the outer and 
inner layers of the HNTs. The significant weight loss peak observed at 
~515 ◦C is associated with the dehydroxylation of structural aluminol 
groups of HNTs [36]; nonetheless, a slight degradation of the HNTs 
structure can take place between 400 and 600 ◦C. However, the residual 

pristine HNTs sample (83.4 %) is higher than the one of the oli
go-(S)-BT2T4@HNTs (80.0 %) and oligo-(R)-BT2T4@HNTs (81.1 %), 
which is attributed to the decomposition of the enantiopure oligomers 
(~1.5 %). In addition, zeta potential and size distribution of the HNTs 
sample before and after modification with oligo-BT2T4 were investi
gated, as shown in Fig. S4. The hydrodynamic average size increased 
from 282 ± 116 nm to 2125 ± 549 nm. These results are coherent with 
the zeta potential values. Pristine HNT has a negative zeta potential of 
− 20.0 ± 1.5 mV and, after modification of − 12.4 ± 3.0 mV, confirming 
the halloysite functionalization. pH measured by maintaining constant 
the ionic strength of the medium resulted in 7.9 for bare halloysites and 
4.2 for the ones modified with the oligomer; the negative zeta potential 
of the unmodified HNTs indicates that the surface carries a negative 
charge. This is typical for halloysite, which has a structure that often 
leads to a net negative charge in aqueous solutions. This negative charge 
is usually attributed to the presence of hydroxyl groups (OH− ) on the 
surface. After modification with oligo-BT2T4, the zeta potential becomes 
less negative. This suggests that the modification process neutralizes 
some of the HNT surface’s negative charges. The oligo-BT2T4 likely in
teracts with the HNT surface, potentially through electrostatic in
teractions or other chemical bonding, and this interaction reduces the 
overall negative charge.

Following the characterization of the oligo-BT2T4-modified HNTs, 
their enantiorecognition capabilities were assessed potentiodynamically 
on graphite SPEs. This involved independent testing of 0.5 μL 

Fig. 3. SEM (left), low-magnification TEM (middle), and high-magnification TEM (right) images of the pristine HNTs and modified HNTs materials. (a) bare HNTs, 
(b) oligo-(S)-BT2T4@HNTs and oligo-(R)-BT2T4@HNTs
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composites in a BMIM/TFSI ionic liquid suspension containing 6 mM of 
either D- or L-DOPA, serving as model analytes (Fig. 4). Further exper
iments were conducted to evaluate the linear dynamic range by varying 
the D- and L-DOPA concentrations from 1 mM to 8 mM (Fig. S5).

As it can be seen, since the electroactive polymers are in suspension, 
the charge/discharge process of the oligomers is rather neglectable for 
both enantiomers oligo-(S)- and oligo-(R)-BT2T4@HNTs (Fig. S6). 
However, in the presence of DOPA antipodes, the voltammetric response 
changes due to the possible formation of diastereomeric interactions 
between the probes and the enantiopure composites. When using the 
oligo-(S)-BT2T4@HNTs electrode, the oxidation of D-DOPA appears at 
lower anodic potential values (around 1.13 V vs. Ag◦) whereas for the L- 
DOPA a shift toward higher anodic potentials (1.76 V vs. Ag◦) was ob
tained (Fig. 4a). The significant peak-to-peak separation (approximately 
600 mV) observed in the cyclic voltammograms demonstrates the 
preferential interaction of the oligo-(S)-BT2T4@HNTs composite with D- 
DOPA. This selectivity arises from a matching diastereomeric interac
tion between the (S)-oligomer and the D-chiral probe, as corroborated 
by the reproducibility test (Fig. S7). Similarly, the composite with the 
opposite (R) configuration exhibits a comparable peak-to-peak separa
tion, favorably oxidizing L-DOPA (1.13 V vs. Ag

◦

). These results confirm 
that the modified oligo-(S)- and oligo-(R)-BT2T4@HNTs composites can 
selectively enhance or inhibit the oxidation of DOPA enantiomers, 
respectively. The use of HNTs as a support for the chiral selector effec
tively mimics an asymmetric environment, enabling bulk-type recogni
tion and amplifying the enantioselectivity. LOD (3.3 mM) and sensitivity 
(0.098 mA/mM) calculations have shown that the HNT-based modified 
electrodes exhibit a good sensitivity for DOPA detection, although they 
may not be the most sensitive among the reported methods. The higher 
sensitivity compared to some other electrodes could be attributed to the 
unique properties of HNTs, such as their high surface area and ability to 
enhance the electrochemical signal. However, the LOD of the HNTs- 
based modified electrode is significantly higher than the LODs re
ported for most other electrochemical methods for DOPA detection [19,
42–48]. This suggests that the sensitivity of the method might need 
improvement to be comparable to other approaches. The relatively high 
LOD of the method could be attributed to several factors, such as the 
high background current from the HNTs, the low concentration of the 
chiral selector on the electrode surface, or the use of cyclic voltammetry, 
which is generally less sensitive than other techniques like differential 
pulse or square wave voltammetry. Table S1 compares different mate
rials for the enantioselective discrimination of DOPA, showing that ap
proaches based on potential differences generally exhibit greater 
discrimination than those based on current intensity. This difference in 
performance may reflect the thermodynamics of the interactions be
tween the chiral selector and the probe enantiomers. Potential-based 
methods, like the HNT system in this work, demonstrate larger 

peak-to-peak separations, indicating superior enantioselectivity. Such 
modified HNTs achieve differentiation of about 600 mV, significantly 
higher than other methods already explored in literature, highlighting 
their efficient enantiorecognition [19,42–45]. Conversely, approaches 
based on current intensity differences, such as those using gold nano 
dendrites, M/P-SWCNTs, and cyclodextrin functionalized graphene de
rivatives, typically show a relative enantioselection between probe en
antiomers (calculated as the ratio between current values of D- and 
L-analytes) [46–48]. As a matter of fact, current intensity-based methods 
do not allow for determining enantiomeric excess.

To complement the electrochemical characterization and provide a 
more comprehensive understanding of the system’s behavior, the 
encapsulation efficiency (EE) and drug loading (DL) of DOPA into the 
HNTs were also determined (Fig. S8 (A)). The encapsulation efficiency 
was found to be 96 %, and the drug loading was 36 %. These values 
suggest that HNTs can effectively load DOPA, which is consistent with 
their reported potential as drug carriers. However, it is important to 
emphasize that the primary focus of this study is the demonstration of 
enantioselective recognition using HNT-based electrodes. The signifi
cant peak-to-peak separation observed in the voltammetric signals 
(Fig. 4) provides direct evidence of the system’s ability to discriminate 
between D- and L-DOPA, highlighting its enantioselective recognition 
capabilities. While the high EE and DL values support the potential of 
HNTs for drug delivery, they are presented here to provide additional 
context and are secondary to the main objective of demonstrating and 
understanding the fundamental process of chiral discrimination at the 
electrode surface.

To further explore the potential of this system for controlled drug 
release, we investigated the release profiles of D- and L-DOPA from the 
HNTs. Based on a first-order release model, we have observed a differ
ential release of the enantiomers, with D-DOPA exhibiting a faster 
release rate (k = 0.15 h− 1) compared to L-DOPA (k = 0.05 h− 1). This 
enantioselective release, illustrated in Fig. S8 (B), suggests that the 
chiral environment provided by the oligomer-modified HNTs could be 
exploited to control the release of individual enantiomers. It is crucial to 
note that these release profiles require further experimental validation 
to confirm their accuracy [49,50].

3.1. Challenges and future perspectives

While this study demonstrates the promising potential of HNT-based 
modified electrodes for enantioselective recognition, there are still some 
challenges that warrant attention. The limit of detection (LOD) of the 
HNTs-based modified electrode, while showing good sensitivity for 
DOPA detection, is higher than the LODs reported for most other elec
trochemical methods. This suggests that further optimization is needed 
to enhance the sensitivity of the method. Additionally, future 

Fig. 4. CV curves of 6 mM D-DOPA (red line) or L-DOPA (green line) of (a) oligo-(S)-BT2T4@HNTs/GSPE and (b) oligo-(R)-BT2T4@HNTs/GSPE in BMIM/TFSI ionic 
liquid on SPEs at 0.05 V/s potential scan rate. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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investigations should include a thorough assessment of the long-term 
stability and reusability of the modified electrodes, which are critical 
parameters for practical applications. The selectivity of the electrodes in 
complex matrices, beyond the demonstrated enantioselectivity for 
DOPA, also requires further evaluation. To gain a deeper understanding, 
future studies should also focus on elucidating the precise mechanism of 
enantiorecognition at the molecular level, potentially employing mo
lecular modeling and simulation techniques.

Despite these challenges, the utilization of HNTs as a support for 
chiral selectors presents significant opportunities for the development of 
advanced enantioselective materials. Future research directions may 
include expanding the range of detectable chiral molecules to com
pounds of pharmaceutical, environmental, or industrial relevance, and 
developing HNT-based devices for enantioseparation. Furthermore, 
integrating HNT-based sensors into microfluidic systems could pave the 
way for miniaturized and automated enantioselective analysis. 
Exploring alternative surface modification strategies to optimize enan
tioselectivity and sensitivity is another promising avenue.

4. Conclusion

This study unveils a groundbreaking application of HNTs as a plat
form for bulk enantiorecognition. By chemically grafting inherently 
chiral oligomers onto the HNTs surface, we have created a novel elec
troactive substrate capable of bulk enantiorecognition. This innovative 
approach, confirmed through optical, spectroscopic, and thermal ana
lyses, paves the way for designing advanced materials with tunable 
enantioselective properties. Our findings demonstrate the remarkable 
potential of these modified HNTs for enantioselective discrimination, 
exemplified by the impressive peak-to-peak separation achieved with 
DOPA enantiomers as model analytes (about 600 mV). While the high 
encapsulation efficiency and drug loading observed for DOPA, along 
with enantioselective release profiles, suggest potential utility in chiral 
drug delivery systems, the key contribution of this work remains the 
successful development of an HNT-based platform for enantioselective 
recognition, as evidenced by the distinct voltammetric responses to D- 
and L-DOPA. This breakthrough opens exciting possibilities for diverse 
applications, including electroanalysis, enantioseparation, and asym
metric synthesis, promising to revolutionize how we approach chiral 
molecules in various fields.
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