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Nanomaterial-based electrochemical chemo(bio)
sensors for the detection of nanoplastic residues:
trends and future prospects

Siwar Jebril,®® Zina Fredj,*®® Ayman Ali Saeed,® Anne-Marie Goncalves,®
Mandheer Kaur,® Ashwani Kumar® and Baljit Singh @ *9"

Nanoplastic (NPL) residues, minute plastic particles measuring less than 1 micron (um), have become pervasive
in aquatic ecosystems, infiltrating through various sources such as wastewater treatment, industrial discharges,
and plastic degradation. The escalating global concern over the extensive pollution caused by NPL residues
underscores the critical need for effective detection and monitoring methods to comprehensively
understand its prevalence, impacts, and potential mitigation strategies. In this context, electrochemical
chemol(bio)sensors emerge as a promising solution for detecting NPL residues. Offering a unique
combination of specificity, sensitivity, rapid response times, and the ability to detect trace contaminants in
complex matrices, these chemo(bio)sensors are poised to play a pivotal role in addressing the challenges
posed by NPL residue pollution. This review exclusively delves into electrochemical methods and materials,
encompassing nanomaterials such as stable carbon, noble metals, metal oxides, and polymer films.
Furthermore, it explores chemol(bio)sensors utilizing enzymes, antibodies, and aptamers for NPL residue
detection. The review critically examines the challenges inherent in developing electrochemical chemo(bio)
sensors, including considerations related to recognition elements and their practical applications.
Additionally, it offers insights into future prospects, paving the way for advancements in this field. By
addressing these challenges and exploring innovative solutions, electrochemical chemo(bio)sensors hold the
promise of safeguarding aquatic environments from the detrimental effects of NPL residues. The
overarching goal of this review is to raise awareness regarding NPL residues and to underscore the potential
of electrochemical chemo(bio)sensors in protecting global water and environmental resources. The specific
focus on electrochemical approaches aims to provide a comprehensive understanding of these techniques'
role in tackling the pressing issue of NPL residue pollution.

Nanoplastic (NPL) residues are infiltrating our aquatic ecosystems and are now a serious global concern, demanding effective detection and monitoring

methods to implement the actions and control measures. Electrochemical chemo(bio)sensors are very promising for NPL residues detection and in safeguarding
our aquatic environments for future sustainable developments.

1 Introduction

a comprehensive understanding of the associated environ-
mental and health risks. These minute plastic particles infil-

The escalating global concern surrounding nanoplastic (NPL)
residues pollution in aquatic ecosystems necessitates
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trate water bodies through diverse sources, including urban
sewage, industrial effluents, polluted rainwater, and the frag-
mentation of larger plastic debris (Fig. 1).*” According to
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Fig.1 Schematic illustration depicting the origin and release of mixed
pollutants (NPL residues) in the ecosystem. Reprinted from ref. 40,
copyright (2022), with permission from Elsevier.

estimates from various datasets, the quantity of plastics in
aquatic ecosystems has witnessed a substantial increase.
Reports indicate an escalation of 7000 tonnes to as much as 250
000 tonnes in recent years.*® Projections suggest that this
volume could surge to a staggering 270 million tonnes by
2060." NPL residues, recognized as an emerging anthropogenic
contaminant, have been detected across various aquatic envi-
ronments, posing significant threats to marine organisms and
potentially impacting human health through the consumption
of contaminated seafood.”** Once in aquatic ecosystems, they
can persist for long periods of time and accumulate in various
organisms and environmental compartments. NPL residues
pose serious threats to our natural resources.'** The taxonomy
of NPL residues encompasses a diverse array of compounds,
prominently featuring various phenolic substances such as
bisphenol A, hydroquinone, catechol, and resorcinol,>?**
alongside diverse polymers including polystyrene, polyamide,
and polyethylene.”® These compounds, integral to industrial
processes and consumer goods production, infiltrate aquatic
ecosystems through multifaceted pathways, significantly
contributing to their pervasive presence. The direct impact of
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NPL residues on aquatic organisms manifests in physical
damage, reduced feeding efficiency, and altered behavior.
Moreover, these residues have the capacity to adsorb and
transport other contaminants, potentially causing harm to
organisms and disrupting ecosystems.>**® Effectively address-
ing the challenges posed by NPL residue pollution necessitates
the deployment of quantification methods capable of assessing
distribution, contamination extent, and ecological and human
health impacts.>~** Although traditional analytical techniques
like gas chromatography,®® high-performance liquid chroma-
tography,* and mass spectrometry®® are accurate, they present
limitations, as outlined in Table 1. In response, our research
ventures into the forefront of NPL residue detection by inge-
niously incorporating nanomaterial-based electrochemical
techniques, thereby augmenting the capabilities of established
methodologies. This synergistic approach not only comple-
ments traditional detection techniques but also introduces
cost-effectiveness, mobility, and the potential for real-time, on-
site monitoring.’” The strategic focus on electrochemical
chemo(bio)sensors is pivotal, given their advantages over
conventional methods, including cost-effective operation,
simplicity in transportation, quick response times, and
continuous monitoring capabilities.****

Mitigating NPL pollution necessitates a comprehensive
strategy that entails stringent waste management, the promo-
tion of recycling, and the utilization of biodegradable materials.
Regulatory efforts must be directed towards enforcing rules on
plastic production and limiting microplastics, while public
awareness campaigns play a crucial role in educating individ-
uals on responsible plastic use. Essential components of this
strategy encompass innovative technologies, efficient removal
method research, encouragement of alternative materials, and
sustainable packaging. Collaborative efforts with industries to
reduce plastic release and advancements in water treatment
technologies for NPL removal are critical. Supporting research,
fostering collaboration, and instituting continuous monitoring
contribute to a collective effort for a more sustainable
environment.

This review meticulously narrows its focus to electro-
chemical chemo(bio)sensors, leveraging their advantages over

Table 1 Advantages and disadvantages of conventional methods and sensors

Aspect Conventional methods Sensors

Advantages

Real-time monitoring Limited real-time data Provide real-time data
Portability Lab-based Portable and versatile

Resource-intensive
High reagent use
Batch processing

Cost-effectiveness
Reduced reagent usage
Continuous monitoring

Disadvantages
Calibration

Limited sensitivity
Limited lifespan
Energy

Size and form factor

Calibration is often necessary for precision

Some methods may be energy-intensive
Conventional equipment may be bulky

© 2024 The Author(s). Published by the Royal Society of Chemistry

Conventional methods may not be effective to detect the lower levels
Instruments may have a limited operational lifespan

Generally cost-effective
Lower reagent consumption
Continuous data streams

Require regular calibration for accuracy
Some sensors have limited sensitivity
Operational lifespan may be limited
Energy consumption can be a concern

Size and form factor may limit applications
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optical methods, especially in inspecting turbid specimens.
Various nanomaterials, including graphene, carbon nanotubes,
metal nanoparticles, metal oxides, and hybrid nanocomposites,
take center stage in NPL residue detection, offering innovative
solutions due to their exceptional properties.***” Furthermore,
the ability of electrochemical NPL residue sensors to function
across a wide range of potentials holds promise for thorough
water quality monitoring.**** Our review systematically explores
the contributions of diverse nanomaterials to the field, shed-
ding light on their roles in enhancing sensor performance and
expanding the horizons of environmental monitoring.

Given the significance of electrochemical NPL residue
sensors, our recent publication provides a comprehensive
summary of the latest developments in sensors and their
applications for water monitoring.*****> While numerous
review papers exist on NPL residue (bio)sensors, a noticeable
gap persists regarding simultaneous electrochemical moni-
toring of different NPL residues. This review aims to bridge this
knowledge gap, offering a comprehensive overview of recent
developments in nanomaterial-based electrochemical chemo(-
bio)sensors. By systematically addressing challenges, summa-
rizing advancements, and amalgamating essential ideas, our
study seeks to elevate the awareness of NPL residues concerns.
Furthermore, it aims to facilitate understanding for researchers
without an extensive background in electroanalytical chemistry
and sensor technology, thereby fostering future sustainable
developments in this critical area.

2 Electrochemical sensing methods
for NPL residues detection

Electrochemical techniques have been used to identify water-
borne contaminants, proving their usefulness. These methods
are favoured over other analytical techniques because of their
price, portability, user-friendliness, and speed.*® The sensors
and bio-sensors described in this study include voltammetric/
amperometric and impedimetric, which are divided into
groups according to the particular signal to be quantified -
current, potential, or impedance. These approaches have made
it easier to develop (bio)sensors that can quickly and continu-
ously analyse NPL residues in complex sample matrices such as
tap and river water.>’

2.1 Voltammetric and amperometric methods

Voltammetry encompasses a range of electrochemical methods,
including cyclic voltammetry, differential pulse voltammetry,
and square wave voltammetry. These techniques are based on
measuring the current response of an electrochemical cell while
applying a potential sweep or pulse to the working electrode. The
variations in the current can provide valuable information about
the presence and concentration of NPL residues. We briefly
discuss some of the most commonly used electroanalytical
techniques here, as we have recently reported detailed infor-
mation on electroanalytical techniques in another publication.*®

2.1.1 Cyclic voltammetry (CV). One of the most popular
electrochemical techniques, CV allows for flexibility in the
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analysis of many electrochemical systems. It measures the
amount of electric current produced inside an electrochemical
cell when the voltage rises above what the Nernst equation
predicts. A CV experiment involves a linear time-sweep of the
voltage applied to the working electrode. It starts at a given
initial potential and is then ramped in one direction to a given
potential (scan direction) and is finally ramped back to the
initial potential in the opposite direction (reverse direction).
The potential range over which this sweep occurs is called the
scan range. The resulting current is recorded during the voltage
sweep and a plot of current versus applied voltage is obtained.
This plot is called a cyclic voltammogram or CV scan. CV offers
qualitative insights into the electrochemical phenomena
occurring within the system. It has the capacity to uncover the
existence of intermediate compounds in redox reactions and
assess the reversibility of a given chemical reaction. Reversible
reactions show symmetrical peaks in the CV scan, while irre-
versible reactions show asymmetrical peaks. Through the
examination of the voltammogram's peak characteristics and
their positions, scientists have the capability to ascertain the
electron stoichiometry of the system and calculate the diffusion
coefficient of an analyte (based on the peak width), and the
formal potential (the midpoint potential at which the redox
reaction is half complete).*®

2.1.2 Differential pulse voltammetry (DPV). DPV is derived
from linear sweep voltammetry (LSV), a common electro-
chemical technique in which the potential is linearly and
consistently varied over time. In DPV, the linear sweep is
superimposed with periodic voltage pulses. Following every
pulse, there is a short interval where the current is quantified
before any alterations in potential occur. Just prior to each
forthcoming potential adjustment, an instantaneous current
measurement is taken, and the resulting current difference is
graphically represented relative to the applied potential.>® Due
to the proximity of current sampling to potential transitions in
DPV, the influence of the charging current is reduced. This
adaptable electrochemical technique is useful for exploring
reaction processes, kinetics, and the thermodynamics inherent
in chemical reactions and for quantitative chemical assess-
ment. Due to its unique approach and short pulse duration,
DPV has a remarkable sensitivity that allows it to successfully
identify analytes even at extremely low concentrations,
frequently in the parts per billion (ppb) range. Furthermore,
given that there is no overlap in their individual redox poten-
tials, DPV can distinguish a variety of analytes in a single trial
(sweep). This characteristic makes it easier to recognize and
distinguish between various analytes simultaneously. However,
DPV has several drawbacks, just like other voltammetric tech-
niques. The likelihood of interference caused by electroactive
chemicals found in complex matrices is the main cause of these
worries. Accurately differentiating and quantifying the intended
analytes can be challenging.*®

2.1.3 Square wave voltammetry (SWV). In SWV, a balanced
square wave is superimposed over a staircase waveform to
represent the stimulation waveform. A recurrent pattern known
as a square wave is defined by equally spaced positive and
negative voltage excursions.®® The current is frequently

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00471f

Open Access Article. Published on 08 February 2024. Downloaded on 12/5/2025 2:33:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

measured near the end of each potential pulse, a time of
stability when the potential is constant to reduce the impact of
the charging current. The advancing and receding regions of the
SWV voltammogram, respectively, show the currents accumu-
lated during the progressive and regressive potential pulses.
This makes it easier to compare and evaluate the redox
processes taking place in the advancing and receding images.
The net current is determined by computing the disparity
between the forward and backward currents associated with
each potential pulse. This differential nature increases sensi-
tivity and provides a clear and distinguishable signal from non-
faradaic or charging currents. This technique is a versatile
electrochemical technique that has applications in various
fields, including electrokinetic measurements (e.g., electro-
chemical kinetics) and analytical measurements (e.g., quanti-
tative analysis of analytes).®> This voltammetry method has
several advantages, including remarkable sensitivity, a quick
turnaround for analyses, and efficient separation from non-
faradaic or charging currents. Additionally, the use of differ-
ential measurement helps to reduce background noise and
improve the signal-to-noise ratio.

2.1.4 Amperometry. The amperometric method is an elec-
trochemical technique used to quantitatively analyse
a substance by measuring the electric current generated in an
electrochemical cell.®***” An electrochemical cell with working,
reference, and auxiliary electrodes is submerged in an electro-
lyte solution in the setup. At the surface of the working elec-
trode, the analyte of interest experiences a particular
electrochemical reaction. Depending on the analyte, this reac-
tion may be an oxidation or reduction. An electric current is
created by the reaction, which releases electrons that move
through the circuit. A steady potential (voltage) is provided
between the working and reference electrodes to power the
electro-chemical process. The desired redox reaction of the
analyte is promoted by setting this potential at a certain value.
The electrochemical reaction's current is measured using an
ammeter. Following Faraday's law of electrolysis, the current's
size is directly proportional to the analyte's concentration.
Normally, a calibration curve is created to determine the analyte
concentration in a sample. This involves measuring the current
at various known concentrations of the analyte and plotting
a current concentration graph. The method's sensitivity is
indicated by the calibration curve's slope, which also enables
the quantification of unidentified amounts. The high sensi-
tivity, relatively straightforward apparatus, and applicability to
a broad range of analytes are the benefits of the amperometric
approach. It is widely employed in many industries, including
medicines, food analysis, environmental monitoring, and clin-
ical diagnostics. The amperometric approach does have certain
drawbacks though, such as electrode fouling, outside interfer-
ence, and meticulous electrode preparation and maintenance.

2.2 Electrochemical impedance spectroscopy (EIS)

EIS is an electrochemical method for measuring an interface's
electrical impedance under steady-state alternating current
conditions with constant direct current bias. The system is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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subjected to a tiny sinusoidal voltage at various frequencies,
and the current response as a result is monitored.®® EIS is
particularly effective at probing the electrode/electrolyte inter-
face and providing valuable information about the properties
and processes occurring at this interface. It can detect changes
in impedance at the electrode/electrolyte interface as target
biomolecules bind to surface-immobilized biorecognition
elements. This makes it a powerful tool for detecting complex
formations such as antibody-antigen or aptamer-target inter-
actions. In a broader context, when compared to DC techniques
or single-frequency measurements, EIS offers more detailed
data on the sensor system. EIS can identify diffusion-limited
events, separate several electrochemical processes occurring
simultaneously, and provide label-free detection. It does require
the presence of a dissolved redox species, typically added to the
electrolyte, to facilitate impedance measurements.® However,
aside from the redox probe, no other specific reagents are
needed. EIS is therefore one of the most crucial detection
methods for (bio)sensors because of a number of well-known
benefits, including a broad measurable range and strong
detection stability.”

3 Nanomaterial based
electrochemical sensors for NPL
residues detection

Nanomaterials, with their unique properties arising from their
nanoscale dimensions, offer distinct advantages for enhancing
the sensitivity and efficiency of electro-chemical sensors.”>”?
These materials can be made to have particular qualities, such
as a large surface area, superior conductivity, and increased
catalytic activity, which are essential for creating platforms that
effectively detect NPL residues.” This section provides an
overview of recent advancements in nanoplastic detection using
electrochemical sensors, highlighting the particularly inventive
features made possible by cutting-edge nano-materials. Based
on the substrate surface modifications, we classify and briefly
provide electrochemical sensors, as shown in Table 2. We also
examine the current state and potential uses of electrochemical
nanoplastic sensors, taking into account both their analytical
capabilities and novel applications. The creation of a small
electrochemical framework with the goal of monitoring and
controlling water and environmental contamination through
quick NPL residue detection has been the focus of academic
research for the last two decades. The monitoring of NPL resi-
dues in water sources and its consequences for human well-
being emerges as a key aspect of the fusion of nanotech-
nology, employing sophisticated nanomaterials combined with
electrochemical techniques.

3.1 Carbon based nanomaterials

Carbon-based electrochemical sensors exhibit significant
potential in identifying NPL residues within water systems.
These sensors achieve accurate and sophisticated nano-plastic
particle identification by taking advantage of the specific
properties of carbon-based materials. Nevertheless, recent
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Table 2 Performance summary of various nanomaterial-based modified electrodes towards the detection of distinct types of NPL residues®

NPL residues  Modified electrode Technique LOD (uM) LDR (uM) Sample Ref.
CC, HQ P,VPBA/PPy/GO/GCE CV/DPV  0.96 7.0-16 Tap water 74
0.53 4.0-22
CC, HQ, BPA, AgNPs/MWCNT/GCE SWV 0.20, 0.16, 2.40, 3.00 20-260, 2.5-260, 5.0-  Tap water 75
phenol 152, 2.4-152
HQ, CC, RS CoFe,Se,/PCF/GCE DPV 0.13 0.5-200 Lake water 76
0.15 0.5-190
1.36 5.0-350
CC, HQ, RC CB/AuSNPs/SNGCE DPV 1.70 5-350 Tap, dam, and swamp water 23
5.10 5-350
4.50 5-350
HQ, RS Zn0O/Co30,-MCPE CV/DPV  3.22 1-100 Tap water 77
2.92 10-60
CC CS/MWCNTs/PDA/AuNPs/GCE DPV 0.95 0.1-10 Tap and lake water 78
CC P(GN)MGPPE cv 0.045 2.0-200 Water samples 79
BPA AuNPs@TpBD-COFs/GCE DPV 1 5-1000 Lake water 80
BPA UiO-66-NDC/GO/CPE DPV 0.025 10-70 Tap and drinking water and 81
fresh liquid milk
HQ MnO,NRs/GO/GCE DPV 0.012 0.5-300 River water and tap water 82
HQ, CC Ni/N-GO/GCE DPV 0.16 1.0-800 Tap water 83
0.06 1.4-800
2-AP CaCu,03/GCE Ccv 0.00574 0.175-68 Tap water and agricultural 84
2-CP 0.00138 0.050-90 water
2-NP 0.00103 0.025-32
4- LSO@f-HNT/GCE DPV 0.0021 0.01-480 River and tap water 85
(Methylamino)
phenol
HQ, CC, BPA, Mesoporous nickel/GCE DPV 0.0053, 0.0057, 0.03-3.0, 2.0-18.2, Tap water 86
BPS 0.0056, 0.0615 nM 0.05-0.7, 1.0-35.0
HQ, CC N and S dual doped mesoporous ~ DPV 0.69 2-40 River stream water 87
carbon (NS-MC)/GCE 0.39 2-40
BPA MWCNTSs/GCE DPV 2-30 0.5 River water 88
BPA Covalent organic framework CTpPa- DPV 0.1-50 0.02 Mineral water 89
2/GCE
HQ, CT, RS La,0; nanoparticles@snowflake- DPV 0.66-266.6 0.056, 0.058, 0.059 Tap water 90
like Cu,S
CC, RS SDS modified graphene paste Cv 0.106 2-10 Tap water 91
electrode 15-150

% CoFe,Se,: cobalt-iron selenides; PCF: porous carbon nanofibers; COFs: covalent-organic frameworks; TpBD: 1,3,5-triformylphloroglucinol and
benzidine; UiO-66-NDC: metal-organic framework; CPE: carbon paste electrode; CaCu,0;: nanorod-shaped; MCPE: modified carbon paste
electrode; ZnO/Co30,: zinc oxide/cobalt oxide; P(GN)MGPPE: glutamine-activated graphite paste electrode; MnO,NRs/GO: manganese dioxide
nanorods/graphene oxide nanocomposite; Ni/N-GO: Ni/N-doped graphene oxide; NS-MC: N and S dual doped mesoporous carbon; CTpPa-2:
porous crystalline covalent organic framework; La,0;: lanthanum oxide; SDS: sodium dodecyl sulfate; CT: catechol; 2-AP: 2-aminophenol; 2-CP:

2-chlorophenol; 2-NP: 2-nitrophenol.

investigations into the advancement of electro-chemical
sensors based on nanostructured carbon materials, including
carbon nanotubes, carbon dots, and graphene/graphene oxide
(GO), have been relatively limited for the detection and locali-
zation of NPL residues. This section conducts a comprehensive
examination of the current progress in nanostructured carbon-
based electrochemical sensors, encompassing their fabrication
techniques and their electrochemical efficacy in discerning a di-
verse array of nanoplastic variations.

3.1.1 Carbon nanotubes (CNTs). CNTs are divided into
single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs), and are one of the most
commonly employed carbon nanomaterials for electrochemical
sensing applications.””* They are suitable for detecting low

836 | RSC Sustainability, 2024, 2, 832-851

concentrations of NPL residues due to their high surface-to-
volume ratio and strong electrical conductivity. Numerous
sensors have been devised using carbon nanotubes for the
purpose of detecting and quantifying NPL residues. In their
work utilizing DPV, Aragon et al.** designed an electrochemical
sensor that incorporated AuNPs, electrochemically reduced
graphene oxide (ErGO), and carboxylated multi-walled carbon
nanotubes (cMWCNT) to enable the concurrent detection of
NPL residues like hydroquinone (HQ), catechol (CC), and
resorcinol (RS). The specifics of the GCE modification processes
are shown in Fig. 2a. Under ideal conditions, the LODs of the
GCE/ErGO-cMWCNT/AuNP sensor were 0.39 uM, 0.54 uM, and
0.61 uM, respectively, for the linear concentration ranges of HQ,
CC, and RS of 1.2-170 uM and 2.4-400 uM, respectively (Fig. 2b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Examples of CNT-based sensors used to detect NPL residues —
graphical abstract: (a) step-by-step approach used to create the GCE/
ErGO-cMWCNT/AuUNPs, and (b) DPV voltammogram showing the
effect of increasing the concentrations of HQ, CC, and RS in PBS.
Reproduced under the terms of the CC-BY license from ref. 94
[Biosensors], Copyright 2021, The Authors, published by MDPI.
Graphical abstract: (c) a modified MWCNT-based electrochemical
sensor for BPA detection with a CD on a SPCE, and (d) DPV voltam-
mogram recorded at MWOCNTs-CD/SPCE for increasing BPA
concentrations. Reprinted from ref. 95, copyright (2020), with
permission from Elsevier. (e) Schematic showing the G-PtCoNi/N-PCF
synthetic route and application as an electrode material for BPA
detection and (f) DPV voltammograms recorded at G-PtCoNi/N-PCFs/
GEC for increasing BPA concentrations (2-140 uM). “Reprinted
(adapted) with permission from {ref. 96}. Copyright {2023} American
Chemical Society”.

The detection of NPL residues in tap water resulted in an
average recovery rate of 107.11%. The enhanced electrocatalytic
properties of cMWCNT, attributed to their larger number of
active edge surfaces and carboxyl groups that facilitate nano-
plastic binding, contributed to this improved performance. The
proposed sensor demonstrated rapid, precise, and user-friendly
NPL residue monitoring within complex samples, exhibiting
remarkable sensitivity. Additionally, Ali et al.*> devised a cost-
effective and practical electrochemical sensor for the detec-
tion of BPA in water by employing chemically modified
MWCNTs with cyclodextrin (CD) on a screen-printed carbon
electrode (SPCE) (see Fig. 2c).

The sensor exhibited a two-phase linear response within the
concentration range of 0.125 pM to 2 uM (see Fig. 2d) and 2 pM
to 30 uM under optimal conditions, accompanied by correlation
coefficients of 0.997 and 0.995, respectively. The LOD for BPA
was estimated to be 13.76 nM (SNR = 3).*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The increased detection effectiveness was related to MWCNT
CDs' capacity to interact with BPA both as a guest and host as
a result of interactions between their high surface area and
hydrophilic nature. The sensors demonstrated great repeat-
ability (RSD = 4.7%) and constant response over a period of five
weeks, and they were very sensitive to normal chemical entities
in water. The sensor's recovery of BPA in tap and lake water
varied from 96.05% to 108.70% over the course of reliability
testing.”® Zhu et al.*® introduced another electrochemical sensor
designed for the detection of BPA. This sensor utilized
a graphitic carbon-coated PtCoNi alloy supported on N-doped
porous carbon nanoflakes (G-PtCoNi/N-PCFs), as shown in
Fig. 2e. The incorporation of a graphitic carbon shell notably
enhanced the catalytic stability of BPA. Under optimal condi-
tions, the resultant sensor effectively detected BPA in thermal
paper and plastic bottles, as illustrated in Fig. 2f, showcasing
exceptional catalytic activity and analytical performance. It
exhibited a wide linear detection range spanning from 2.0 to
140.0 uM and achieved a LOD of 0.19 uM (S/N = 3).

3.1.2 Carbon dots (CDs). CDs represent a category of
nanomaterials derived from carbon and exhibit distinctive
optical and electrochemical characteristics. They are small,
zero-dimensional carbon nanoparticles, typically less than
10 nm in diameter.”” CDs have garnered substantial interest in
recent times owing to their exceptional biocompatibility,
minimal toxicity, chemical resilience, and adjustable charac-
teristics.”® Electrochemical sensing using CD-based materials
has shown promise for the detection of NPL residues in water
due to its sensitivity, selectivity, and cost effectiveness. Some
papers use CDs for the electrochemical sensing of NPL residues
in water. Conversely, Wei et al.*® proposed an electrochemical
sensor based on a modified GCE incorporating Nafion/multi-
walled carbon nanotubes/carbon dots/multi-walled carbon
nanotubes (Nafion/MWCNTs/CDs/MWCNTs) for the simulta-
neous determination of three NPL residues: HQ, CC, and
resorcinol (RS). The simultaneous analysis of these compounds
was conducted via DPV. The resulting peak current exhibited
a linear relationship with the concentrations of HQ, CC, and RS
within the ranges of 1.0 to 200.0 uM, 4.0 to 200.0 uM, and 3.0 to
400.0 uM, respectively. The LODs for HQ, CC, and RS were
found to be 0.07 uM, 0.06 puM, and 0.15 uM, respectively (S/N =
3). This modified electrode was effectively employed for the
detection of these NPL residues in tap water, well water, and
river water, with recoveries ranging from 100.3% to 109.8% for
HQ, 96.0% to 105.8% for CC, and 83.4% to 101.6% for RS.
Similarly, Zhan et al'® developed a novel electrochemical
sensor for the detection of BPA utilizing a GCE modified with
metal-organic frameworks (MOFs), AuNPs, and electro-reduced
carbon (ErCD) dots (AuNPs-ErCDs-MOF/GCE) (see Fig. 3a). The
electrochemical behaviour of this proposed sensor was thor-
oughly investigated through CV, EIS, and DPV. The results
revealed that the AuNPs-ErCDs-MOFs/GCE sensor, featuring
a LOD of 32 nmol L' (S/N = 3), exhibited an extensive linear
range spanning from 7.0 x 10 ®*mol L " t0 5.0 x 10" mol L ™"
and 5.0 x 107" mol L ™" to 1.3 x 10~ ® mol L™ for BPA (refer to
Fig. 3b and c). Moreover, this proposed sensor was successfully
applied to the analysis of BPA in plastic products, yielding
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Fig. 3 Nanoplastic electrochemical sensors based on carbon dots: (a)
preparation (one-pot) of the AuNPs-ErCDs-MOF composite and
construction of the BPA electrochemical sensor, (b) DPV voltammo-
gram recorded at AuNPs-ErCDs-MOFs/GCE for increasing BPA
concentrations in PBS (pH = 7), and (c) corresponding calibration plot.
Reprinted from ref. 100, copyright (2021), with permission from
Elsevier. (d) Graphical abstract — synthesis route of the C-dot-V,0s
nanoporous material and electrochemical sensing approach, (e)
amperometric i—-t curve of C-dot-V,05/GCE at BPA concentration
from 5 x 1072 M to 9.2 x 107> M, and (f) calibration curve of current
versus BPA concentration. Reprinted from ref. 101, copyright (2022),
with permission from Elsevier.

satisfactory recovery results. Additionally, Rajesh et al'*
developed an electrochemical sensor based on a carbon dot-
vanadium pentoxide (CDs-V,0s) nanoporous material-
modified GCE (CDs-V,05/GCE) for the detection of BPA (as
depicted in Fig. 3d). The electrochemical behaviour of the CDs-
V,05/GCE sensor for BPA detection in the concentration range
of 5.0 x 107° M t0 9.2 x 10> M was systematically examined
using CV and EIS techniques (see Fig. 3e). The electrochemical
assessment confirmed that the CDs-V,05/GCE sensor possessed
a substantial electrochemical surface area, featuring
a maximum sensitivity of 0.0681 pA uM ', enabling the detec-
tion of BPA at concentrations as low as 8.0 x 10 '° uM (see
Fig. 3f). This proposed sensor was also applied to the analysis of
BPA in milk and drinking water samples.

3.1.3 Graphene (GR)/graphene oxide. Graphene and gra-
phene oxide are two-dimensional carbon-based nanomaterials
that have attracted considerable attention in various fields,
including electrochemical sensing.'® The distinctive charac-
teristics of GR and GO, such as their great chemical stability,
wide specific surface area, and superior electrical conductivity,
make them ideal for electrochemical sensing applications.
Several electrochemical sensors using GR and/or GO as key
components have been created. For example, Zhou et al'®
devised a sensor by modifying a GCE with a GR-GO nano-
composite to detect HQ and CC in water simultaneously. The
utilization of GR-GO in the electrode’'s modification resulted in
a notable enhancement in the peak currents of HQ and CC due
to improved electrochemical process kinetics. Within the
concentration range of 0.5-300 uM, the oxidation peak currents
for both HQ and CC exhibited linearity, and their respective
detection limits were determined to be 0.16 pM (S/N = 3) for HQ
and 0.2 uM (S/N = 3) for CC. Furthermore, the GR-GO-modified
electrode demonstrated exceptional stability, repeatability, and
resistance to interference. Additionally, the GR-GO-modified
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electrode showed outstanding stability, repeatability, and
interference-resistance. Palanisamy et al.*** developed an elec-
trochemical sensor for the detection of CC based on a modifi-
cation of a GCE with a composite consisting of graphene oxide-
polydopamine (GO@PDA) modified with AuNPs. This sensor
achieved a LOD of 0.015 puM, and the current response at the
GO@PDA-AuNP composite-modified electrode displayed line-
arity across the concentration range of 0.3-67.55 puM. It was
effectively applied for the determination of CC in tap water
samples, exhibiting a sensitivity of 4.66 4 0.15 pA pM ™" cm ™2,
Additionally, Chen et al.'® created an electrochemical sensor
based on a GCE coated with a graphene/polymer layer for the
measurement of phenols in water. With a correlation coefficient
of 0.9963, the decrease in peak current exhibited a direct
correlation with the quantity of phenols. The LOD was 2.00 X
10~* mol L ™" (S/N = 3). For the quick, easy, and quantitative
detection of phenols in actual samples, the sensor showed
promise. In a similar vein, Zheng et al.**® introduced an elec-
trochemical sensor employing a metal-organic framework
(CoNi-MOF) combined with a modified GCE (CoNi-MOF/GO/
GCE) for the simultaneous detection of CC and HQ (see
Fig. 4a). The observed peak-to-peak separation between CC
(0.223 V) and HQ (0.120 V), as depicted in Fig. 4b, was 103 mV,
highlighting the sensor's capability to simultaneously and
selectively identify these two nanoplastic compounds. Under
optimal conditions, including a wide linear range (0.1-100 puM)
(Fig. 4c), low LOD values (0.04 pM for HQ and 0.03 puM for CC),
and high resistance to interference, the CoNi-MOF/GO/GCE
sensor exhibited excellent analytical performance for the
simultaneous determination of CC and HQ. Moreover, the
sensor was successfully applied to the detection of CC and HQ
in river water samples. Additionally, to enhance the analytical
capabilities for BPA detection, Zha et al.'* proposed an elec-
trochemical sensor for BPA quantification based on AuNPs
supported on zinc oxide/reduced graphene oxide (Au/ZnO/rGO)
nanosheets, with the inclusion of the surfactant -cetyl-
trimethylammonium bromide (CTAB). The electrochemical
transfer characteristics of the CTAB/Au/ZnO/rGO sensor are
discussed and the LOD was assessed using DPV for various BPA
concentrations. The results revealed that the proposed sensor
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Fig. 4 Graphene-based nanoplastic electrochemical sensors: (a) the
production of the CoNi-MOF/GO/GCE sensor and its use in the
electrochemical determination of CC and HQ. The oxidation process
at the electrode interface is indicated by arrows. (b) DPV curves of
CoNi-MOF/GO/GCE reveal simultaneous determination ranges of
0.1-100 uM for both CC and HQ, and (c) corresponding calibration
plots illustrate the oxidation peak currents as functions of CC and HQ
concentrations, respectively. Reproduced under the terms of the CC-
BY license from ref. 106 [Sensors], copyright 2023, The Authors,
published by MDPI.
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featured two linear ranges with a LOD of 4.95 nmol L7,
spanning from 10 to 1340 nmol L' and from 1340 to
10 000 nmol L™ *. Furthermore, the CTAB/Au/ZnO/rGO sensor
demonstrated excellent re-producibility, selectivity, and poten-
tial practical applicability for BPA detection in real samples.

3.2 Noble metal based nanomaterials

Noble metal nanoparticles, such as AuNPs, AgNPs, and copper
nanoparticles (CuNPs), are commonly employed in electro-
chemical sensors for NPL residue detection due to their unique
properties, high surface area, and excellent catalytic activity.'*®
There have been several reports of electrochemical sensors
based on noble metal nanoparticles that can be used to detect
various NPL residues.*>**1%%1° Recently, these nanoparticles are
often used individually or in combination with other compos-
ites, such as MWCNTs or CBs, for detecting various NPL
residues.

With regard to the use of AuNPs, Jebril et al.** developed an
environmentally friendly Sonogel carbon (SCGC) electrode
modified with a carbon black/gold sononanoparticle nano-
composite (CB/AuSNPs) for the electrochemical simultaneous
detection of three NPL residues, namely HQ, CC, and resorcinol
(RC) using the DPV method. When CB and AuSNPs are
combined, a nanocomposite with a high surface area and good
electro-conductivity is formed, which inhibits the transport of
electrons and lowers the response current of SNGCEs. There-
fore, based on the response current differential before and after
the reaction, the concentration of NPL residues may be deter-
mined. These findings demonstrated that the suggested sensor
has good sensitivity for HQ, CC, and RC detection, which was
examined in both solo and triple-component solutions, leading
to low LODs and a broad linear range. The simultaneous
detection of HQ, CC, and RC had LODs of 1.7, 5.1, and 4.5 uM
(S/N = 3), respectively. The created sensor also demonstrated
excellent reproducibility, repeatability, and selectivity. Addi-
tionally, the amperometric sensor was effectively used to find
these NPL residues in samples of tap, dam, and swamp water.
This method is used in additional research by Jebril et al.** to
identify NPL residues like BPA, a frequent component in plastic
items that is known to seep into water and may have negative
health effects. Benefiting from the advantageous interaction
between green gold AuSNPs and CB as cost-effective nano-
materials, a sensor was developed based on a SNGCE modi-
fied with the CB/AuSNP nano-composite (CB/AuSNPs/SNGCE).
This sensor exhibited heightened electroactivity, characterized
by superior sensitivity and a relatively low LOD of 60 nM (n = 3)
within a BPA concentration range of 0.5-15 pM. The newly
developed sensor also demonstrated exceptional selectivity
against various interfering substances. Furthermore, this
analytical sensor was effectively employed for BPA detection in
samples of both tap and mineral water. Incorporating AgNPs,
Ben Jaballah et al.>* designed a nanosensor based on a GCE
modified with functionalized multi-walled carbon nanotubes (f-
MWCNT) and AgNPs for the detection of BPA in drinking water.
This sensor boasted a LOD of 40 nM and exhibited a broad
linear response range for BPA (70-6000 nM), successfully
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detecting BPA in drinking water using the AgNPs/f-MWCNT/
GCE sensor. Another notable example is the electrochemical
sensor developed by Goulart et al” for the simultaneous
measurement of four NPL residues, including HQ, CC, BPA, and
phenol. This sensor utilized modified glassy carbon electrodes
that were further enhanced with silver nanoparticles and
carbon nanotubes. The study's findings showcased a linear rise
in oxidation current with increasing concentrations of HQ, CC,
BPA, and phenol. The LODs for all four species were 0.16 uM,
0.20 uM, 2.40 uM and 3.00 puM respectively, and the sensor
exhibited remarkable stability and repeatability. This sensor
was effectively employed for the simultaneous determination of
HQ, CC, BPA, and phenol in samples of contaminated tap water.
Additionally, Eftekhari et al.™** introduced an electrochemical
sensor for BPA detection based on a GCE modified with an
organosilicaionic liquid periodic mesoporous material and
functionalised with copper nanoparticles. This sensor demon-
strated a LOD of 1.5 nM and a linear detection range for BPA
spanning from 5.0 nM to 2.0 pM and 4.0 to 500 uM.

Furthermore, the detection of NPL residues has been
explored using hybrid nanomaterials or composites, incorpo-
rating various noble metals such as bimetallic nanoparticles
(e.g., Au-Ag and Pt-Ag), metal oxide/noble metal hybrids, or
metal nanoparticles. These hybrid nanomaterials can enhance
sensing performance, sensitivity, and selectivity of electro-
chemical sensors for NPL residue detection by leveraging the
unique properties of different metals.

3.3 Metal oxide based nanomaterials

Metal oxide nanoparticles, such as zinc oxide (ZnO), zinc
cobaltite (ZnCo,0,), and iron oxide (Fe;0,), offer a substantial
surface area and distinctive electrochemical properties that
contribute to the detection of NPL residues. Below are examples
of electrochemical sensors employing metal oxide-based
nanomaterials for NPL residue detection. In their research,
Amiri et al." introduced an innovative electrochemical sensor
tailored for detecting BPA in water, utilizing modified screen-
printed electrodes (SPEs) composed of zinc cobaltite and
a zinc cobaltite nanocomposite (ZnO/ZnCo,0,4). This sensor
demonstrated a commendable sensitivity and selectivity for
BPA, with a LOD of approximately 0.01 pM. The correlation
coefficient reached 0.9985, and the linear detection range
spanned from 0.06 to 200.0 puM. Additionally, the sensor
exhibited robust stability and reproducibility, making it
a promising tool for BPA detection in water samples. Similarly,
Mohammadzadeh Jahani et al.'*® proposed the use of a SPE
modified with Fe;0, nanoparticles as an electrochemical sensor
for BPA detection in water. The Fe;O,-modified electrode
exhibited an enhanced oxidation peak current for BPA
compared to the unmodified electrode. A linear relationship
between BPA oxidation peak current and concentration within
the range of 0.03 to 700.0 pM was observed using DPV. The
sensor achieved a LOD of less than 0.01 pM. These studies
underscore the potential of metal oxide nanoparticles, specifi-
cally ZnO, ZnCo,0,4, and Fe;0,4 in enhancing the electro-
chemical detection of NPL residues, particularly BPA in water.
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Fig.5 Nanoplastic electrochemical sensors based on metal oxides: (a)
application, drawbacks, and proposed electro-oxidation of MTBHQ,
HQ, and CC, (b) DPVs of simultaneous detection of MTBHQ, HQ, and
CC at ZnO@MnO,-rGO/GCE, and (c) calibration plots of simultaneous
detection. Reprinted from ref. 114, copyright (2023), with permission
from Elsevier. (d) Schematic of the BPA electrochemical sensor
preparation process, (e) EIS of various electrodes in 5.0 mM
[Fe(CN)gl>~"4~ containing 0.1 M KCL, in the frequency range of 105 to
0.1 Hz, with an amplitude of 5 mV at open circuit voltage, and (f) DPVs
of Ag@Fez0,4-rGO/GCE in various BPA concentrations, ranging from
0.1 uM to 20.0 uM. Reprinted from ref. 115, copyright (2023), with
permission from Elsevier.

The developed sensors exhibited remarkable sensitivity, selec-
tivity, and low LODs, making them effective tools for NPL
residue monitoring and analysis.

In another study, Movahed et al.™™* designed a sensing layer
with ZnO@MnO,-rGO nanocomposite modification on a GCE
for the simultaneous detection of HQ, Mono-tert-butyl hydro-
quinone (MTBHQ), and CC (Fig. 5a). The DPV results displayed
the significant electrocatalytic activities of the ZnO@MnO,-
rGO/GCE toward the electro-oxidation of MTBHQ, HQ, and
CC within linear ranges of 0.008 to 10 pM and 10 to 350 uM for
MTBHQ, 0.008 to 10 uM and 10 to 320 uM for HQ, and 0.008 to 8
uM and 8 to 330 pM for CC (Fig. 5b), with LODs of 0.0011,
0.0012, and 0.001 uM, respectively (Fig. 5c). Furthermore, this
sensor has demonstrated successful simultaneous detection of
HQ, MTBHQ, and CC in various real samples. Shen et al**®
developed a ratiometric electrochemical sensor for BPA detec-
tion using an Ag@Fe;0,-1GO composite-modified GCE (Fig. 5d).
The two-dimensional structure and chemical activity of rGO,
combined with Ag@Fe;0, core-shell nanoparticles, provided
an effective platform for BPA detection (Fig. 5e). The proposed
ratiometric electrochemical BPA sensor exhibited excellent
selectivity, repeatability, and stability, with a linear detection
range of 0.1-10.0 uM (R*> = 0.997) and a LOD of 0.028 uM (S/N =
3) (Fig. 5f). This ratiometric sensor has also been successfully
applied to detect BPA in real water samples.

3.4 Polymer film based nanomaterials

The distinctive physicochemical attributes of polymers have
garnered significant attention in advancing the field of elec-
trochemical sensors and biosensors. These properties play
a pivotal role in elevating sensor performance through
augmentation of electrode conductivity and provision of an
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expanded specific surface area, thereby facilitating enhanced
interactions. Polymers have demonstrated their versatility as
prime materials for fabricating a wide array of sensing devices,
encompassing temperature, gas, ion-selective, pH, and biolog-
ical sensors."® Notably, they enable the precise detection of NPL
residues through tailored selection. Polymers can be deliber-
ately designed or chosen based on their chemical composition
and functional groups, enabling them to exhibit robust affinity
towards NPL residues. These polymers consist of recurrent
monomer units, wherein the arrangement of positive or nega-
tive charges within these monomers can be strategically
manipulated to amplify electrostatic interactions. This repeti-
tive charge distribution markedly heightens the attractive forces
between the polymer matrix and NPL residues. It's important to
note that both natural and artificial polymers have potential in
the field of detecting NPL residues.

For instance, Park et al.*'” presented the innovative use of poly-
t-lysine (PLL) in conjunction with a terahertz (THz) metamaterial
sensor for the detection of microplastic (MP) particles. This
approach exploits the unique properties of PLL and the capabil-
ities of THz metamaterials to achieve sensitive and specific
detection. Metamaterials are artificially engineered materials that
are designed to have properties not found in naturally occurring
substances. In this case, a THz metamaterial sensor is specifically
designed to interact with terahertz frequencies. This involved
depositing layers of Cr (chromium) and Au (gold) in a specific
pattern on a highly resistive Si (silicon) substrate. The patterned
deposition is critical to achieving the desired interactions with the
target particles. To avoid non-specific interactions, the remaining
portions of the metamaterial were covered with an anti-adhesive
hexamethyldisilazane layer. In a microfluidic chip, the function-
alized THz metamaterial was housed. This chip allowed
controlled flow of the aqueous sample (containing microplastic
particles) over the surface of the metamaterial. As the PLL-
functionalized metamaterial trapped negatively charged micro-
plastic particles from the flowing sample, the resonant frequency
of the metamaterial changed. This change in resonant frequency
was detected and analysed using spectroscopy. Overall, this
approach demonstrates how PLL-functionalized THz meta-
materials can be used to selectively detect microplastic particles
based on their negative charge. The change in resonant frequency
upon particle capture provides a measurable signal that can be
correlated to the presence and concentration of MPLs. This
innovative combination of polymer chemistry, metamaterial
design, and microfluidics contributes to the development of
advanced sensor technologies for environmental monitoring and
microplastic detection.

Besides, Tan and colleagues introduced an electrochemical
sensor that relied on a composite material of molecularly
imprinted polypyrrole and graphene quantum dots (MIPPy/
GQD) for the purpose of detecting BPA within water
samples.'*® They developed the MIPPy/GQD composite layer by
means of electro-polymerizing pyrrole on a GCE with BPA
serving as a template. Their findings indicated the successful
and selective identification of BPA within aqueous solutions
using the MIPPy/GQD composite. This recognition led to
a notable reduction in the peak currents of Ks;[Fe(CN)g] at the
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electrode modified with MIPPy/GQD in both DPV and CV.
Furthermore, the research revealed a linear relationship
between BPA concentrations within the range of 0.1 to 50 uM.
The LOD in DPV was determined to be 0.04 uM. Finally, they
applied their sensor to quantify BPA levels in samples of both
tap and seawater, achieving a recovery rate ranging from 94.5%
to 93.7%. Consequently, this method offers a robust tool for the
swift and highly sensitive detection of BPA in environmental
samples. While the concept is promising, there are challenges
to overcome, including the development of polymers with high
selectivity and sensitivity for different types of NPL residues. In
addition, the potential impact of the polymers themselves on
the environment or the sample matrix must be carefully
evaluated.

4 Biosensors for electrochemical NPL
residues detection

Biosensors have emerged as promising tools for the detection of
NPL residues in aquatic ecosystems. Their high sensitivity,
specificity, real-time monitoring capabilities, and compatibility
with complex environmental matrices make them valuable
tools for understanding the presence and distribution of NPL
residues. These devices combine biological recognition
elements with transducers to convert binding events into
measurable signals, allowing specific and sensitive detection of
NPL residues (Fig. 6)."° These recognition elements can be
enzymes, antibodies or aptamers designed to have high affinity
and specificity for NPL residues. These elements are selected
based on their ability to selectively bind to the target NPL resi-
dues, thereby increasing the sensitivity and selectivity of the
biosensor. In this section, we discuss the types of biosensors
used in the electrochemical detection of NPL residues and
highlight their advantages and limitations.

4.1 Enzyme based biosensors

Enzymatic sensors have gained widespread recognition for their
exceptional precision and sensitivity, making them invaluable

A\ Y4
, Y.
Bioreceptor
Transducer
i
Signal

Contaminated

samples Biosensor

Fig. 6 Schematic of the typical components of a biosensor for
application in environmental samples and main sources of emerging
pollutants. “Reprinted (adapted) with permission from {ref. 119}.
Copyright {2023} American Chemical Society”.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

for detecting a broad spectrum of analytes.*® In the realm of
environmental applications, these biosensors have progres-
sively supplanted traditional analytical techniques due to their
scalability, affordability in terms of instrumentation, and user-
friendliness, which includes minimal sample preparation, and
potential for multiple applications. These attributes become
especially pronounced when addressing the detection of
contaminants such as NPL residues in water. Enzymatic sensors
have come a long way since their initial development by Clark
and Lyons in 1962."'° The biosensor they designed used
glucose oxidase as the enzyme and an amperometric electrode
for glucose monitoring. Today, enzymes such as glucose oxidase
remain one of the most common biorecognition elements used
in biosensors. Enzymatic sensors are potent analytical tools that
use digital signal processors, transducers, and biorecognition
components (enzymes) to quickly, precisely, and constantly
identify specified compounds. The enzyme (1), which serves as
the biorecognition component, is the primary component. It
selectively interacts with the target analyte, resulting in
a specific reaction; (2) the transducer, which plays a crucial role
in converting the physical, biological, or chemical changes that
arise from the interaction between the enzyme and the target
analyte into signals that can be detected and measured. Among
the commonly used transducers are electrodes, specifically
designed for amperometric or potentiometric measurements.
These electrodes are instrumental in capturing and quantifying
the desired signals, making them essential components of
biosensors designed for a wide range of applications; (3) the
digital signal processor, which receives and processes the
signals generated by the transducer. It digitizes the informa-
tion, performs signal conditioning, noise reduction, and
amplification, and prepares the signal for interpretation and
analysis.">""**?

The matrix, which can take the form of polyelectrolytes,
conductive polymers, or pyroelectric polymers, plays an
important part in the development of enzymatic sensors by
ensuring stability and durability over time and enabling
optimal immobilization of the enzyme." One of the critical
phases in developing enzymatic sensors involves the enzyme's
assembly or immobilization, and there exists a variety of tech-
niques for achieving this, including adsorption, encapsulation,
cross-linking, covalent bonding, and entrapment. The tech-
nique is determined by the particular demands of the
biosensor. Enzyme immobilization on the electrode's or trans-
ducer's surface enhances stability, repeatability, and reusability.
It also provides an accessible active site that mimics the natural
state of the enzyme and enhances the catalytic activity of the
enzymatic  sensor.’*  Electrochemical transducers are
commonly used elements in EBB development due to their high
sensitivity and small sample volume requirements. Various
types of electro-chemical sensors are available, depending on
the fabrication method. They include carbon paste-based elec-
trodes, screen-printed electrodes on rigid or flexible substrates,
and microfabricated electrodes. Microfabricated electrodes
offer several advantages, such as easy miniaturization,
improved time stability, and integration into portable
devices.” The selection of enzymes in enzymatic sensors is
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determined by the specific application and the target analyte.
Enzymes commonly used in enzymatic sensors encompass
hydrolases such as lipases, phosphatases, glycosidases, pepti-
dases, and nucleosidases; oxidoreductases (including tyrosi-
nase and nitrate reductase); oxidases (like glucose oxidase,
monoamine oxidases, and laccases); peroxidases (e.g., horse-
radish peroxidase); aminooxidases. These enzymes, either
through activation or activity inhibition, enable the detection of
various hazards."”***” This specifically refers to NPL residues,
which are the most dangerous pollutants introduced into the
environment. They have grown to be a significant issue as
a result of human activities, when they are abundant in
Water‘lzs,lzg

Several enzymatic sensors have been developed for the
detection and quantification of NPL residues. One instance is
the creation of a nanocapsule-based biosensor by Wu et al.**
that uses tyrosinase (nTyr) in water for the ultrasensitive and
quick detection of BPA. In this context, we chose tyrosinase as
the model enzyme, known for its catalytic activity towards BPA.
To enhance enzyme stability and efficiency, we developed
tyrosinase nanocapsules (nTyr), encapsulating individual
tyrosinase molecules within a thin network polymer shell. The
encapsulation was achieved through an aqueous solution and
the in situ polymerization technique. Subsequently, we con-
structed an electrochemical (bio)sensor for BPA detection
utilizing these nTyr nanocapsules. This biosensor exhibited
exceptional performance, featuring a low LOD of 12 nmol L™*
and an extensive linear range for BPA concentration from 5 x
10 %to 2 x 10~ ° mol L™". Additionally, as shown in Fig. 7a, Liu
et al.™" introduced a novel 3D aloe-like Au-ZnO nanocomposite
on an ITO substrate for CC detection in water. The combination
of highly conductive AuNPs and the large specific surface area of
aloe-like ZnO resulted in excellent electrocatalysis and rapid
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Fig.7 (a) Schematic preparation of aloe-like Au-ZnO arrays onan ITO
electrode. (b) Amperometric responses amplified upon repeated CC
addition occurring every 50 s, inset: the curve magnified from 0 to
600 s, (c) linear correlation between peak current and CC concen-
tration; the curve is magnified at low CC concentrations in the inset.
Reprinted from ref. 131, copyright (2020), with permission from
Elsevier.

842 | RSC Sustainability, 2024, 2, 832-851

View Article Online

Tutorial Review

electron transfer during enzymatic processes. This biosensor
offered selective detection of CC, even in the presence of various
dihydroxybenzenes and phenols, with an impressive sensitivity
of 131 pA mM ™" (Fig. 7b) across a broad linear range from
75 nM to 1100 pM (Fig. 7c), and a notably low LOD of approx-
imately 25 nM. Moreover, the biosensor demonstrated reliable
performance in assessing real lake samples and exhibited
satisfactory anti-interference capabilities.™*

According to Shan et al.,”** they developed an electro-
chemical (bio)sensor for HQ detection based on oriented
Prussian blue/polyaniline (PB/PANI) nanoarrays, as depicted in
Fig. 8a. Fig. 8b illustrates the unique nanostructure of PB/PANI,
which combines excellent electrocatalysis and conductivity
from PB and PANI, along with a remarkably high surface area
for abundant active sites required for laccase immobilisation,
resulting in strong synergistic effects. The biosensor exhibited
reliability in evaluating materials from real lakes, boasting
a high sensitivity of 931.39 pA mM ™' ¢cm™> and an LOD of
250 nM (0.027 ppm) after laccase immobilization (Fig. 8c-e).

Additionally, Zhao et al.**® proposed an economical electro-
chemical (bio)sensor that overcomes the application challenges
of BLac and MXenes/PEI-MWCNT nanohybrids on a GCE for the
detection of common NPL residues like CC and HQ. Their
approach involved co-immobilizing cell surface displayed
bacterial laccase (CSDBLac), as depicted in Fig. 9a. The
biosensor exhibited remarkable sensitivity with a low LOD (0.15
uM for CC and 0.09 uM for HQ), excellent repeatability, and
stability attributed to the synergistic effect of nanohybrids and
CSDBLac (Fig. 9b and 9c). It was successfully employed for CC
and HQ detection in real water samples. The capacity to detect
NPL residues in complicated samples and high specificity and
sensitivity are only a few benefits of enzyme-based biosensors.
However, they also face challenges such as enzyme stability,
reproducibility, and potential interference from other compo-
nents in the sample matrix.
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Fig.8 (a) Synthesis process of the HQ biosensor using PB/PANI, (b) EIS
diagram, which involves the three mentioned electrodes, spanning
a frequency range from 0.1 Hz to 1 MHz, (c) amperometric responses
at different operating potentials, (d) the signals’ reactions, and (e) linear
calibration of the Lac-PB/PANI/CC biosensor at 0.15 V in PBS, with
insets displaying the detection duration and a magnification of the
curve from 100 to 600 s. Reprinted from ref. 132, copyright (2023),
with permission from Elsevier.
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BSA-MXene-CSDBLac/GCE (b(e)) and GA-BSA-MXene-PEI-MWCNTs-
CSDBLac/GCE (b(f)). (c) CC's magnification curves. Reprinted from ref.
133, copyright (2023), with permission from Elsevier.

Furthermore, Liu et al.*** introduced a novel variety of
carbon dots known as F,N-CDs, which are co-doped with
nitrogen and fluorine through the utilization of p-phenyl-
enediamine (p-PD) and 5-fluorouracil (5-Fu). Leveraging F-, N-
CDs in conjunction with laccase (Lac), they developed an elec-
trochemical sensor tailored for the detection of CC. In contrast
to traditional catechol sensing methods, the sensor Lac-F, N-
CDs/GCE as synthesised has a significantly stronger sensitivity
of 219.17 pA cm > mM " and a relatively lower LOD of roughly
0.014 pM. In practice, the detection of CC in both tap water and
lake water has been effectively accomplished using the devel-
oped Lac-F, N-CDs/GCE sensor. This study introduces an
innovative approach to stabilize laccase, enabling the creation
of efficient electrochemical sensors for the measurement of
catechol and similar analytes using CDs and various carbon
nanostructures.

Overcoming these challenges through appropriate enzyme
selection, immobilization techniques, and optimization of
assay conditions is critical to the successful implementation of
enzyme-based biosensors for NPL residue detection.

4.2 Antibody based biosensors

Antibody-based electrochemical biosensors stand as exemplars
of exceptional selectivity and specificity, making them indis-
pensable across a wide spectrum of fields, including the food
industry, biomedicine, and environmental monitoring. What
sets them apart is their unique ability to deliver real-time, on-
site detection, a feature that greatly amplifies their utility in
diverse applications. Within the domain of antibody-based
electrochemical biosensors, various antibody types play
pivotal roles. Polyclonal antibodies (pAbs), stemming from
plasma cells in serum, possess a remarkable versatility. They
can recognize multiple epitopes on the target analyte's surface,
expanding their specificity to encompass various forms of the
analyte. On the other hand, monoclonal antibodies (mAbs),
originating from the fusion of B cells with immortal myeloma
cells, exhibit exceptional precision. They zero in on a single
epitope on the target analyte's surface, making them invaluable
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in diagnostics and analytical applications where consistent
specificity is paramount.

An increasingly relevant alternative is the utilization of
antibody fragments or recombinant antibodies. These frag-
ments, including single-chain variable fragments (scFv) or
antigen-binding domain fragments, can be crafted through
proteolytic digestion or genetic engineering. They offer
numerous advantages over full-length antibodies, such as
heightened stability and solubility. Furthermore, producing
antibody fragments or recombinant antibodies allows for the
customization of specific characteristics, like enhanced affinity
and amplified specificity for the target analyte.

The detection of interactions between the analyte (antigen)
and the antibody within antibody-based electrochemical
biosensors hinges on the electrochemical transducer, an
essential component. This critical element enables the precise
determination of both the analyte's presence and its concen-
tration. In essence, antibody-based electrochemical bio-
sensors, fortified by these diverse antibodies and advanced
transduction methods, form an indispensable toolkit for accu-
rate, sensitive, and quantitative analysis across a wide array of
applications.'®>'3¢

Numerous antibody-based biosensors have been developed
for detecting and quantifying NPL residues. In a notable
example, Marchesini et al.**” developed a biosensor for the
detection of BPA. To enable this biosensor's detection capa-
bilities, they raised antibodies, including both pAbs and mAbs
antibodies, against a structural analogue of BPA known as 4,4-
bis-(4-hydroxyphenyl) valeric acid (BVA). The researchers con-
ducted a comprehensive evaluation of the kinetics of the MAb-
BPA interaction, identifying MAb 12 as the antibody with the
highest affinity. This antibody was subsequently directly
immobilized onto the sensor chip surface to create a direct
assay. In their experiments, MAb 12 exhibited the highest
sensitivity, achieving a remarkable LOD of 0.4 pug L™" in the
direct assay. However, the researchers found that the inhibi-
tion assay demonstrated superior robustness. In this assay, the
PAbs exhibited the highest sensitivity, with an LOD ranging
from 0.5 to 1 pg L™'. Importantly, these antibodies displayed
specificity for both BVA and BPA, with minimal cross-reactivity
observed towards structurally related compounds or other
endocrine disruptors. In the inhibition assay, which had
a rapid run time of 6 minutes, water samples spiked with BPA
at different concentrations (ranging from 0.5 to 50 pg L)
yielded recoveries between 68% and 121%. Notably, the
sensitivity of the inhibition assay could be significantly
enhanced (achieving a LOD of 0.03 pug L™" with the MADb 12-
based assay) through the incorporation of solid-phase extrac-
tion (SPE). This improvement underscores the biosensor's
potential for highly sensitive BPA detection, particularly when
coupled with SPE techniques.

In conclusion, antibody-based biosensors serve as invaluable
tools with wide-ranging applications in fields such as the food
industry, biomedicine, and environmental monitoring, thanks
to their unmatched selectivity and specificity. The ability to
provide real-time and in situ detection makes them a preferred
choice for various applications. Within this realm, polyclonal
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and monoclonal antibodies, as well as innovative antibody
fragments, offer versatile solutions for precise analyte detec-
tion. These biosensors, coupled with diverse transducers,
facilitate the detection and quantification of target analytes.

4.3 Aptamer based biosensors

Aptamers, short single-stranded oligonucleotides composed of
either DNA or RNA, exhibit exceptional affinity and selectivity
toward specific target molecules. These aptamers are crafted
through a systematic process known as the Systematic Evolution
of Ligands by Exponential Enrichment (SELEX). In the initial
stage of SELEX, a vast library of random oligonucleotide
sequences, sometimes comprising as many as 1015 distinct
sequences, is generated.”®® These sequences contain a central
region with randomly positioned bases, flanked by two conserved
regions designed for primer binding during PCR amplification at
the 5 and 3’ ends. Under regulated binding circumstances, the
target molecule is exposed to the random oligonucleotide library.
Sequences that exhibit target binding are next amplified by PCR
and subjected to a thorough analysis.”** Aptamers provide
a number of benefits over conventional antibodies, including
high selectivity, quick synthesis, cost effectiveness, and environ-
mental tolerance. Due to their various structural topologies,
including loops, multi-branched loops, and G-quadruplexes,
aptamers have consequently emerged as excellent candidates
for environmental sample monitoring.**>'** By taking advantage
of these benefits, aptamers have the potential to completely
change environmental monitoring by delivering more effective,
affordable, and trustworthy instruments for identifying environ-
mental pollutants and toxins. Aptamers, characterized by their
exceptional selectivity, diverse structural motifs, and resilience
under harsh conditions, present themselves as appealing alter-
natives for a wide spectrum of environmental sensing applica-
tions. In this context, a variety of aptasensors have been devised
for NPL residue detection. For example, in a study by Cui et al.**
a label-free, single-step approach was introduced for BPA detec-
tion in aqueous samples. This method employed an aptamer-
based molecular probe immobilized on a commercially avail-
able array of interdigitated aluminum microelectrodes. The
quantification of BPA levels relied on monitoring changes in the
interfacial capacitance rate due to specific binding events between
the analyte and the immobilized aptamer. Impressively, this
sensor achieved a detection limit as low as 10 fM and demon-
strated a rapid response time of just 20 seconds. Such an
economical, highly sensitive, and rapid technique holds signifi-
cant promise for on-site BPA detection in water samples.

In contrast, Xue et al.'*® developed an electrochemical apta-
sensor designed for swift and ultra-high sensitivity detection of
BPA, as well as for screening the presence of BPA in drinking
water. This aptasensor employed a specific aptamer targeting
BPA and its complementary DNA probe, which were immobi-
lized on a gold electrode through self-assembly and hybridiza-
tion, respectively. The detection of BPA relied on competitive
binding interactions between BPA and the immobilized
aptamer on the electrode surface. This electrochemical apta-
sensor exhibited the capability to detect BPA in drinking water
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with an exceptional detection limit of 0.284 pg mL ™" in less than
30 minutes. Such remarkable sensitivity establishes this
method as a potent tool for on-site monitoring of water quality
and food safety.

It is noteworthy that aptamer-based biosensors offer distinct
advantages over their antibody-based counterparts. Aptamers
can be specifically engineered to target a wide array of mole-
cules, even those challenging to address with antibodies.
Furthermore, aptamers can be readily customized and modified
to enhance their stability and selectivity.

5 Challenges, future prospects and
avenues

The detection and monitoring of NPL residues in aquatic
ecosystems are crucial for addressing global concerns about NPL
pollution. Electrochemical chemo(bio)sensors offer advantages
such as heightened specificity, sensitivity, rapid response times,
and the ability to discern trace contaminants. However, several
challenges must be addressed for successful development and
implementation. A primary challenge is the judicious selection of
recognition elements, such as enzymes, antibodies, or aptamers,
to ensure biosensor specificity. Developing elements capable of
distinguishing NPL residues from other contaminants is crucial.
Aquatic environments, rich in interfering substances, pose diffi-
culties, demanding robust and selective electrochemical (bio)
sensors for real-world conditions. Accurately quantifying NPL
residue concentrations in water samples presents another chal-
lenge due to limited calibration standards. Portable, miniaturized
electrochemical chemo(bio)sensors are needed for effective on-
site, real-time monitoring. Understanding ecological and
human health impacts requires integrating NPL residue detection
with impact assessments. The advancement of electrochemical
chemo(bio)sensors for NPL residue detection offers substantial
potential. The resolution of NPL pollution requires collaboration
among researchers, policymakers, industries, and environmental
agencies. Future prospects involve multi-recognition element
biosensors and machine learning for data analysis. Our review
emphasizes the need for cohesive efforts across scientific
communities, regulatory bodies, and industrial sectors, fostering
collaboration and inspiring confidence in NPL pollution's
tangible impact and effective resolution. To enhance quantifica-
tion accuracy, standardization and reference materials are crucial.
Integrating electrochemical chemo(bio)sensors with remote
sensing and IoT enables continuous, real-time monitoring.
Global collaboration is encouraged to share data and insights,
fostering a better understanding of the global distribution and
impact of NPL residues. Developing regulatory frameworks and
guidelines is essential for integrating electrochemical chemo(bio)
sensors into environmental monitoring programs, contributing
to a more sustainable and healthier planet.

6 Conclusions

This comprehensive review delves deep into the realm of NPL
residue detection, recognizing the increasing environmental
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concerns and the pressing need for reliable monitoring
techniques. Within this context, nanomaterials play a pivotal role
in advancing sensing and biosensing capabilities. Nanomaterials,
ranging from graphene and carbon nano-tubes to metal nano-
particles and hybrid nanocomposites, serve as the foundational
building blocks for the development of advanced sensors dedi-
cated to NPL residue detection. Their unique properties, such as
high surface area, excellent conductivity, and tailored electro-
chemical characteristics, endow these chemo(bio)sensors with
the sensitivity and specificity needed to detect and monitor NPL
residues in complex environmental settings effectively.
Throughout the review, nanomaterials play a central role in
enhancing sensor/biosensor performance, enabling real-time
monitoring, and expanding the horizons of environmental
assessment. The review also focuses on electrochemical
biosensors covering enzyme, antibody and aptamer-based
approaches, elucidating their mechanisms, advantages, and
limitations. It provides valuable insights into the practicality and
performance of diverse sensors and biosensors for NPL residue
detection, underscoring their respective strengths and weak-
nesses. In addition to the rich insights provided in this compre-
hensive review, it is imperative to highlight the exciting prospects
presented by nanopore technology. As a pioneering method,
nanopore technology has the potential to revolutionise NPL
residue detection through its unique capacity for single-molecule
analysis and real-time monitoring. The integration of nanopore
technology with established nanomaterial-based sensors prom-
ises to further enhance sensitivity and specificity, shedding light
on NPL residue behaviour and environmental impact.

Looking forward, the collaboration of traditional,
nanomaterial-based, and cutting-edge electrochemical tech-
niques, including nanopore technology, is poised to underpin
robust environmental monitoring. This collective approach
empowers scientists, decision-makers, and stakeholders to
protect global water resources and public health in the face of
escalating environmental concerns. The dynamic interplay of
these methodologies, informed by the insights presented in this
review, sets the stage for a promising future in addressing the
complex challenges of NPL residues in our environment and for
further sustainable developments.
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Abbreviations

NPL Nanoplastic

CcC Catechol

HQ Hydroquinone

MTBHQ Mono-tert-butyl hydroquinone

BPA Bisphenol A

BVA 4,4-Bis-(4-hydroxyphenyl) valeric acid
RS/RC Resorcinol

0-AP ortho-Aminophenol or 2-aminophenol
0-CP ortho-Chlorophenol or 2-chlorophenol
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0-NP ortho-Nitrophenol or 2-nitrophenol

PS Polystyrene

PA Polyamide

PMA Polymethyl acrylate

LDPE Low-density polyethylene

GCE Glassy carbon electrode

SPE Screen-printed electrode

Ccv Cyclic voltammetry

LSV Linear sweep voltammetry

DPV Differential pulse voltammetry

SWv Square-wave voltammetry

EIS Electrochemical impedance spectroscopy

MIPs Molecularly imprinted polymers

FLISA Fluorescence-linked immunoassays

SELEX Systematic evolution of ligands by exponential
enrichment

CD Cyclodextrin

PLL Poly-1-lysine

nTyr Tyrosinase nanocapsules

PB Prussian blue

PANI Polyaniline

GR Graphene

GO Graphene oxide

MWCNTs Multi-walled carbon nanotubes

CDs Carbon dots

SCGC Sonogel carbon

CB Carbon black

AuSNPs  Gold sono-nanoparticles

AuNPs Gold nanoparticles

MOFs Metal-organic frameworks

LOD Limit of detection

LDR Low dynamic range

RSD Relative standard deviation

THz Terahertz
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