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Herein, we report an ultrasensitive and highly selective analytical methods to detect 2,4-dichlorophenoxyacetic
acid (2,4-D) using an o-phenylenediamine based molecularly imprinted polymer (o-PD-MIP) sensor. Electro-
chemical Quartz Crystal Microbalance (EQCM) is used to investigate both the kinetics and the mass of the
electropolymerized o-phenylenediamine. Additionally, successful removal of the template from the imprinted
cavities is confirmed by comparing the XP spectra of imprinted and o-PD-MIPs after various template removal

procedures. The most effective method involves a 70:30 mixture of MeOH:H5O for 15 min under stirring. The o-
PD-MIP sensor exhibits high sensitivity with a LoD of (3 & 1) x 10~12 M, which is below the EU regulation limits
for drinking water by six orders of magnitude, a linear range between 10 and 100pM, and an excellent selectivity.
These results proved the effectiveness of template removal procedure by using a 70:30 MeOH:H20 mixture and
are a proof-of-concept for ultrasensitive and selective 2,4-D detection in real samples.

1. Introduction

The widespread deployment of herbicides, insecticides, and fungi-
cides in agricultural settings has increased the contamination of pivotal
environmental reservoirs (e.g., soil matrices, groundwater reservoirs,
and surface water bodies) [1-3]. Despite their role in increasing agri-
cultural productivity and preserving crop integrity, these chemical
agents frequently cause risks to both biotic and abiotic components of
ecosystems [4]. Among these chemical agents, 2,4-dichlorophenoxyace-
tic acid (2,4-D) stands out as a widely utilized herbicidal agent
renowned for its efficacy in eradicating broadleaf weed species across
diverse agricultural, silvicultural, and infrastructure management con-
texts [5,6]. Despite its effectiveness in weed control, 2,4-D has been
associated with numerous adverse health effects. Studies have linked its
exposure to carcinogenic activity, implicating it in the development of
cancer in humans [7]. Furthermore, 2,4-D has been identified as an
endocrine disruptor, capable of interfering with hormonal balance and
reproductive functions. Acute exposure to this herbicide has also been
shown to induce congestion and degenerative changes in the central

nervous system, raising concerns about its neurotoxic effects [8,9].
Given the potential risks associated with 2,4-D and other pesticide
residues, regulatory bodies such as the European Drinking Water Act
(EDWA) have established stringent guidelines to limit their presence in
drinking water [10]. These regulations set maximum allowable con-
centrations for individual pesticides and the combined total of pesti-
cides, underscoring the importance of monitoring, and controlling these
contaminants to ensure the safety of drinking water supplies [11].
Hence, there is a pressing need for robust monitoring systems and
analytical techniques capable of detecting and quantifying pesticide
residues, including 2,4-D, in various environmental matrices [12]. Such
monitoring efforts are essential for identifying potential sources of
contamination, assessing the extent of environmental pollution, and
implementing targeted remediation strategies to mitigate the adverse
effects of pesticide exposure on both human health and the environment
[13,14]. Currently, common methods for analyzing 2,4-D involve
techniques like high-performance liquid chromatography (HPLC) [15],
liquid chromatography-mass spectrometry (LC-MS) [16], gas chroma-
tography (GC) [17], and capillary electrophoresis (CE) [18]. However,
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Fig. 1. Schematic workflow for MIP (top) and NIP (bottom) electropolymerization. Cyclic voltammograms of the electropolymerization (imprinting) were reported
above (MIP) and below (NIP) the first step. Cyclic voltammograms in 5 mM Fe(CN)3”*~ solution before and after the template removal step were reported above
(MIP) and below (NIP) the second step. Chemical structures of tested analytical target and interferents with MIP and NIP.

these methods require expensive equipment, complex sample prepara-
tion, and skilled personnel, making on-site detection challenging.
Additionally, certain antibody-based immunosensors have been devel-
oped for 2,4-D detection based on colorimetric responses. Nevertheless,
they suffer from drawbacks such as instability of antibodies or enzymes,
restricting their utility in detecting real samples [19-23].

On the other hand, molecular and biomolecular recognition tech-
niques find widespread application in the development of sensing de-
vices for detecting contaminants in biological, food, and environmental
samples. Bio-inspired recognition elements are pivotal in enhancing the
sensitivity of biosensors [24-26]. These elements mimic affinity in-
teractions such as antibody-antigen or antibody-antibody interactions,
and hybridization reactions like aptamer mismatch, through the syn-
thesis of artificial bio-inspired receptors [27]. Molecularly imprinted
polymers (MIPs) are considered the closest synthetic analogs to
antibody-antigen systems, operating on a lock-and-key mechanism to
selectively bind target molecules [28,29]. MIPs are utilized across
various fields including sample preparation, chromatography, chemical
sensing, and drug delivery [30,31]. They offer similar selectivity and
sensitivity to bioreceptors but are more cost-effective and easily cus-
tomizable for a wide range of analytical targets. MIPs are typically
prepared using conducting polymers like polypyrrole or poly(o-phe-
nylenediamine) via chemical or electrochemical polymerization
methods [32-35]. Despite their utility, MIPs face challenges during
washing steps, with issues such as incomplete template removal and a
lack of clarity regarding the removal mechanism [36]. Interactions
utilized in MIP development, such as electrostatic Van der Waals in-
teractions and hydrogen bonding, are relatively weak [37]. While many
studies discuss MIP preparation, effectiveness, and cost, the efficiency of
template removal is often overlooked [38]. Template removal methods
commonly involve incubation in organic solvents or salt solutions, but
complete removal is hindered by factors like poor solvent diffusion,
highly cross-linked regions, or low template solubility. Schweiger et al.
recently proposed a template removal procedure based on pulsed
amperometric detection (PAD), coupled with X-ray photoelectron

spectroscopy (XPS) analysis, which demonstrated complete removal of
the template. XPS analysis is frequently used to assess the efficacy of
washing treatments and examine structural modifications in MIPs
post-washing, which may impact their rebinding properties [39,40].

Herein, we report on the electropolymerization of o-PD in the pres-
ence and absence of 2,4-D, as templating analytical target, to obtain
MIPs and NIPs, respectively (Fig. 1). The proposed MIPs and NIPs were
characterized by electrochemical quartz crystal microbalance (EQCM)
to investigate both the kinetics and the polymeric mass deposited onto
the electrode surface. Moreover, several template removal protocols,
including strong acid/base solutions and aqueous/organic solutions,
were investigated both with MIPs and NIPs to ensure a complete tem-
plate removal by XPS analysis. The 0-PD-MIP sensor was able to detect
2,4-D in the range 3-100 pM by using square wave voltammetry (SWV)
in Fe(CN)g'/ 4= as redox probe. Structurally similar molecules (e.g.,
2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 2-methyl-4-chlorophenoxy-
acetic acid (MCPA)), phenoxyacetic acid (PA, aromatic ring without
chloride), 4-chlorophenoxyacetic acid (4-CPA, aromatic ring with one
chloride atom) and 2-(2,4,5-trichlorophenoxy)propionic acid (2-(2,4,5-
T)PA, longer lateral chain) and other pesticides like parathion were
tested as potential interfering compounds (range 1 - 1 x 10° pM),
proving the extremely high selectivity of the proposed platform for 2,4-D
detection.

2. Experimental
2.1. Materials and reagents

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),
acetonitrile (ACN), methanol (MeOH), potassium chloride (KCl), po-
tassium ferrocyanide (K4[Fe(CN)gl), potassium ferricyanide (Kg[Fe
(CN)g]), sodium acetate (CH3COONa), o-phenylenediamine (o-PD), 2,4-
dichlorophenoxyacetic acid (2,4-D), parathion, HPLC grade H,0, 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T), 2-methyl-4-chlorophenoxyacetic
acid (MCPA), phenoxyacetic acid (PA), 4-chlorophenoxyacetic acid (4-
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CPA) and 2-(2,4,5-trichlorophenoxy)propionic acid ((2-(2,4,5-T)PA)
were purchased by Merck Millipore (formerly Sigma Aldrich) and used
without further purification.

HEPES buffer was prepared dissolving HEPES and KCI in water (10
mM HEPES, 100 mM KCl) and adjusting the pH to 7.2 using NaOH 1 M.
Fe(CN)g'/ 4= solution was prepared dissolving K3[Fe(CN)g] and K4[Fe
(CN)g] in HEPES buffer (5 mM K4Fe(CN)g, 5 mM K3Fe(CN)g). This so-
lution was diluted in HEPES buffer to a ratio of 1:1 before the electro-
chemical measurement (5 mM as total concentration of redox probe).
Acetate buffer was prepared dissolving sodium acetate in water (100
mM) and adjusting the pH to 5.8 using HCl 1 M. o0-PD solution was
dissolved in acetate buffer (7.5 mM) and used without further modifi-
cation for NIP electropolymerization. 2,4-D was first solubilized in
methanol (100 mM) and diluted 1:100 using o-PD solution for MIP
electropolymerization. 2,4-D and parathion solution for sensing exper-
iments were prepared progressively diluting 1:10 the stock solution (100
mM in methanol) in Milli-Q water. All solutions for electrochemical
measurements were prepared using Milli-Q water (18.2 MQ cm, Milli-
pore, Bedford, MA, USA).

2.2. Electrochemical setup

All electrochemical measurements were conducted using a Palm-
Sens4 potentiostat equipped with PSTrace 5.6v software (except for
EQCM). Commercially available screen-printed gold electrodes (DRP-
220BT, named Au-SPE), comprising a circular gold working electrode
(with a geometric area of 12.6 mm?), a gold counter electrode, and a
silver pseudo-reference electrode, were purchased by Metrohm and
utilized for all the electrochemical measurements (except for E-QCM).
All potential values reported in the manuscript are expressed vs. Ag
pseudo-reference electrode.

2.3. MIP and NIP electropolymerization, template removal and rebinding

Au-SPE electrodes were polished via electrochemical cleaning using
cyclic voltammetry in 0.5 M HSOj4 solution within a potential range of
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0-1.4 V for 25 cycles at a scan rate of 0.3 V s 1. Afterwards, 0-PD were
electropolymerized on the electrodes through consecutive cyclic vol-
tammetry in MIP and NIP solutions for 10 cycles at a scan rate of 0.2 V
s~ ! within a potential range of 0.0 V to 1.0 V. The MIP and NIP-modified
Au-SPEs were treated with various washing solutions to remove the
template, including EtOH:HCI:KCl (pH 2.5), NaOH 0.1 M (pH 13), ACN:
H,0 mixtures of varying ratios (10:90, 30:70, 50:50), and MeOH:H,0
mixtures (50:50, 70:30) [37]. Template removal was confirmed using
cyclic voltammetry (CV) and X-ray photoelectron spectroscopy (XPS).
Afterwards, o-PD electropolymerization was optimized according to the
approach one-variable-at-time (OVAT) investigating the number of cy-
cles (2, 4, 8,10, 15, 20), scan rate (0.02Vs~1,0.05Vs™1,0.1Vs 1, 0.2V
s71,0.3Vs™h, and monomer/analytical target ratio (1, 2.5, 5, 7.5, 10).
The electrodes performance was evaluated in terms of recovery factor
(%) after template removal.

The washed MIP and NIP-modified Au-SPEs were exposed to
increasing concentrations (from 0 pM to 1 uM) of 2,4-dichlorophenoxy-
acetic acid (2,4-D), used as analytical target, parathion, 2,4,5-trichloro-
phenossyacetic acid (2,4,5-T), and 2-methyl-4-chlorophenoxyacetic acid
(MCPA), phenoxyacetic acid, 4-chlorophenoxyacetic acid and 2-(2,4,5-
trichorophenoxy)propionic acid (fenoprop) used as negative controls.
Additionally, NIP-modified Au-SPEs were investigated with both the
analytical target and all interferents. For each concentration, the elec-
trodes were exposed to 60 pL of solution for 15 min, followed by square
wave voltammetry (SWV) with the following parameters: Eg= —0.2 V,
Ei= 0.5V, amplitude of 0.05 V, and frequency of 5 Hz. All measurements
were performed for n = 3 electrodes, each measured 3 times to increase
S/N ratio. The analysis on real samples was performed by spiking with
50 pM 2,4-dichlorophenoxyacetic acid soil (extracted with pure meth-
anol), river water and tap water samples. For each sample, the elec-
trodes were exposed to 60 pL of solution for 15 min, followed by square
wave voltammetry (SWV) with the following parameters: Eg= —0.2 V,
Ej= 0.5V, amplitude of 0.05 V, and frequency of 5 Hz. All measurements
were performed for n = 3 electrodes, each measured 3 times to increase
S/N ratio.
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Fig. 2. (A) o-PD-MIP electropolymerization, (B) o-PD-NIP electropolymerization, (C) QCM frequency (black) and relative mass (red) changes during the o-PD-MIP
electropolymerization, (D) QCM frequency (black) and relative mass (red) changes during the o-PD-NIP electropolymerization, (E) relative mass increasing at the end
of each polymerization cycle for o-PD-MIP (green) and o-PD-NIP (orange). Error bars described the relative standard deviation (n = 3).
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Fig. 3. Template removal protocol evaluation, performed by CVs in 5 mM Fe(CN)3”4~ (scan rate 0.01 V s™1). The recovery factor was reported as the percentual ratio
between current value recorded at 0.16 V for modified electrodes and for gold. (A) recovery factor for gold electrode, pristine o-PD-MIP and o-PD-MIP washed with
ethanol:KCL:HCl solution (pH 2.5), NaOH 0.1 M (pH=13), ACN:H,0 50:50, ACN:H,0 30:70 and ACN:H,0 10:90. B) CVs recorded on gold (black), pristine o-PD-MIP
(red) and o-PD-MIP washed with MeOH:H,0 50:50 (green) and MeOH:H,0 70:30 (blue). In the inset the recovery factor for each electrode. (C) CVs recorded on gold

(black), pristine NIP (red) and NIP washed with MeOH:H,0 70:30 (blue).

2.4. Electrochemical quartz crystal microbalance

Electrochemical Quartz Crystal Microbalance (EQCM) measure-
ments were conducted using a Metrohm EQCM module installed in an
AUTOLAB potentiostat (PGSTAT302N). The module was connected to
an EQCM oscillator via a 9-pin sub-D connector. A 6 MHz Au/TiO,
crystal served as the working electrode, with an Ag/AgCl (3 M KCI)
electrode as reference, and a gold coil as counter electrode. EQCM
measurements were used to investigate MIP and NIP electro-
polymerization, by measuring the variation of quartz crystal oscillation
frequency. The frequency variation was used to calculate mass variation
using Sauerbrey equation:

Am _ Af /Pl

A f

where Am is the mass change, A is the piezoelectrically active crystal
Area, Af is the frequency change, pq is the density of quartz (2.648 g
em™3), }q is the shear module of a quartz for AT-cut crystal (2.947 x 10M
g em ! s72), and f, is the resonant frequency of the fundamental mode (6
MHz). All data were analyzed using Nova 2.1.7 and Origin2021. Mass
change per area was reported as Am/A.

2.5. X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) analyses were conducted
utilizing a Versa Probe II Scanning XPS Microprobe spectrometer man-
ufactured by Physical Electronics GmbH in Feldkirchen, Germany. The
measurements utilized a monochromatized AlKa source with a 200 pm
x-ray spot, operating at a power of 104.1 W. Wide scans and detailed
spectra were obtained in constant analyzer energy (CAE) mode,
employing pass energies of 117.40 eV and 29.35 eV, respectively.
Charge compensation was achieved using an electron gun set to 1.0 V
and 20.0 pA. All binding energies were calibrated with respect to the C-C
component of Cls at 284.8 + 0.1 eV for adventitious carbon, cross-
verified with the Au4f;,, component at 84.0 + 0.1 eV. Data processing
was carried out using MultiPak software version 9.9.0.8 released in 2018
(ULVAC-PHI, Inc., Hagisono, Chigasaki, Kanagawa, Japan) [41].

3. Results and discussion

0-PD electropolymerization for MIP deposition was optimized by
considering three parameters (one-variable-at-time, OVAT approach):
number of scans, scan rate and monomer/tamplate ratio. The electrodes
performance was evaluated in terms of recovery factor (%) after tem-
plate removal (Fig. SI1, supporting information). 0-PD-MIP electrodes
reported the highest recovery at 10 scans, 0.2 V s ' as scan rate and
monomer/template ratio of 7.5. These parameters were employed to
further characterize 0-PD-MIP and o-PD-NIP and evaluate their analyt-
ical performance. To evaluate the electrochemical and piezoelectrical
features of o-PD-MIP and o-PD-NIP, both electropolymerized platforms
were characterized by CVs in Fe(CN)3“*~ and performing the EQCM
experiments during the electrochemical polymerization. Both o-PD-MIP
and o0-PD-NIP electropolymerizations were performed as described in
Section 2.3. Fig. 2A and B report the CVs for the electropolymerization
of 0-PD-MIP and o-PD-NIP, respectively. Both CVs sequences showed a
constant current decreasing from the first to last cycle, which can be
ascribed to o-PD film growth onto the gold surface. The o-PD film, in
both cases, was self-limiting the uncontrolled growth of the polymer. In
both 0-PD-MIP and o0-PD-NIP, the first half-cycle resulted similar,
showing two main peaks centered around +0.5 and +0.7 V, respec-
tively, and related to o-phenylendiamine oxidation and overoxidation.
This is a common pathway for o-phenylendiamine electro-
polymerization carried out at pH 5 or higher, as reported in the litera-
ture [42]. Based on the current trend from the second CV, o-PD-MIP
showed a remarkably faster kinetics than o-PD-NIP during the electro-
polymerzation, mainly due to electrostatic interactions triggering a
faster growth in presence of templating molecule. Indeed, o-PD poly-
merization is typically related to the formation of a positively charged
oxidated intermediate [42], while the 2,4-D is mainly negatively
charged at pH 5.8 (pKa = 2.85) [43]. Hence, the deprotonated 2,4-D
triggers the reaction between positively charged overoxidized mono-
mers, accelerating the polymerization rate.

Fig. 2C and D report the crystal frequency (black curve) and mass
(red curve) changes for NIP and MIP. The crystal frequency was recor-
ded during the electropolymerization, while mass change was calculated
by using Sauerbray equation [44]. Frequency and mass trends are equal
but opposite in sign, so the decrease in frequency during the experiment
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Fig. 4. Cls, Ols, and Cl2p XP spectra for 0-PD-MIPs (left panel) and o-PD-NIPs (right panel) before (red) and after (blue) template removal with 70:30 MeOH:

H,0 mixture.

corresponded to an increase in mass, confirming the polymer growth
during the process. The increase in mass showed a waving trend, char-
acterized by periodic increase/decrease in mass rate growth, which
corresponded to the oxidation/reduction half-cycles, respectively.
Indeed, the oxidation half-cycles correspond to the formation of posi-
tively charged o-PD radicals, which are involved in the propagation of
chain reaction. The kinetics for o-PD-MIP and o-PD-NIP growth resulted
different, confirming the trends recorded by CV. Indeed, the final mass
growth was similar (~1.7-1.8 pg cm 2). Notably, 0-PD-MIP mass
reached a steady-state after 4-5 cycles while 0-PD-NIP mass continu-
ously increased through all the cycles. This difference confirmed the
template role in accelerating the kinetics of polymerization reaction.
Fig. 2E reports the histograms of relative mass change for o-PD-MIP and
0-PD-NIP, green and orange bars, respectively. The total relative mass
variations for o-PD-MIP and 0-PD-NIP were 1.8 + 0.1 and 1.7 £+ 0.1 pg
cm 2, respectively. Prior their use for biosensing, o-PD-MIP-modified
electrodes were tested towards different template removal protocols to
obtain the cavities available for analytical target rebinding. Moreover,
template removal protocols using extreme conditions (e.g., concentrated
acid/base solutions or undiluted organic solvents) can modify the
polymer morphology [37]. Indeed, different combinations of acid,
alkaline, and organic solution were tested on both o-PD-MIP and
0-PD-NIP modified electrodes, to analyze both the template removal and
poly-o-PD film stability. Bare gold electrodes, pristine o-PD-MIPs and
washed o-PD-MIPs were tested by CV in Fe(CN)g'/ 4~ solution (5 mM
total concentration in HEPES 10 mM, KCl 0.1 M) to investigate the re-
covery factor for each template removal protocol (Fig. 3).

CVs recorded on bare gold showed two main peaks due to oxidation/
reduction of Fe(CN)g'/ 4~while pristine o-PD-MIP-modified electrodes
showed no peaks, due to the presence of a layer hindering the diffusion
of the redox probe towards the electrode surface (Fig. 3B, black and red
curves). An effective template removal protocol can quantitatively
remove the templating molecule, showing a couple of redox peaks with

lower intensity than pristine o-PD-MIP-modified electrodes. As quanti-
tative parameter was chosen the current peak (I,) for the anodic reac-
tion (the peak at +0.16 V for the bare gold electrode was used as
reference value). The template removal usually occurs by breaking the
hydrogen bonding network between polymer and template through the
protonation/deprotonation of the carboxylic/amidic functional groups
in the structure. [45] For instance, acidic (EtOH:HCL:KCl, pH 2.5) and
alkaline (NaOH 0.1 M, pH 13) template removal protocols were used,
obtaining very low recovery factors for both protocols (lower than 10 %
in both cases, Fig. 3A). For this reason, a different protocol was selected,
varying solution polarity by mixing water and organic solvents. ACN:
H0 protocol showed a higher template removal, with a low recovery
factor for 10:90 solution but ~20 % for 30:70 and 50:50 concentrations
(Fig. 3A). However, the same protocols, applied to o-PD-NIP modified
electrodes, showed similar results because of the unselective removal of
polymerized o-PD from the electrode surface (data not shown). After-
wards, MeOH:H20 mixture was tested reporting a low recovery factor
for 50:50 MeOH:H30 mixture while a recovery factor higher than 50 %
(Fig. 3B) and no effect on 0-PD-NIP modified electrodes (Fig. 3C) by
using 70:30 MeOH:H>0 mixture. To confirm the electrochemical results
0-PD-MIPs and o-PD-NIPs, before and after template removal procedure,
were investigated using x-ray Photoelectron Spectroscopy (XPS). In
particular, Cls and N1s spectral regions were curve-fitted (Figure SI2)
to confirm poly-o-PD structure with and without the analytical target. In
both cases Cls and N1s showed peaks ascribable to the poly-o-PD
structure: BE=284.8 + 0.1 eV (C-H, C-C), BE=286.2 + 0.1 eV (C-OH,
C-N, C-N"), BE=287.6 + 0.1 eV (C=0, C=N), BE=289.3 + 0.1 eV
(C-OOH), BE=398.5 + 0.2 eV (N=C), BE=399.5 + 0.2 eV (N-H),
BE=400.8 + 0.3 eV (N-C) [46,47]. The presence of 2,4-D just resulted
in a slight higher relative abundance of carboxylic component in carbon
signal of 0-PD-MIPs.

Furthermore, Cls, N1s, and Cl2p line-shape of o-PD-MIPs and o-PD-
NIPs, before and after template removal, were compared (Fig. 4).
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MIP exposed to parathion, D) o-PD-NIP exposed to parathion. Each concentration was tested by casting 60 pL of analyte solution for 15 min, then the sample was
washed with Milli-Q H,O and analyzed. Concentration range: OpM (HPLC grade H,0, used as baseline), 1-10-100pM, 1-10-100 nM, 1 pM.
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Fig. 6. (. A) Calibration curve for o-PD-MIP exposed to 2,4-D (black points), for o-PD-MIP exposed to parathion (red points), and for -PD-NIP exposed to 2,4-D (blue
points). Lines corresponded to the fitting obtained by each data set, using the same color code. (B) Current response at 10pM, 10 nM and 1 pM reported as Al for o-
PD-MIP exposed to 2,4-D (black bars),parathion (red bars), 2,4,5-T (blu bars), MCPA (magenta bars), phenoxyacetic acid (orange bars), 4-chlorophenoxyacetic acid
(green bars) and 2-(2,4,5-trichlorophenoxy)propionic acid (purple bars); o-PD-NIP exposed to 2,4-D (black patterned bars), parathion (red patterned bars), 2,4,5-T
(blu patterned bars), MCPA (magenta patterned bars), phenoxyacetic acid (orange patterned bars), 4-chlorophenoxyacetic acid (green patterned bars) and 2-(2,4,5-

trichlorophenoxy)propionic acid (purple patterned bars); n = 3.

Noteworthy, C12p spectral region showed the disappearance of Cl-Aryl
peak at ~200 eV after template removal. No remarkable changes were
detected in carbon and nitrogen signals after template removal for both
the samples, but a small increase of the carboxylic component. Since it
was found also on o-PD-NIP, it was ascribed to a negligible carbon
oxidation, probably due to the template removal procedure, rather than

arising from traces of 2,4-D. Rather, chlorine is a specific marker for the
template (no Cl atoms in PD monomers) and so Cl2p spectra unequiv-
ocally proved the efficient template removal.

After template removal 0-PD-MIPs and o0-PD-NIPs were exposed to
HPLC grade H,0, used as blank, and to different concentrations of 2,4-D
(from 1pM to 1 pM) to test the amperometric response towards different
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Table 1

Recovery on soil, river and tap water samples spiked with 50 nM of 2,4-D
analyzed by using o-PD-MIP electrodes. Incubation: HPLC grade solutions;
Measurements: in Fe(CN)37*~ (Eo= —0.2 V, E;= 0.5 V, amplitude 0.05 V, fre-
quency of 5 Hz).

Real samples Found value / nM Nominal value / nM Recovery

Soil 47.2 £ 3.4 50 94.4%

River water 51.3 +3.1 50 102.6%

Tap Water 45.8 £ 4.2 50 91.6%
Table 2

Comparison between references [21,48-53] and this work. First column: mol-
ecules used for MIP growing (template, monomer etc.). Second column: Trans-
ducer. Third column: Limit of Detection (LOD) reported in pM with standard
deviation (for data reported with ° the standard deviation was not available).

MIP Transducer LOD Linear Ref.
(pM) range
(pM)

2,4-D (template) MIP-NPs-SPE 5.0 + 2 x [48]
methacryilic acid (monomer) 0.2 * 10%-3 x
ethylene glycol 10° 10°
dimethacrlylato (crosslinker)
2,2-azobisisobutyronitrile
(initiator)

2,4-D (template) QCM and SPR 4.36 + 2 x [21]
N-methacryloyl-(1)- 0.04 * 10%-8 x
tryptophan methyl ester 102 10*

(monomer)

ethylene glycol
dimethacrylate (crosslinker)
azobisisobutyronitrile
(initiator)

2,4-D/TBAH (template) Optic 5% 10* 2 x [49]
N-allyl-4-amino-substituted ° 10°-8 x
1,8-naphthalimide 10°
(monomer)

Thiourea (fluorophore)

2,4-D (template) Amperometric 1*10° n.a. [50]
pyrrole (monomer) °
CTARB (stabilizer)

2,4-D (template) Potentiometric 1 *10% 3 x [51]
pyrrole (monomer) ° 10%-6 x

10°

2,4-D (template) Potentiometric 1*10* n.a. [52]
2- hydroxyethyl °
methacrylate (monomer)

Itaconic acid (IA)
ethylene glycol
dimethacrylate (crosslinker)

2,4-D (template) Amperometric 4 *10° 2 x [53]
4-vinyl pyridine (monomer) ° 10%-1 x

ethylene glycol 108
dimethacrylate (crosslinker)

2,4-D (template) Amperometric 3+1 10-100 This
o-phenylenediamine work
(monomer)

target concentrations (Fig. SA and B). Additionally, o-PD-MIPs and o-
PD-NIPs were characterized by scanning electron microscopy to prove
the morphological variation occurring during template removal and
incubation with HPLC grade water used to record the baseline of 0-PD-
MIP sensor for 2,4-D detection (Figure SI3). o-PD-MIPs did not show any
variation after template removal. However, o-PD-MIP swelling was
observed after incubation with HPLC grade water due to morphological
modification and decreasing of cavities number available for target
rebinding. 0-PD-NIPs did not show any variation.

The peak current value constantly decreased from 80 pA to 35 pA for
0-PD-MIP modified electrodes, due to the rebinding of increasing 2,4-D
concentrations (Fig. 5A). 0-PD-NIP modified electrodes did not show any
peak current decreasing due to the absence of imprinted cavities able to
selectively rebind the analytical target (Fig. 5B). To test the selectivity of
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the platform, the same experiments were performed on both o-PD-MIP
and o-PD-NIP modified electrodes using parathion in the same concen-
tration range (Fig. 5C and D), which is a potential interferent in drinking
water sample. No peak current decreasing was observed for o-PD-MIP in
the presence of parathion, proving its high selectivity in a wide con-
centration range (1 —1 x 10° pM). Fig. 6A shows the normalized relative
peak current variation (Al/Ip) versus analyte concentration (logarithmic
scale, 0-PD-MIP with 2,4-D, black curve, o-PD-MIP with parathion, red
curve, and 0-PD-NIP with 2,4-D, blue curve). 0o-PD-MIP modified elec-
trodes showed a limit of detection (LoD) of 3 + 1pM (calculated as X, +
30p, where X, is the averaged blank signal and o, is the standard devia-
tion of averaged blank signal n = 3). Moreover, o-PD-MIP modified
electrodes reported a linear range 10-100pM.

0-PD-MIP was also tested against two structural interferences, 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T, one chloride atom more than 2,4-
D) and 2-methyl-4-chlorophenoxyacetic acid (MCPA, one chloride atom
replaced by a methyl group), phenoxyacetic acid (PA, aromatic ring
without chloride), 4-chlorophenoxyacetic acid (4-CPA, aromatic ring
with one chloride atom) and 2-(2,4,5-trichlorophenoxy)propionic acid
(2-(2,4,5-T)PA, longer lateral chain) as reported in Fig. 6B. 2,4,5-T,
MCPA, PA, 4-CPA and 2-(2,4,5-T)PA showed an interference of 5 % in
the picomolar range and less than 10-15 % in the nanomolar and
micromolar range, proving an extremely high selectivity for the pro-
posed o-PD-MIP modified electrodes. Particularly, it should be high-
lighted the ability for o-PD-MIP modified electrodes to distinguish 2,4-D
and other molecules with small structural differences.

The reliability of o-PD-MIP modified electrodes was evaluated by
testing the recovery of 2,4-D in suitable spiked real matrices as reported
in Table 1. To this end, soil (extracted with pure methanol), river water
and tap water samples were spiked with 50 nM 2,4-D. From the recovery
values, it was possible to confirm good analytical performance, espe-
cially considering the recovery for soil samples (94.4 %), for river water
(102.6 %, probably due to the presence of ions complexed within MIP
cavities and other organic molecules) and tap water (91.6%), RSD on
individual measurement is always <9.2 %.

The analytical figures of merits of the proposed o-PD-MIP platform
were compared to different MIPs reported in literatures for 2,4-D
detection (Table 2), showing the lowest limit of detection [21,48-53].
Moreover, the linear range was limited to one order of magnitude due to
the different baseline herein considered where o-PD-MIPs were incu-
bated with HPLC grade water while usually the template removal curve
is considered as baseline.

4. Conclusions

In conclusion, a novel approach for detecting 2,4-D utilizing an o-PD-
MIP was developed via electropolymerization. The process was moni-
tored in-situ using EQCM to analyze both the kinetics, where electro-
static interactions influenced MIP deposition, and the o-PD polymer
mass, which was found to be comparable for both 0-PD-MIP and o-PD-
NIP (approximately 1.7-1.8 pg cm2). Additionally, the successful
removal of the template from the imprinted cavities was confirmed by
comparing the XPS spectra of imprinted and o-PD-MIPs following
various template removal procedures. The most effective method
involved a 70:30 mixture of MeOH:H50 for 15 min under stirring. The
developed sensor exhibited excellent sensitivity with a LOD of (3 + 1) x
10712 M, surpassing the EU regulation limits for drinking water by six
orders of magnitude (0.1 mg mL ™! or 452.4 uM). Furthermore, the 0-PD-
MIP sensor demonstrated a linear range between 10 and 100pM, dis-
playing exceptional selectivity across the entire tested concentration
range (1-1 x 10° pM) against structural interferences such as 2,4,5-tri-
chlorophenoxyacetic acid (2,4,5-T, one chloride atom more than 2,4-D)
and 2-methyl-4-chlorophenoxyacetic acid (MCPA, one chloride atom
replaced by a methyl group), phenoxyacetic acid (PA, aromatic ring
without chloride), 4-chlorophenoxyacetic acid (4-CPA, aromatic ring
with one chloride atom), 2-(2,4,5-trichlorophenoxy)propionic acid (2-
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(2,4,5-T)PA, longer lateral chain) and analytical interferences like
parathion. These initial findings underscore the efficacy of the MeOH:
H,0 template removal procedure and the straightforward preparation of
an o-PD-MIP modified gold electrode for the selective detection of 2,4-D
in real matrices (recovery: 91.6-102.6 %, with RSD <9.2 %) such as soil
samples, river and tap water samples.
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