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Abstract

The developing of sensor devices for portable and selective detection remains an emergent technology needed for
monitoring water contamination. In this work, we developed a flexible and biodegradable sensor based on the polymer
poly(butylene adipate-co-terephthalate) (PBAT) mixed with graphite (g), creating (g-PBAT) for the simultaneous detec-
tion of paraquat (PQ) and carbofuran (CBF) pesticides. The g-PBAT was used as an electrode support and was modified
with poly(allylamine hydrochloride) and carbon nitride dotes by Layer-by-Layer technique. The sensor’s performance was
evaluated through electrochemical methods using cyclic voltammetry, electrochemical impedance spectroscopy, and dif-
ferential pulse voltammetry. The results demonstrated good reproducibility and repeatability with RSD of 14% and 8.8%,
respectively. The stability in terms of current signal peak increased by only 8.5% compared to the initial cycle. The limit
of detection (LoD) and limit of quantification (LoQ) were 0.63 uM and 2.10 uM for PQ, respectively, with a sensitivity
of 3.69E-5+5.94E-7 A cm™> M~!, while the CBF had a LoD and LoQ of 7.14 uM and 23.8 uM, respectively, with a
sensitivity of 2.51E-7+2.09E-8 A cm~> M~!. Additionally, the recovery methodology for the real sample showed ranges
from 89.3% to 105.0% for PQ, and 92.1% to 105.9% for CBF, indicating that the sensor exhibits good sensitivity and
stable RSD, ranging from 4% to 7.5%.
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1 Introduction

Electrochemical sensing in agriculture holds significant
promise, as this activity is crucial for sustaining humanity. It
enhances production yields and prevents losses during cul-
tivation, with is increasingly important given the growing
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emerged as a viable strategy for detecting agricultural pes-
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organ failure due to absorption by the liver, kidneys, and
lungs [5, 6]. Another pesticide widely used as an insecti-
cide, nematicide, and acaricide in agriculture, forestry,
and gardening is carbofuran (N-methyl carbamate) (CBF).
Exposure to or ingesting of CBF causes high morbidity and
mortality in humans and pets. However, the inappropriate
use of CBF causes it to accumulate in soil and water, pol-
luting the environment and posing risks to human health.
Therefore, developing new technologies to detect and moni-
tor both (PQ and CBF) contaminants is extremely important
to minimize damage [7, §].

Polymeric materials have aroused great interest as a sen-
sor platform, mainly due to their variety of features, includ-
ing flexibility, mechanical resistance, and low cost [9].
Moreover, the incorporation of conductive materials such
as graphite, carbon dots, and graphene, among others, into
the polymeric matrix can enhance sensors’ sensitivity and
lower detection limits, acting as a transducer interface that
exhibits features of electron acceptors and donors for elec-
trochemical sensors [10]. The development of substrates
that combine the use of polymer with graphite has already
been described in the literature [3, 11, 12]. However, this
study stands out because, besides describing the preparation
of a biodegradable and flexible substrate, the LbL film [3, 5]
used in functionalization is also environmentally friendly.

The fundamental principles of green chemistry have
significantly influenced the evolution of analytical chem-
istry, emphasizing the importance of delivering accurate,
high-quality information while minimizing environmental
impact and reducing resource consumption. Green ana-
lytical chemistry prioritizes the use of safe, sustainable,
and eco-friendly materials, as well as energy-efficient pro-
cesses. Within this context, the electrode employed in this
work exemplifies these principles, as it is straightforward to
construct, requires minimal materials for surface modifica-
tion, and aligns with the goals of sustainability. Its appli-
cation is highly promising for environmental applications,
particularly in the detection of harmful emissions, where
green approaches are essential for protecting ecosystems
and ensuring a sustainable future [13].

Surface modifications, also known as functionalization,
of conductive polymeric substrates can be performed using
a wide range of methodologies. Functionalization with self-
assembled nanometric films using the LbL technique has
been described as an efficient surface modification method.
This approach makes the device more attractive, by allow-
ing a greater surface area and improving electrolytic activ-
ity, with deposition that is independent of the nature, size,
and topology [14, 15]. The film used for the modification is
composed of CND, a material that has gained prominence
due to its photophysical and structural properties, combined
with its solubility in water and synthesis with precursors
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considered green. This differentiates CNDs from other com-
monly used carbon materials, such as carbon nanotubes, for
example. It is also worth highlighting the combined use
of PAH, a water-soluble and biodegradable cationic poly-
electrolyte. The combined use of these materials allows the
preparation of a film without the use of organic solvents and
with minimal environmental impact.

This work aimed to produce and functionalize low-cost
sensors that are environmentally friendly and can be repro-
cessed. The sensors produced were used to simultaneously
detect PQ and CBF. The characterization of the obtained
device was carried out using Fourier transform infrared
(FTIR), Raman and ultraviolet—visible (UV—vis) spectros-
copy, Scanning Electron Microscopy (SEM), and contact
angle measurements. The electrochemical characterization
techniques used were CV and EIS. The sensory activity in
the detection of PQ and CBF was carried out using the DPV
technique.

2 Materials and Methods
2.1 Materials

The materials used to fabricate a flexible sensor support
and surface modification were the poly(butylene adipate-
co-terephthalate) (PBAT), BASF, synthetic graphite powder
(<20 pm, assay 99%) and poly(allylamine hydrochloride)
(PAH) purchased from Sigma-Aldrich. Hydrochloric acid
(HCI) purchased from Synth. Paraquat (PQ) and carbofu-
ran (CBF) analyte were purchased from Sigma-Aldrich, and
the interfering species hydroquinone and methyl parathion
were purchased by Vetec and Sigma-Aldrich, respectively.
For electrochemical measurements, were used potassium
chloride (KCI), potassium ferricyanide (K;[Fe(CN)g]),
potassium phosphate dibasic (K,HPO,), potassium phos-
phate monobasic (KH,PO,) were purchased from Sigma-
Aldrich. The solutions used in this work were all prepared
with ultrapure water (Sartorius Weighing Technology, Got-
tingen, Germany) with resistivity of 18.2 MQ cm at 25 °C.

2.2 CND Synthesis

CNDs were synthesized according to the procedure
described by Maciel et al. [16]. Briefly, 0.5 g of citric acid
and urea were measured and transferred to a glass bottle
with 25 mL of water. This mixture was stirred vigorously
for 24 h, then heated in the microwave at 700 W for 5 min.
Afterward, the solid obtained was washed, centrifuged, and
filtered with a 0.2 pm filter. The resulting material was dried
in an oven at 90 °C, then characterized by fluorescence, and
Raman spectroscopy analysis was carried out.
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2.3 Study of Bilayer Growth with the Layer-by-Layer
(LbL) Technique

Ultraviolet Visible spectroscopy analyses were performed
using a Thermo Scientific Genesys 10 model UV-Vis spec-
trometer, in a wavelength range of 190 to 800 nm. The PAH
and CND solutions prepared for use in the LbL technique
were analyzed. Additionally, a study of bilayer growth was
also carried out on a quartz substrate.

2.4 Modification of the g-PBAT Sensor by Layer-by-
Layer

The g-PBAT substrate was produced by mixing graphite
and PBAT in 70:30 ratio in 10 mL chloroform and final-
ized by evaporating solvent. The modification was carried
out by constructing a nanostructured film using the LbL
technique, as schematically shown in Fig. 1. To assemble
the film, the substrate was immersed in an acidic PAH solu-
tion (pH 3.0) with a concentration of 1 mg/mL, for 10 min,
followed by washing in an aqueous HCI solution (pH 3.0)
for 30 s. Subsequently, the substrate was immersed in an
aqueous solution of CND with a concentration of 1 mg/mL
for 10 min, and then underwent a subsequent washing step
in milli-Q water for 30 s. Thus, 5 bilayers were prepared
(g-PBAT(CND/PAH);).

Fig. 1 Scheme of the g-PBAT elec-
trode modification using LbL film

—

g-PBAT

PAH

2.5 Physical Characterizations

The characterizations were carried out for g-PBAT and
g-PBAT(CND/PAH)s samples, aiming to highlight the
changes that occurred in the substrate after covering with
the film. The sessile drop technique was performed using
a Ramé Hart goniometer (model 100-00) with deionized
water. In this method, 3 drops of water at different points
on the surface, each resulting in 10 contact angle measure-
ments. The results represent an average of 30 measurements.
A morphological characterization study was performed
using a SEM, model FEI Quanta 250 FEG (FEI Co., Hills-
boro, OR, USA), with an acceleration of 2 kV and tungsten
filament. Subsequently, the samples were covered with a
thin iridium film using a metallizer model MEDO020 Baltec.
Using a Nicolet Summit IR 200 FT-IR model, structural
characterization of the films was in reflectance mode, using
126 scans with nominal resolution of 4.0 cm™, in a range
of 4000 to 400 cm™!. Raman analyses were performed on a
HORIBA Jobin Yvon T64000 Raman spectrometer coupled
with an Olympus BX41 microscope, measurements were
performed with incident excitation radiation at a wave-
length 633 from a Research electro-Optics with a 10% filter,
20 s of exposure, 1 accumulation, on an 1800 gr/mm grating
and 10X objective.
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2.6 Electrochemical Measurements

All experiments were carried out using an Autolab
PGSTAT30 (Eco Chemie, Utrecht, The Netherlands) galva-
nostatic/potentiostat, with a three-electrode electrochemical
cell comprising a reference Ag/AgCl electrode (3 M KCl), a
platinum auxiliary electrode with an area of 1.0 cm?, and the
g-PBAT(CND/PAH); LbL film as the working electrode,
which was adequately attached on a glass support, thereby
insulating one side of the electrode. Electrochemical char-
acterizations were performed in the presence of 5.0 mM
Fe(CN),~*~* with 0.1 M KCl as a supporting electrolyte via
CV (scan rate of 50 mV s~! over a potential range of — 0.6 V
to 0.4 V) and EIS (frequency range of 10° Hz to 0.1 Hz
with an amplitude of 10 mV). The DPV technique detected
analytes over a potential range of — 1.20 to — 0.4 V at a
scan rate of 50 mV s™!, in a 0.1 M phosphate buffered saline
(PBS) solution. Additionally, different analytes were studied
to verify the sensor’s selectivity with the individual addition
of hydroquinone and methyl parathion (0.50 uM in 0.1 M
PBS buffer pH 7.0) as possible interfering species.

2.7 Reprocessing of Sensors After Use

The g-PBAT substrate was produced by mixing 1 g of PBAT
with 2.33 g of graphite (ratio 70:30 m/m). After produc-
ing the substrate, the electrodes were manually cut. These
electrodes were modified using LbL and used in the elec-
trochemical measurements. After use, the electrodes were
dried for at least 24 h at room temperature and ground in
an IKA® All basic analysis mill. The material obtained
(3.33 g) was mixed with 10 mL of chloroform to prepare the
reprocessed substrate.

3 Results and Discussion
3.1 CND Synthesis

The CNDs are predominantly composed of tri-s-triazine
rings. In this context, urea, a nitrogen-rich precursor, was
chosen as a bottom-up synthesis approach for the prepara-
tion of CND. Additionally, citric acid was incorporated as
a second precursor to enhance the presence of carboxylic
functional groups on the surface of CNDs [15]. The efficient
production of CNDs was confirmed through the fluores-
cence spectrum analysis, revealing an emission band around
450 nm when excited at 340 nm (Fig. 2A). These results,
in line with the literature, indicate control over the surface
states or emission centers of the CNDs [15, 16].

Raman spectroscopy is extensively employed to com-
prehend the evolution of microstructures in carbon-based
materials [17]. This is primarily due to its high sensitiv-
ity to sp® carbon structures, and its capabilities allow for
measurements at the nanoscale, rendering it a crucial tool
in this investigation [18]. Figure 2B show the replication of
the Raman analysis for three distinct points in the CNDs,
highlighting the absence of variations in peak patterns and
intensity among them. The presence of amorphous or disor-
dered carbon, as evidenced in the CNDs Raman spectrum,
resulted in a broad band in the 1000—1500 cm™! range. The
synthesis process, particularly the microwave heating step,
may contribute to the formation of carbon structures with
a lower degree of order. Citric acid exhibits characteristic
vibrational modes in this range. Its contributions may be
related to carbonyl group (C=0) and hydroxyl group (O—H)
bonds. Additionally, one can anticipate observing vibra-
tional modes associated with the C—N and N—H bonds pres-
ent in urea [19].
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Fig.2 Emission spectrum for synthesizing CND under an excitation wavelength of 340 nm (A), and Raman Spectra of CND in several regions (B)
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3.2 Study of Bilayer Growth by Layer-by-Layer

The CND and PAH solutions, both at a concentration of
1 mg/mL, used for preparing the LbL films, were previ-
ously analyzed by UV—Vis, Fig. 3A. For the PAH sample,
no characteristic bands were observed in the range of 190
to 800 nm. In contrast, the CND solution exhibited two
bands at 282 nm and 337 nm, the latter of which has been
previously described in the literature for CNDs synthesized
with urea precursors [15], as in this study. These bands were
used as reference points to monitor the deposition of the
CND/PAH bilayers, as shown in the inset of Fig. 3B. Linear
regression analysis (Fig. 3B) of the absorption intensity at
337 nm for each bilayer indicates a progressive increase in
the deposited material, as evidenced by the rising absorp-
tion intensity in the target region [20]. The R? value of 0.93
demonstrates a linear growth of the bilayers, suggesting a
uniform deposition with consistent thickness between lay-
ers. Additionally, the electrochemical response in CV mea-
surements for 3, 5, 7, and 9 bilayers influenced the choice
of architecture, with the best results observed for 5 bilayers
(Fig. S12).

3.3 Physical Characterizations

To determine whether the wettability of the sensor changed
after covering it with the LbL film, contact angle measure-
ments with water were performed. Figure 4 shows the inter-
action of the drop with the surfaces of g-PBAT (Fig. 4A) and
g-PBAT(CND/PAH); (Fig. 4B), along with their respective
contact angle values. The g-PBAT exhibited a higher contact
angle (94° +1°), indicating a more hydrophobic nature of
the material. After modification with the LbL film, the sub-
strate’s wettability increased, becoming more hydrophilic
with a contact angle of 80°+1°. This reduction in contact
angle for g-PBAT(CND/PAH); was anticipated, as the film

EI 1.0

0.030

was prepared in water and both PAH and CND have hydro-
philic properties. This hydrophilicity results from the abun-
dant hydrogen bonding interactions between the hydroxyl
groups (-OH) of CND, amine groups (-NH) of PAH poly-
electrolytes, and water [21]. The increased hydrophilicity is
a desired modification as it enhances interactions between
the sensor and the aqueous medium used for electrochemi-
cal measurements. This behavior of increased hydrophilic-
ity after coating with LbL film has been previously reported
in the literature [3, 5].

The micrograph of the g-PBAT surface (Fig. 4C)
revealed a homogeneous dispersion of the filler (graphite)
throughout the PBAT matrix, with an ordered aggrega-
tion of graphite particles. The surface irregularity led to
the formation of conductive areas due to the compaction
of the particles. Additionally, the high porosity and small
cavities on the sensor surface enhance the number of active
sites, as observed in other studies [22, 23]. Conversely, the
g-PBAT(CND/PAH); films (Fig. 4D) showed no significant
morphological changes compared to neat g-PBAT [5]. The
deposited (CND/PAH); film is indicated by the change in
surface color of the sample, with a highlighted area (yel-
low dotted circle) showing where the film appears to have
detached, revealing the substrate with a darker contrast.

FTIR analysis (Fig. 4E) was conducted to identify the
characteristic functional groups of the g-PBAT substrate
and any chemical modifications resulting from the LbL
coating. Although PBAT has several characteristic bands,
the incorporated of 70% graphite into the polymer masks
some of these bands. For g-PBAT, a band at 1702 cm™! cor-
responds to the stretching vibration of the ester C=0, and
another at 1246 cm™' is related to the bending vibration
of the trans-CH, plane [24]. Additionally, a C—-O band at
1101 cm™!, refers to the absorption of symmetric stretching
vibration [25], and a band at 722 cm™! is related to the vibra-
tions of adjacent methylene groups (—-CH,—) [26]. Some
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— 8 o0 ilayer’
0.8 - 0.025 g 4 Bilazer
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Fig.3 UV-Vis spectra: A CND and PAH solutions with a concentration of 1 mg/mL and B growth of LbL films deposited on quartz substrates with
1-5 bilayers of CND/PAH at 337 nm, (inset) UV—Vis spectra on quartz(CND/PAH),, being n the number of bilayers
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Fig.4 Surface wettability analyzes
of g-PBAT (A) and g-PBAT(CND/
PAH); (B). SEM micrographs of
the g-PBAT (C) and g-PBAT(CND/
PAH); (D) samples, with mag-
nifications of 5000x and 8000x.
FTIR spectra of g-PBAT and
g-PBAT(CND/PAH); (E)
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940 £ 10
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800 1°
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CRE R
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modifications were observed for g-PBAT(CND/PAH)s.
However, it should be noted that the film’s nanometric
structure may result in less sensitivity during ATR analysis.
Two regions with more evident changes were observed at
1184 and 754 cm™', attributed to CND. The first band refers
to —C—O— and C-OH groups [27], while the second corre-
sponds to carbon nitride rings [15]. Fig. SI1 shows the FTIR
spectrum obtained for the CND and the assignments of their
main characteristic bands in Table SII.

In the Raman spectroscopy of graphite materials, the D
and G bands are crucial. Specifically, the D band is associ-
ated with defects in the sp® carbon network, such as edge-
plane vibrations, vacancies, and grain boundaries resulting
from these imperfections, while the G band correspond to
sp® planar stretching vibrations [28]. Figure 5A illustrates
the Raman spectrum of the g-PBAT electrode, displaying
three distinct graphite bands. The band at 1337 cm™! is
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Wavenumber (cm™)

linked to sp® carbons and is influenced by the carbon content
in this hybridization. The prominent G band at 1581 cm™! is
attributed to sp? carbons, and the third band at 2687 cm™!,
represents the second-order 2D band [28]. Figure 5B shows
that when g-PBAT is used as a substrate for construction the
nanostructured film with 5 bilayers of PAH and CND, the
characteristic bands of g-PBAT remained evident (Fig. SA).
The only difference observed was that the sample appeared
more amorphous with less defined bands, although at the
same wavelength.

3.4 Electrochemical Analysis of the Modified Sensor

The CV analysis determines the resulting current of the
electrochemical cell, which consists of a working elec-
trode, a platinum counter-electrode, and an Ag/AgCl ref-
erence electrode. The resulting voltammogram allows for
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Fig. 5 Raman spectroscopy of
the electrode g-PBAT (A) and
g-PBAT(CND/PAH); (B)
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Fig. 6 Electrochemical impedance spectroscopy plot comparing
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the study of the redox behavior of the electrolyte probe
solution. Different electrodes exhibit different current
responses, and their redox peaks may shift depending on
the electrode, which is a critical variable in the analysis.
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The blank solution indicates whether any electrode mate-
rial contributes to a redox signal. As mentioned earlier, the
probe solution is 5.00 mM K;[Fe(CN),] with 0.10 M KClL.
Additionally, EIS was applied to observe the characteristics
of the studied electrode compared to the unmodified elec-
trode. This technique provides information about the charge
transfer resistance (Rct) by analyzing the equivalent circuit
model, as shown in Fig. 6. The Rct and other parameters,
such as the electroactive area (A) (cm?), and the heteroge-
neous electron transfer constant (k,), were determined using
the Randles—Sevcik (Eq. 1).

I, = £ (2.69E”) n*? A D2 C v!/? (1)

where I, is the peak current, n is the number of transferred
electrons, A is the electroactive area (cm?), D is the diffusion
coefficient of [Fe(CN),]~** in 0.10 M KCl solution (7.60E-6
em? s71) [29], C is the concentration of [Fe(CN)6]_3/4 (mol
ecm™>), and v is the scanning speed (V s7'). As described in
the EIS table, the electroactive area of g-PBAT(CND/PAH);
film was approximately double that of unmodified g-PBAT.
Using the A and the Rct values, the electron transfer rate
constant (k%) was calculated using Eq. 2.
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Table 1 Electrochemical parameters obtained for LbL electrodes and
g-PBAT (pure) in CV and EIS measurements

Parameters
electrode unit JmAcm™?) Ret(KQ A K (cm
cm?) (em?) s7h

g-PBAT(CND/PAH);  0.38+9.79E- 0.40+2E-2 0.16  7.67E-
2 4

g-PBAT 0.23+5.25E- 0.07+1E-2 9.92E- 8.16E-
2 2 3

The geometric areas were 0.50 cm? for all electrodes

K’ = RT/F? A C Ret )

where R is the gas constant (8.31 J mol~' K1), T is the ther-
modynamic temperature (298 K), F is the Faraday constant
(96,485.33 C mol™"), A is the electroactive area (Table 1),
and C is the concentration of redox probe (5E-6 mol cm™).
Based on these calculations, the k° value for g-PBAT(CND/
PAH); was significantly higher compared to the neat g-PBAT
electrode, indicating improved electrochemical activity.

3.5 Stability, Performance of g-PBAT(CND/PAH),
Electrode Modified

The reproducibility study (intra-day) of the g-PBAT(CND/
PAH); electrode was assessed using five electrodes with the
probe solution, K;[Fe(CN),], at a concentration of 5 mM,
and scan rate of 50 mV s™!. This resulted in a relative stan-
dard deviation (RSD) of 14%. For the repeatability test, the
sensor was used over six days (inter-day), yielding an RSD
of 8.8%, which indicates a slight loss in sensitivity. This sen-
sitivity loss can be attributed to layer damage caused by the
electrode’s contact with water, the solvent used in the CND
solution, and the subsequent immersion in K;[Fe(CN)]
solution. The stability of the electrode was evaluated
through 50 sequential cycles at a scan rate of 50 mV s~
After this process, the peak current signal increased by only
8.50% compared to the initial cycle.

3.6 Electrochemical Performance for Detection of
PQ and CBF

After establishing the material’s behavior with the probe
solution, the analysis with the pesticides PQ and CBF was
initiated. Detection of these compounds was performed
using DPV. This section covers the pH study to identify
the optimal pH for the PBS solution, the construction of a
standard curve to validate the sensor’s performance, and
the investigation of potential interferents that might affect
detection capabilities.
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Fig. 7 DPV profiles for PQ at 0.50 uM in the PBS solution, pH (3.0—
8.0), using the g-PBAT(CND/PAH); electrode. DPV conditions: scan
rate 50 mV s™! and potential range from —1.20 V to—0.40 V (A). Pro-
files for CBF at 0.50 mM in the PBS solution. DPV conditions: scan
rate 50 mV s~! and potential range from — 0.20 V to 0.40 V (B)

3.6.1 pH Study for PQ and CBF Detection

DPV analysis of buffer solutions revealed two reduction
peaks for PQ and no oxidation peak. Various pH concentra-
tions were examined to compare peak definitions and estab-
lish a standard curve. PBS pH values ranged from 3.0 to
8.0, with g¢-PBAT(CND/PAH); used as the electrode and PQ
at a concentration of 0.50 uM. Figure 7 shows the results:
acidic buffers (pH 3.0-5.0) displayed no significant peak,
only a flat region instead of the expected peak at -0.65 'V, as
seen in the CV of PQ. The pH concentrations of 6.0 and 7.0,
however, showed a peak at the expected region (— 0.65 V),
with pH 6.0 providing the most distinct peak. More pro-
nounced peaks facilitate better detection of low concentra-
tions of analytes. The pH 8.0 buffer, like the acidic buffers
(pH 3.0-5.0), also showed no peak at the expected poten-
tial of — 0.65 V. Similar parameters were used for studying
CBF, with results indicating that the pH ranges of 3.0 to
8.0 in acidic buffers (3.0-5.0) showed no significant peak,
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displaying a flat region instead of the peak at 0.10 V. In
contrast, neutral and slightly alkaline pH solutions exhib-
ited a stronger current at the same potential. Based on these
results, pH 7.0 was chosen for analyte detection due to its
suitable signal response in PBS.

Regarding the reduction mechanism, previous studies
indicate that PQ undergoes a two-electron reduction by
capturing electrons from the oxygen present in the solution
[30]. The reduction mechanism involves the pyridinium ring
receiving an electron from oxygen and being converted to
pyridine, as shown in Fig. 8A. Since PQ contains two pyri-
dinium rings, the reduction process occurs twice. The mol-
ecule follows a redox cycle mechanism, where an electron
can be donated back to the medium, resulting in the oxida-
tion of the nitrogen atom in pyrimidine [31, 32]. CBF, on the
other hand, undergoes an oxidation mechanism involving its
phenolic ring. This mechanism is well-documented [33] and
involves the electrochemical oxidation of the compound,
transforming the hydroxyl group on the phenolic ring into a
quinone form. This process is illustrated in Fig. 8B.

3.6.2 Calibration Curve to Determine the Concentration of
PQ and CBF

Considering the current use of PQ as pesticide in the envi-
ronment, this study focused on detecting low concentra-
tions. The range considered started at 0.20 uM (0.50 parts
per million, ppm) and extended to 5 pg/mL. The standard
curve was created based on the pH study, identifying the
current peak at — 0.65 V for the interaction between the
g-PBAT(CND/PAH); electrode and PQ. which found the
current peak (— 0.65 V). For CBF, another pesticide, the
concentration range was higher due to its limit of quantifica-
tion (LoQ), varying from 5 pM to 55 uM. The interaction
between the g-PBAT(CND/PAH); electrode and CBF was

E <_> - OH
HsC-N = N-CHs HyC 0

e u e’ HsC l

I

e “ o Hee. O

ch—NO—QN:CHs HsC l

Fig. 8 Reduction of PQ molecule. It shows the redox cycle of PQ
which, of the pyridinium ring changes to pyridine during reduction,
receiving an electron from an oxygen molecule, and otherwise the
oxidation (A). Reduction of CBF molecule. It shows the electron-
oxidation of a molecule, in which the phenol ring becomes a quinone
structure (B)

observed at a potential of 0.10 V in PBS pH 7.0. Figure 9
shows the peak overlays in different concentrations.

The linear relationship between current and concentra-
tion allowed for the development of fitting equatiOons that
describe this dependence. Using the York method, Fig. 9A
presents the calibration curve equation for PQ, with an
adjusted R-squared value of 97.9% and a sensitivity of
3.69E-5+5.94E-7 A cm~2 M~!. Figure 9B presents the cali-
bration curve equation for CBF, with an adjusted R-squared
of 94.1% and sensibility of 2.51E-7+2.09E-8 Acm™> M.

As previously discussed, the peak with the highest sig-
nal, at — 0.65 V, was used as a reference for the structure.
Based on the calibration curve and the DPV curves of blank
solutions, the LoD and LoQ were calculated according to
TUPAC recommendations. Studying these limits is crucial to
accurately reflect the true analytical signal, considering the
current density indicated by blank analyses. This directly
affects the results from real samples due to material and sur-
face modifications, as described in Egs. 3 and 4.

LoD = (yD — §B)/ql = kDob/ql 3)
LoQ = (yQ — 7B)/ql = kQob/ql )

The values of these limits were determined by combining
the data obtained from the calibration curve and the blank
solution. The mean blank signal is represented by ¥B, and
ob denotes the relative standard deviation of the blank solu-
tion. The LoD and LoQ are denoted by yD and yQ, respec-
tively. These values account for blank correction and are
replaced by kD (corresponding to 3) and kQ (corresponding
to 10). The slope of the calibration curve is represented by
ql [34]. The LoD values for PQ and CBF were found to
be 0.63 and 7.14 uM, respectively. This indicates the low-
est concentrations that the g-PBAT(CND/PAH)5 electrode
can detect, while the LoQ values are 2.10 and 23.80 pM,
representing the lowest concentrations that can be reliably
quantified, considering reproducibility and accuracy.

The LoD values are like those found in other studies
and sensors. Table 2 summarizes various substrates with
surface modification sensors for PQ and CBF, including
their LoD features. When compared to other electrodes,
the LoD values for PQ and CBF are higher for nearly all
electrodes listed. This is expected, given that this elec-
trode can simultaneously detect two analytes, particularly
for CBF, which shows a difference of over 700 times com-
pared to the Gd,S;/RGO/GCE electrode. Nonetheless, the
g-PBAT(CND/PAH); electrode still detects concentrations
in the uM range.

@ Springer
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Fig.9 Standard curve of electro-
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3.6.3 Analysis of Real Water Samples and Interfering
Species

The g-PBAT(CND/PAH);s sensor was evaluated using an
addition-recovery methodology. Known quantities of PQ
and CBF were spiked into tap water samples and then
diluted in PBS at pH 7.0. Two different concentrations of
each compound were analyzed in triplicate using DPV

@ Springer

Concentration of CBF (uM)

under optimized conditions. Table 3 presents the actual con-
centration values, the concentrations determined from the
calibration curve, and the recovery values for the tap water
samples. For PQ, the recoveries with the g-PBAT(CND/
PAH); sensor ranged from 89.3% to 105% of the theoretical
values, while for CBF, the recoveries ranged from 92.1%
to 105.9% of the theoretical values. These results indicate
that the proposed sensor exhibits good sensitivity for real
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Table 2 Comparing other surface modified sensors’ limit of detection for PQ and CBF in the literature to the one proposed, the description of each

is presented in the Table S2 in support information file

Working electrode Sample Concentration range (uM) LoD (uM) References
g-PBAT(CND/PAH); PQ 0.20-2.00 0.63 This work
CBF 5.00-55.00 7.14

PPY-g-NGE/GCE PQ 0.05-2.00 0.04 [35]
AuNPs/DNA/GE PQ 0.00-100.00 1.30 [36]
MWCNTs-DHP/CG PQ 0.05-1.60 0.01 [37]
g-PBAT(PPY/CNT), PQ 0.10-2.10 0.07 [5]
nano-MIL-101(Cr)/GC CBF 1.00-20.00 0.96 [38]
Gd,S;/RGO/GCE CBF 0.01E-1-138.00 0.01 [33]
C/VO@GCE CBF 0.05-75.00 0.06 [8]

Table 3 Comparison of concentration applied in the electrode to the
recovered signal of current density applied in the calibration curve

Compound Concentration Mean concentra-  RSD
applied (uM) tion recovered
(M)
PQ 0.70 0.65+0.06 6.26%
PQ 1.40 1.43+0.06 4.08%
CBF 20.00 20.46+1.47 7.56%
CBF 43.00 43.79+1.98 4.52%
0.44 —— g-PBAT Reprocessed
| —— g-PBAT
op | — GPBAT(CND/PAR),
2 0.0 4
E
T 02
-0.4 1
0.6 ¥ T ¥ T v T ¥ T ¥ T ¥ T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

E (V) vs Ag/AgCl

Fig. 10 The CV results for the three types of electrodes, g-PBAT
reprocessed (black line), g-PBAT (red line) and g-PBAT(CND/
PAH)s (blue line). Conditions: CV was used over a potential range of
—0.20 Vto+0.60 V (g-PBAT and g-PBAT reprocessed) and — 0.50 V
to+0.20 V (g-PBAT(CND/PAH);) with a scan rate of 50 mV s~!. All
measurements were performed in SE-3 M K;[Fe(CN)®] with 0.10 M
KCl solution as a supporting electrolyte

sample applications and routine pesticide analysis, with a
stable relative standard deviation (RSD) ranging from 4.0%
to 7.5% [5]. The interfering species studied were methyl
parathion (PR) and hydroquinone (HQ) at a concentration
of 0.50 uM. The results (Fig. SI3) showed that these com-
pounds did not interfere with the detection of PQ and CBF,
with the test statistic (test-T <5%). This demonstrates that
the g-PBAT(CND/PAH); electrode has good selectivity for

PQ and CBF detection, showing no interference from com-
monly coexisting substances.

3.7 Reprocessed Electrode

Most electrodes used in research are disposable, which pres-
ents an environmental issue. Although these electrodes are
made from biodegradable polymers designed to detect pes-
ticide pollutants and protect the environment, they need to
be reintegrated into a sustainable cycle. This work focuses
on reprocessing used electrodes to make them suitable for
reuse.

3.7.1 Electrochemical Characterization

After the process described in Sect. 2.7, the retrieved elec-
trodes were compared to new electrodes made of g-PBAT
and the LbL-modified electrode, g-PBAT(CND/PAH);,
using CV analysis. The parameters for analysis were the
same as previously described, with a probe solution of
5 mM K;[Fe(CN),] in 0.10 M KClI and a scan rate of 50 mV
s~!. Figure 10 shows the CV results for the three types of
electrodes. It is evident that there is a notable difference
between the g-PBAT and g-PBAT(CND/PAH); electrodes,
attributed to the LbL modification, which alters the electro-
active surface and causes a shift in the redox peaks [39]. The
reprocessing removed the LbL surface treatment, resulting
in a shift in the potentials relative to the original g-PBAT
redox peaks. Although the reprocessed g-PBAT and the new
g-PBAT electrodes exhibited similar potentials, they showed
different currents. This discrepancy is due to the inability to
accurately define the electroactive area for current density
analysis. While the reprocessing shows promise, further
analysis is needed to validate its effectiveness for reuse.

@ Springer
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4 Conclusion

The developed substrate (g-PBAT) was successfully modi-
fied with the LbL nanostructured film (g-PBAT(CND/
PAH)) using the LbL technique. The growth of the bilay-
ers was monitored by UV-Vis spectroscopy, showing a
progressively self-assembled structure with homogeneous
layers. Both functionalized and non-functionalized sub-
strates were characterized, and the results highlighted the
modifications introduced by the LbL film. Following func-
tionalization, the electrode exhibited increased hydrophi-
licity, which is advantageous for applications in aqueous
environments where electrochemical measurements were
conducted. Microscopic analyses revealed a porous and
irregular surface with an enhanced electroactive area. Infra-
red and Raman spectroscopy also indicated changes due to
the film’s presence. The electrochemical characterization
demonstrated good reproducibility, repeatability, and stabil-
ity, with an increased current signal peak compared to the
initial cycle. The modified sensor displayed excellent selec-
tivity for detecting PQ and CBF, even in the presence of
potential interfering species. The reprocessing study yielded
promising results, as the electrochemical response of repro-
cessed material showed redox peaks similar to those of the
initial g-PBAT. Additionally, physical fragmentation com-
bined with chemical solubilization in chloroform effectively
disassembled the LbL-modified films, resulting in shifts of
peaks for functionalized samples.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s11244-
024-02014-7.
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