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This research involves the creation of a compact voltammetric sensor for the
sensitive and selective determination of N-nitrosodiphenylamine (NDPhA) using
screen-printed graphene electrodes modified with a molecularly-imprinted polymer
(MIP) coatingonapalladium nanoparticle core (PANPs@MIP/SPGFE). A new approach
is also proposed for the 3D printing of NDPhA on a PANPs surface. PANPs were first
synthesized by chemical reduction using sodium borohydride. The core-shell polymer
can then be successfully created by continuously coating the surface of the PANPs with
poly(vinylpyrrolidone) and terminating with an MIP consisting of poly (N-
Isopropylacrylamide)-co-trimethylolpropane trimethyl acrylate.

Morphological, structural, and electrochemical characterization revealed that the
prepared microscopic,spherical PANPs@MIP uniformly possessed high electrocatalytic
capability and a specific surface area with a large number of NDPhA MIP sites. In this
study, compact NDPhA MIP sensors were created by coating the SPGrE substrate with
PANPs@MIP. The quantitative analysis was performedby linear sweepanodicstripping
voltammetry (LSASV) using a deposition potential of +0.02 V for 60 s. The linearity
range for the NDPhA measurementis 0.01 -0.1 uM (r2=0.996) and 0.1 — 100 uM
(r2=0.992), with a corresponding sensitivity range of 51.935 and 0.821 (pA s) M,

respectively. The system provides reliable accuracy of %RSD 1.67% with a minimum
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detection limit of (3S,, n =3) of 0.0013 uM. The intraday and inter-day accuracy
(%bias) is determined by the certified reference material (CRM) which were -0.74%
and -1.01%, respectively. This research demonstrates the successful application of a
compact sensor fabricated to measure NDPhA in beverage and synthetic samples. The
compact NDPhA the molecular-imprinted sensor can serve as an alternative approach

to food quality control.
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CHAPTER1
INTRODUCTION

1.1 The importance and the source of the research

N-Nitrosamines are a group of potential human carcinogens formed from
nitrification or oxidation of amine precursors. Nitrosodiphenylamine (NDPhA) has been
classified as one of the carcinogenic and mutagenic substances [9] and identified as one
of five pollutants possibly occurring in the public water system by the United-state
Environmental Protection Agency (US-EPA) [4, 10]. Because of its high toxicity and
potential for contamination in water systems, it has sparked public concern about food
safety and human health. The US-EPA established the maximum NDPhA content in
drinking water at 7 g L1 (0.035 uM) based on a lifetime cancer risk of 1 in 100,0000
[11]. As a result, rapid, sensitive, and selective detection methods for NDPhA in
drinking water, beverages, and food are important for public health. Various analytical
methods have been applied to NDPhA detection, including the nitrification or oxidation
of amine precursors [1,2]. They are widespread in human life and consumer products
such as processed food [3], beverages [2, 4], cosmetics [5, 6], and cigarettes [7, 8]. As
a type of volatile N-nitrosamine, nitrosodiphenylamine gas chromatography [12] and
liquid chromatography [13] tandem with mass-spectrometric detection and fluorimetry
[11]. It is always desirable to design methods for on-site analysis and household testing
kits for food management that are time-saving, cost-effective, and ready-to-use. The
electrochemical method is considered a suitable complementary tool to address this
demand because of its benefits of simplicity, low costs, and quick time when compared
to other methods.

Previous reports presented several electrochemical methods for detecting NDPhA
using different electrode materials, such as Hg [14], Au [15], and glassy carbon [16-18]
as working electrodes. The analysis was based on amperometric detection of NDPhA in
a flow injection system at ruthenium oxides stabilized by cyano cross-links layer
modified glassy carbon electrode (GCE) [16]. Poly(diallyldimethylammonium
chloride)-stabilized graphene/platinum nanoparticles (PDDA-Gr/PtNPs) [17] and



graphite polyurethane composite (GPUE) [18] modified GCEs are used in the
nanomaterial-based sensors with voltammetric detections of NDPhA. However, all of
these electrodes somehow have limitations, such as electrode fouling issues and a large
positive potential for NDPhA oxidation (0.75-1.56 V vs Ag/AgCl). As a result, several
chemicals may interfere with the measurements. To the best of knowledge, there is no
record of employing screen printed electrode to create a compact NDPhA sensor.
Sensors that are ready-to-use, affordable, portable, and well-suited for on-site
monitoring applications require additional development. Furthermore, for practical
application/commercialization, sensitivity and selectivity must be improved in order to
complement the capacity to function in food samples.

Molecularly imprinted polymers (MIP) with tailored-made affinity and specificity
to target analytes have been proven in a wide range of applications, including
electrochemical sensors, to improve sensor performance and selectivity [19, 20].
Polymerization may be controlled by adjusting the monomer-to-template ratio, the
initiation method or source the surface or place location where it happens, and so on
[21, 22]. Furthermore, the polymer chains can be integrated onto a variety of surfaces to
generate different architectures such as layer, core-shell, or beads. Core-shell
polymerization, or polymerization of the MIP shell around the core, results in a higher
surface area-to-volume ratio, more easily accessible recognition sites, improved bidding
kinetics and binding capacity, and lower heterogeneities [23-26]. Palladium
nanoparticles (PANPs) are a viable alternative nano-core due to their extra ordinary
catalytic, conductivity, and electro-chemical properties [27], as well as their abundance
and lower cost when compared to Pt and Au nanoparticles [28, 29]. The PANPs’s good
electrical properties and excellent conductivity, combined with the specific recognition
site of the MIP shell, will endow sensor with powerful performance for the target
analytes. As a result, NDPhA imprinting on core-shell sensing platforms provides
selectivity and sensitivity, as well as accuracy for food sample analysis.

In this work, A novel NDPhA compact electrochemical sensor based on a screen-
printed graphene electrode modified with palladium nanoparticles and coated with a
molecularly imprinted polymer (PdNPs@ MIP/SPGrE) was developed. This is the first
time that an NDPhA imprinted polymer has been polymerized on the surface of PANPs.
The 3D-imprinting on the surface of PANPs was effectively achieved by sequentially



coating the surface of PANPs with PVP, followed by a molecularly imprinted polymer
of poly(N-isopropylacrylamide)-co-trimethylolpropane trimethacrylate. A novel
PANPs@MIP is cost-effective, easy to synthesis, has a large number of NDPhA
imprinted sites, and has excellent electro-catalytic activity for NDPhA oxidation. The
SPGrE was easily prepared by screen-printing, and the synthesized PANPs@MIP was
dropped casting on the electrode surface to fabricated NDPhA-recognition sites
imprinted sensor. The compact sensor (PANPs@MIP/SPGrE) has high selectivity and
sensitivity, is rapid to analyze, utilizes a small reagent, and is suitable for large-scale
manufacturing. It is suitable for food-quality control and on-site monitoring

applications.

1.2 Objectives

1.2.1 To synthesize and characterize of palladium nanoparticles coated with
molecularly imprinted polymer (PdNPs@MIP) nanocomposites by using transmission
electron microscopy (TEM), electrochemical impedence spectroscopy (EIS), field
emission scanning electron microscope (FESEM), fourier-transform infrared
spectroscopy (FT-IR), and x-ray photoelectron spectroscopy (XPS).

1.2.2 Tostudy electrochemical behavior of NDPhA on the screen printed graphene
electrode modified with PANPs@MIP by using electrochemical techniques such as
cyclic voltammetry (CV) and linear sweep voltammetry (LSV).

1.2.3 To optimize the parameters used in the detection to enhance the sensitivity
and selectivity for NDPhA determination.

1.2.4 To study the analytical features of the developed MIP sensor on the
quantitative analysis of NDPhA.

1.2.5 To apply the MIP sensor for NDPhA in real samples.

1.3 Expected outcomes
A highly sensitive and selective compact sensor was developed based on the
PANPs@MIP/SPGrE for determination of NDPhA in real samples.



1.4 Scope of research
In this work, a novel NDPhA sensor based on a screen-printed graphene-paste
electrode, modified with palladium nanoparticles coated with a molecularly imprinted
polymer (PANPs@MIP/SPGrE), for sensitive and selective detection of NDPhA was
developed. NDPhA imprinted polymer is firstly synthesized on the surface of PANPs
core. PANPs@MIP was prepared by successively coating the surface of PANPs with
polyvinylpyrrolidone (PVP) to afford PANPs-PVP. For the polymerization step, N
isopropyl acrylamide (NIPAM) was selected as functional monomers and
trimethylopropane trimethacrylate (TRIM) as a cross-linker. A compact MIP-sensor
based on PANPs coated with a MIP for NDPhA’s was firstly developed for quantitative
determination using an SPGrE modified with the MIP composite. The portable
PANPs@MIP sensor was constructed usinga commercial mini-potentiostatand a laptop.
To achieve the research objectives, the scope of the research was set as following.
1.4.1 Synthesis of the PANPs@MIP
1.4.2 Characterization of the PANPs@MIP nanocomposites
1.4.2.1 transmission electron microscopy (TEM)
1.4.2.2 electrochemical impedence spectroscopy (EIS)
1.4.2.3 field emission scanning electron microscope (FE-SEM)
1.4.2.4 fourier-transform infrared spectroscopy (FT-IR)
1.4.2.5 x-ray photoelectron spectroscopy (XPS)
1.4.3 Electrochemical behavior of NDPhA on the PANPs@MIP/SPGrE
1.4.3.1 Study of NDPhA oxidation using cyclic voltammetry.
1.4.3.2 Studies of parameters that affect the sensitivity of the
PANPs@MIP/SPGrE using voltammetry, e.g., PANPs-PVP loading, molar ratio of
template: monomers, molar ratio of monomer: cross-linker, MIP loading, accumulation
time, pH of supporting electrolyte.
1.4.4 Analytical features
1.4.4.1 Linearity range for determination of NDPhA
1.4.4.2 Limitof detection (LOD)
1.4.5 Interference study (glucose, fructose, citric acid, caffeine, ascorbic acid,

uric acid, diphenylamine, NaNO3, NaCl, and ethanol)



1.4.6 Possibility to apply in real samples (beverage samples, e.g., beer, wine,
apple juice, orange juice, green tea, and etc.)

1.4.7 Reproducibility

1.4.8 Studies the stability of the developed the MIP sensor



CHAPTER?2
LITERATURE REVIEWS

2.1 Nitrosamine and N-nitrosodiphenylamine

N-nitrosamines (NAs) are a significant class of volatile human carcinogens. They
are formed in foods when nitrogen oxide interacts with amines. In acidic conditions,
nitrite in food, whether reduced from nitrate fertilizer or added as a preservative, is
hydrogenated to hydronitrogenoxide (H,NO,*). The resulting hydronitrogenoxide
(H2NO; ™) reacts with another molecule of nitrite to form nitrogen anhydride after
dehydration (Figure 2.1). N-nitrosamines are formed when nitrogen anhydride donates
a nitroso group to amines in food. Secondary amine may generate stable nitrosamines,
butprimary amine-derivednitrosamines breakdownfastand tertiary amine can scarcely

form nitrosamine [30].

(A) NO, +H* —— HNO,
HNO, + HY ———— H2N02+
H2N02+ +NOy —— = Ny,03+ Hy,O

(®) Hyo?

. H,0
(R);NH + N0 —\-)—>(R)2N-N=o + NO,

Figure 2.1 N-nitrosamine formation. (A) Formation of a nitrous anhydride from a

nitrite (B) nitrosation from a nitrous anhydride and an amine [30]

NAs increase cell growth, leading in tumor formation in vivo, especially in the
liver, lung, esophagus, bladder, and pancreas [10]. The International Agency for
Research on Cancer (IARC) has classified a number of NAs that enhance the risk of
cancer in humans. In 1987, the IARC have thought over N-nitrosodimethylamine
(NDMA) and N-nitrosodiethylamine (NDEA) are probably carcinogenic to human, and
N-nitrosodibutylamine (NDBA), N-nitrosopiperidine (NPIP), N-nitrosopyrrolidine
(NPYR), N-nitrosomorpholine (NMOR), N-nitrosodi-n-propylamine (NDPA), and N-
nitrosodiphenylamine (NDPhA) are possibly a carcinogen for human [31, 32]. NAs are



divided into two categories: volatile and nonvolatile. Nonpolar, low molecular weight
volatile nitrosamine molecules are extracted from foods using distillation. NAs are
linked to proteins and other materials in meat products (for example, sausage and
salami), making their extraction difficult. The United States Environmental Protection
Agency (US-EPA) hasdefined nitrosodiphenylamine (NDPhA), aform of volatile NAs,
as a carcinogenic and mutagenic substance [9] and listed it as one of five pollutants
possibly present in the public water system [4, 10]. Figure 2.2 displays structural
representation of NDPhA. Because of its high toxicity and potential for contamination
in the water system, it has raised concerns about food safety and human health. The US-
EPA set the maximum NDPhA concentration in drinking water at 7 g L1 (0.035 uM)
based on a lifetime cancer risk of 1 in 100,000 [11].

N
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Figure 2.2 Structural representation of NDPhA

2.2 Chemical sensor

The IUPAC (International Union of Pure and Applied Chemistry) set a definition
of a chemical sensor; "A chemical sensor is a device that transforms chemical
information into an analytically useful signal, ranging from the concentration of a
specific sample component to total composition analysis.” This relatively broad
definition excludes the fact that a sensor is often a continuously operating device and
that the sensing process must be reversible, especially because intermittently operating
sensors with irreversible properties are generally referred to as dosimeters [33, 34].
Figure 2.3 reports a scheme with the classification adopted by IUPAC.

Chemical sensors typically include a sensitive layer or coating and a transducer
(transducer is derived from the Latin transducere, which means to ‘transfer’ or
‘translate’; a device that translates energy from one domain (e.g. chemical) to another
(e.g. physical) is termed a transducer). When a chemical species interacts with the

coating (absorption, chemical reaction, charge transfer, etc.), the physicochemical



characteristics of the coating, such as its mass, volume, optical properties, or resistance,

reversibly change (Figure 2.4).
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Figure 2.3 The chemical sensors classification from International Union of Pure
and Applied Chemistry (IUPAC) [34]
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These changes in the sensitive layer are detected by an appropriate transducer and

converted into an electrical signal, such as a frequency, current, or voltage, which is



then read out and subjected to further data treatment and processing. The mass-sensitive
concept may be defined as follows: analyte molecules are absorbed to an extent
governed by intermolecular forces into a coating material (polymer). The shiftin the
resonance frequency of the transducer, such as a microbalance, is caused by the change
in mass of the polymeric coating. This frequency shiftis the electrical signal that will
be employed in later data processing. A wide variety of transducers based on various
physical concepts have been devised. According to Janata's suggestions, four major
groups of transducers may be recognized [35-37].

(1) chemomechanical sensors (e.g. mass changes due to bulk absorption)

(2) thermal sensors (e.g. temperature changes through chemical interaction)

(3) optical sensors (e.g. changes of light intensity by absorption)

(4) electrochemical sensors (e.g. changes of potential or resistance through charge
transfer)

Among the chemical sensor types, electrical and electrochemical sensors are the
most simple, and thus have received the most attention and use in practical applications:
either gases or substances in the liquid phase can be detected and quantified utilizing

simple electrical and electrochemical transduction platforms [38].

2.3 Electrochemical Sensors

Electrochemical sensors translate information from electrochemical reactions (the
reaction between an electrode and an analyte) into a useable qualitative or
quantitative signal. Potentiometric, conductometric, and amperometric/voltammetric
electrochemical sensors are the most common. As seen in Figure 2.5, electrochemical
sensors can provide electrical outputs in digital signals for further analysis. In general,
the reactions observed in these sensors are the result of chemical and electrical
interactions, which are ultimately based on conductometric, amperometric, and
potentiometric measurements. Electrochemical transducers are the most commonly
utilized transducers in the developmentof novel sensors, including biosensors. They are
the market leaders in terms of availability and have already demonstrated their actual
benefits [39, 40].
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Figure 2.5 The main stages in the sensor operation [40]

Electrochemical sensor technology is an important part of modern analytical
chemistry and has captured vast attention. Understanding the principles of sensors
necessitates a strong understanding of several academic areas related to every aspect of
science. As a result, chemists, physicists, biologists, biologists, electrical engineers, and
biologists work in this multidisciplinary field. Sensors have potential uses in a variety
of fields, including science, pharmaceuticals, medicine, analysis, chemistry, materials
engineering, synthesis, molecular engineering, and biotechnology.

Electrochemical sensors and detectors are intriguing for detecting onsite
contamination as well as meeting environmental standards. They are used to regulate
the checkingatvarious points of the measurement, which might offer useful information
at various stages of the decision-makingprocess. Thisisespecially critical for biological
samples, which are often tiny in size, and tissue harm should be minimized, especially
when in vivo monitoring is necessary. The ability to automate and manufacture small
sensors is extremely useful for scientific purposes. Electrochemical sensors provide
several advantages over traditional analytics, which will lead to widespread usage in the
near future. They are a fascinating scientific instrument because of their innate
selectivity and sensitivity to electroactive analytes, and they are less time consuming,
flexible, and simple to set up. They are portable and lightweight devices that are simple
to use and small, leading in faster research data arrangement. The choice of suitable
functional principles, design, and material for a sensing toolbox is influenced by factors
such as portability, selectivity, sensitivity, the requirement for single or multivariate
discovery, and any applicable field applications. The selection of fabrication techniques

and resources is critical for sensor operation, and sensor performance typically depends
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on these critical parameters. As a result, future advancements in device design should
focusonthe developmentof novel materials and technologies. The use of nanomaterials
and porous particles in electrochemical sensing tools to improve selectivity and
volatility is becoming progressively growing [40].

There are three types of electrochemical sensing: Conductimetric, Potentiometric,
and Voltammetric [41].

(1) Conductimetric sensor: The concentration of charge between two electrodes
can be calculated via a conductimetric measurement of solution resistance. These
measures are not species-specific but are utilized in conjunction with separation
techniques like high performance liquid chromatography.

(2) Potentiometric sensor: A potentiometer is used to measure the equilibrium
potential of an indicator electrode against a selected reference electrode at zero current
(approximated by usinga high-impedance voltmeter). If a suitable electrode material
can be found, ion-selective electrodes can provide good selectivity to a specific species,
in many cases with minimal interference from other ions.

(3) Voltammetric sensor: A current-voltage profile is created by registering the
currentas a function of applied potential using a potentiostat (or potential is recorded as
a function of applied current using a galvanostat). Working (indicator), auxiliary, and
reference electrodes are usually necessary; the reference electrode can also serve as an
auxiliary electrode if the currents are very small. More information and lower detection
limits can be achieved than with potentiometric sensors, and many electroactive species
can be determined in the same experimentif they respond atdifferentapplied potentials.
As a result, the previous separation of components of complicated mixtures is not

required in the most easily applicable situations for these types of sensors.

2.4 Voltammetric sensor

The dropping mercury electrode (DME), created by Heyrovsky in 1922 and for
which he received the Nobel Prize in 1959, was the first voltammetric instrument
capable of examining current-voltage profiles in a practical fashion from a sensing
standpoint [42]. Dynamic processes are probed, as unliked to potentiometric sensors.
This might be used to determine the number of reducible species in a solution (but

unfortunately for only a few oxidizable ones owing to the oxidation of mercury itself).
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The first reproducible measurements of numerous species, notably metal ions, were
made by selective reduction based on their half-wave potentials, as well as
investigations of the process of reduction and quantification of several organic species
[43, 44]. Liquid mercury has a very wide negative potential range in aqueous solutions
due to a significant overpotential for hydrogen evolution that is unmatched by any other
electrode material. The cyclic operation of the dropping mercury electrode involves
continual drop development at the end of a small capillary until it falls owing to gravity
and another begins to form. As a result, it is a hydrodynamic electrode in the sense that
there is enforced convection induced by movement (growth) of the electrode (drop)
itself rather than movement of the solution. Thus, if the experimental data are treated in
the correctway, pseudo-steady-state voltammograms can be constructed. The DME was
a breakthrough that was used for many years, but future practical advancements were
delayed since the related control and analysis instrumentation was not sufficiently
sophisticated. This changed when integrated circuits became available, allowing for
simple current sampling at particular areas of drop growth. It resulted in the widespread
use of normal and differential pulse polarography, wherein pulses were synchronized
with drops and applied at the end of drop life. Once this was accomplished, other
waveforms, such as square wave polarography, could be developed; this had also been
proposed inthe early 1950sbuthad notbeenproperly realizeddue to insufficiently good
electronics. The hanging mercury drop electrode, which has since been largely replaced
by the static mercury drop electrode, eliminated the periodic variation in current caused
by drop growth, which was also one of the main benefits, especially with organic
compounds, of avoiding long-term adsorption on the mercury surface.

There was clearly a need to employ other electrode materials which permit sensing
in the positive potential range via oxidation and preferably offer access to both positive
and negative potential ranges. The noble metals, platinum and gold, and, to a lesser
extent, silver, were the first materials to be investigated for this purpose. This enabled
the fabrication of solid electrodes of various shapes and sizes, but it did not address the
issue of repeatability unless highly efficient and consistent stirring could be carried out.
Carbon-based electrode materials have been produced, sometimes with worse electrode
kinetics but with the benefit of being more cheaply available than noble metals. Other

materials have followed. Bismuth, for example, has a large negative potential range that
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is nearly asexcellentas mercury, butwithoutthe toxicity issues. Procedures for cleaning
and conditioning solid electrode surfaces have been developed to help alleviate some of
the problems associated with solid surface contamination.

The problem of getting steady-state, reproducible data at solid electrodes was
overcome by using forced convection, either of the electrodes or of the solution. The
best example of the former is rotating disc and ring-disc electrodes and of the latter
channel/tube or wall jet. In these cases, true steady-state current-voltage profiles may
be recorded. The diffusion-limited current is directly proportional to the concentration
(the potential can be set at this value and the current recorded as a function of
concentration), and the shape of the voltammetric curve may provide some Kinetic
information. However, even with high convection rates, the detection limit is of the
order of 104 M. This may be considerably improved by using pre-concentration
techniques such as stripping voltammetry, different preconcentration timescales, and
determination steps enabling lower concentrations to be measured.

Since the 1970s, pulse techniques, particularly differential pulse voltammetry and
square wave voltammetry, have flourished in terms of their range of applicability at
solid electrodes and are especially simple to execute with digital-based instrumentation.
Because of their transient nature, they allow for a 1,000-fold decrease in the detection
limit. They also enable the investigation of electrode kinetics while providing analytical
information. Square wave voltammetry has the added benefitof being fast, whichmeans
that, in addition to reducing experimental time, problems associated with dissolved
oxygen are reduced, which is especially useful with pre-concentration stripping
voltammetric procedures that can reach down to 10-° M or even lower.

Before the advent of equipment that allow the use of pulse approaches, alternating
current voltammetry began to show great promise in the 1960s and 1970s. Cyclic and
linear sweep voltammetry had shown themselves not able to go much below 10-> M.
Although the information acquired by alternative current (AC) voltammetry is similar
in terms of sensitivity and detection limit to that received by pulse voltammetry, it is not
widely employed due to the digital nature of modern electrochemical instruments.
However, the scope of electrochemical impedance spectroscopy utilizing

modest alternating voltage perturbations has expanded, with applications in sensor
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characterization becoming more widespread and the development for impedimetric

sensing [41].

2.5 Molecularly imprinted polymer

Since Wulff and Sarhan released one of the earliest papers on molecular imprinting
in 1972 [45], molecular imprintingis one of the mostprominentstrategies for presenting
molecular recognition sites, and it has attracted an increasing number of attempts to
prepare complementary parts of target molecules [46]. This approach is primarily based
on the molecular identification reaction that occurs in the surroundings of the target
molecule, which is referred to as a template. The template and functional monomers
first formed the pre-complex, as shown in Figure 2.6. After the cross-linker and pre-
complex interactionsthatretain the position of the functional groupsto bind the template
capable of producingmolecular recognitionsites, the polymerizationwas accomplished.
After removing the template with suitable desorption agents at the conclusion of the
polymerization stage, the polymeric matrix includes specialized recognition sites,
allowing molecularly imprinted polymers (MIPs) to bind the template with great
selectivity as compared to other competing molecules [47]. MIPs may be created using
a variety of cross linkers, functional monomers, and solvents. The quality of MIPs and
their binding properties are affected not only by the mixture, but also through
experimental conditions such as initiator type and quantity, polymerizationtemperature,

interaction mechanisms, and so on.
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Figure 2.6 A schematic representation of the molecular imprinting method [48]
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Itis widely assumed thatthe template works as a crucial molecule and thatthe other
compounds (cross-linkers, functional monomers, and solvents) should be chosen
depending on the chemical and physical properties of the template [49]. Furthermore,
by altering the monomer and cross-linker composition, the stability as binding strength
of the target molecule of the imprinted polymers is adjusted [50]. Baggiani et al.
presented an alternate viewpoint to the molecular imprinting process based on these
findings [51]. As seen in Figure 2.7, the presence of the template in the pre-complex
mixture improves the interactions that already existin a non-imprinted polymer (NIP).
As a result, if the NIP fails to attach the target molecule, the MIP exhibits a poor

imprinting effect.

NIP (good ligand-binding behavior)

Figure 2.7 A schematic illustration of the alternative imprinting hypothesis [51]

There are four types of molecular imprinting: Covalent imprinting, Non-covalent
imprinting, Metal-ion exchange imprinting, and Semi-covalent imprinting [45].

(1) Covalent imprinting: Wulff and Sarhan [52, 53] initially published the
covalent imprinting approach for the imprinting of D-glyceric acid (the template)
employing molecules with boronic acid and amine-based functionalities for the steric

arrangement and polymerizable vinyl groups combined with divinylbenzene as a cross-
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linker. The first approach reported for the design of artificial receptors was molecular
imprinting by covalent forces. Because of the high stability of the template-monomer(s)
complex, which arises from the strong bonds formed between them, and theoretically
leads to highly specific and high-affinity MIPs, this approach is suitable when a high
level of precision on the specificity of the imprinting is desired. However, what is its
main benefit becomes also its major disadvantage given the difficulty to remove the
template once the MIP is synthesized. This is demonstrated by the poor template
recovery after polymerization, as well as the increased difficulty in rebinding/removing
the template when employed as a MIP, resulting in slower kinetics. To use this method,
the template molecule must have at least one functional group that may be derivatized,
such as alcohols, aldehydes, ketones, amines, or carboxylic acids, which are typical
examples in the literature. The template must be removed when the specific cavities
have been created by chemically cleaving the bonds using the synthesized MIP. This
can be achieved in a variety of methods, including acidic hydrolysis or reductive
cleavage of the ester bonds using concentrated acids or bases, or by using high pressure
or supercritical CO,. Other disadvantages of this synthetic approach include (1) the
template modification implies an extra step, and (2) the limited number of species that
may form a covalent bond with reversible properties (the list includes carboxylic and
boronic esters, ketals, disulfide bonds, acetals, and imines), which limits the species that
can be used as templates and, as a result, the MIPs that can be synthesized using this
strategy.

(2) Non-covalentimprinting: The nature of the prearrangement in non-covalent
imprinting (with a wider range of chemical functionalities and a comparably easier
synthesis procedure) became a significant milestone that opened the way for a wide
range of uses and applications in a wide range of scientific areas. The Van der Waals
forces, dipole-dipole, charge-dipole, cation-n, =-stacking, hydrogen bonding, or
electrostatic (charge-charge) interactions, and among others are predominant for the
formation of the self-assembled pre-polymerization complex in this approach. In
contrast, functional monounsaturated monomers such as vinylic, acrylic, or methacrylic
monomer are utilized in the synthesis of the MIP, along with a large amount of cross-
linker of the same kind (vinylic, acrylic, or methacrylic). The final organic network

material is generally produced via free radical polymerization (thermally or UV



16

induced). The main benefits of non-covalent imprinting are the infinite number of
templates that may be employed, the simplicity of preparation, the faster and more
efficient template removal, and, most importantly, the more favorable rebinding
kinetics. However, the specificity of the binding sites is clearly compromised due to
heterogeneity from the different pre-polymerization complexes formed, direct
competition from the solvent, the cross-linker (which is added in high proportion to
obtain a polymerwith greater rigidity), orunderestimation of the chaos generated by the
polymerization process, which is frequently promoted by thermal-induced
polymerization, the so-called free radical polymerization (FRP).

(3) Metal-ion exchange imprinting: Metal-ion exchange imprinting, similar to
semi-covalent imprinting, aims to take advantage of metal ions to create ionic bonds
(which are stronger than hydrogen bonds or electrostatic interactions) that facilitate the
interaction between the monomer and the template molecule, while also combining the
benefits of covalentand non-covalent imprinting. Metal ions, in other words, serve as
an assembly pivot for the production of the pre-polymerization complex. The metal ion
may create a complex with the template and monomer(s) that form coordinative bonds
with metals, or it may be imprinted usingionophores. By alteringthe metal, its oxidation
state, and/or the ligand properties, the interaction of the metal ions and the stability of
the complexes generated may be controlled. The interaction of metal ions and the
stability of the complexes generated may be controlled by altering the metal, its
oxidation state, and/or the ligand properties. Moreover, in addition to serving as a
monomer via the incorporation of the accompanying ligand (e.g., porphyrins) into the
polymeric material, they can also serve as a template for the imprinting of metal ions.

(4) Semi-covalent imprinting: The semi-covalent technique approach combines
the benefits of both covalent and non-covalent synthesis while counterbalancing their
disadvantages. The basic idea is to create a MIP based on covalentimprinting (a pre-
polymerization complex with covalent bonds), and then after the polymerization step,
the covalentfeaturesinvolvedare replaced by non-covalent functionalities, allowingthe
template to be rebinded using non-covalent interactions. This combined technique thus
benefits from covalent imprinting's lower non-specific contacts and more precise
cavities, aswell as non-covalentimprinting's more favorabletemplate rebinding process

(the rebind is only affected by diffusion parameters, without counting any other kinetic
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parameter than diffusion). Crowding and steric hindrance between the MIP and the
template, on the other hand, may occur as a result of the change in functionalities,
causinga loosening in the polymer binding capacity and hampered the imprinting. To
counteract this disadvantage, a linker group (also known as a sacrificial spacer) may be
utilized to connectthe template and the monomer(s) thatare lostafter template removal.
In this way, the sacrificial spacer helps to covalently bind the template and functional
monomer(s) during pre-polymerization while also preventing steric effects following
template removal. Carbonate ester, carbamate, urea,salicylamide, or silyl ether are some
examples of sacrificial spacer groupsidentified in the literature. However, the inclusion
of sacrificial spacers decreases the number of options for tailor-made cavities by
imprinting process, adds an extra coupling phase that must be optimized, and gives a
less efficient template recognition if the required attraction dipoles are not strong

enough.

2.6 Screen-printed disposable electrodes

Screen-printed electrodes (SPEs) are disposable sensorsthatrely on screen-printing
technology. They are created by printing different types of inks on various ceramic or
plastic substrates. Polyester screens are often used for printing; the analyst could design
different patterns of these screens based on the analytical purpose. Both the selectivity
and sensitivity required for the analytical technique are mostly dictated by the
composition of the different inks used for printing. Furthermore, there is a wide range
of commercially available products of this type [54].

The SPEs surface may be easily adjusted to fita variety of purposes connected to
various analytes and to achieve a variety of enhancements. The composition of printing
inks, which may be varied by adding a range of chemicals like as polymers, metals,
complexing agents, enzymes, and so on, is one of the two key tactics that contribute to
the high adaptability of SPEs. Alternately, electrodes can be changed by depositing
various things on their surfaces, such as metal coatings, enzymes, polymers, and so on
[55].

The primary benefits of these electrodes are their ease of use, dependability,
possible mobility, and tiny instrumental setups including the reference, working, and

auxiliary electrodes, as well as their important economic advantage, which is their low
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cost [56]. Furthermore, the same electrode surface may be securely utilized for further
examination since its disposable nature prevents electrode poisoning from repeated
usage. These SPEs have also been shown to be particularly beneficial in comparison to
other solid electrodes for direct and reliable examination of a variety of materials from
diverse sources. The repeatability of the results following repeated usage of the SPEs is

regarded as an important aspect [57].

2.7 Palladium nanoparticles (PANPs)

Metallic nanoparticles are appealing due to their exceptional electrical, optical, and
electrocatalytic properties. They are widely employed in various domains, including
chemistry, electronics, catalysis, and biology,as a class of adaptable nanomaterials [58].
Palladium nanoparticles (PdNPs) in particular are intensively explored in the field of
catalysis, and they are suitable alternatives for platinum nanoparticles due to their quick
electron transport, large surface to volume ratio, low toxicity, virtuous electrical
behavior, and plentiful availability [59,60]. The performance of PANPs is heavily
influenced by their size, shape, and aggregation state, among other factors. Pd NPs are
generally fastened by appropriate support materials to make them homogeneous in size
and equally disseminated, which not only successfully solves the stability problem but

also improves their electrocatalytic activity [61].

2.8 Electrochemical techniques
2.8.1 Cyclic voltammetry (CV)

CV is a potentiodynamic electrochemical technique that may be used to get
qualitative and quantitative information on electrochemical reactions, such as
electrochemical kinetics, reaction reversibility, reaction mechanisms, electrocatalytic
processes, and other characteristics. The Solartron 1287 is an example of a potentiostat,
which is used in this approach. The measurement is typically carried out in a three-
electrode configuration or electrochemical cell that has a working electrode, a counter
electrode, and a reference electrode. In this electrochemical cell, the electrolyte is either
a liquid solution or a solid membrane. The potential of the working electrode in the
examined system is monitored with respect to the reference electrode during CV

measurement, and the potential is scanned back and forth between defined higher and
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lower limits. At the same time, the current flowing between the working and counter
electrodes is measured. As seen in Figure 2.8, the potential is generally linear over time

with a slope; this slope represents the scan rate of the potential.

Cyclic Voltammetry Potential Waveform
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Figure 2.8 Typical CV potential waveform [62]

The current flowing through the working electrode is greatly influenced by
the potential scan rate, the working electrode's state, and electrolyte composition. The
cyclic voltammogram, depicted in Figure 2.9, is a plot of current vs. potential. In this
figure, the CV represents a reversible oxidation—reduction reaction. The upward peak
represents oxidation of the active species in the solution, whereas the descending peak

suggests reduction of the species. This technique can also be used to study the surface
redox reaction on the working electrode [62].
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Figure 2.9 Typical cyclic voltammogram. Epc and Epa are the cathodic and anodic
peak potentials, and ipc and ipa are the cathodic and anodic peak

currents, respectively [62]
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2.8.2 Stripping voltammetry

Stripping analysis entails concentrating the analyte into or onto the surface
of the working electrode. Following the preconcentration procedure, an electrochemical
measurement of the preconcentrated analyte or stripping from the electrode surface is
performed using a potential scan. The preconcentration and measurement steps work
together to provide an exceedingly favorable signal-to-background ratio. The inclusion
of a "built in" preconcentration stage is a characterization characteristic of stripping
analysis. Stripping analysis is substantially more sensitive than direct polarographic
procedures due to the inclusion of a preconcentration step. Furthermore, this approach
provides a broad linear range and a direct examination of analyte trace concentrations.
Fast linear sweep voltammetry was the first modern variant of classical stripping to
appear in 1947-1960, followed by the introduction of square wave and pulse

Polarography by Barker et al [63-65].

2.9 Related Research
2.9.1 Screen-printed electrode (SPE)

In 2012, W. Kit-Anan et al. [66] developed a new paper-based
electrochemical sensor as a low-cost and disposable point-of-care device for pre-
screening purposes. Electrodes of this new sensor are fabricated using two printing
techniques, i.e., screen-printing for base material and inkjet-printing for modifying
functional material, and the performance of fabricated sensors for Ascorbic acid
detection isdemonstrated. The paper-based device consists of three electrodes including
Polyaniline (PANI) modified Screen-Printed Carbon Electrode (SPCE) as working
electrode and two bare SPCEs as reference and counter electrodes (Figure 2.10). Three
SPCEs are initially screen-printed on a filter paper, and PANI is consecutively inkjet-
printed on the designated working SPCE. Its electrochemical performances are
systematically investigated towards Ascorbic acid using Cyclic Voltammetry (CV) with
different acetate buffer pHsand numbers of printed-PANI layers. The CV results show
that the optimal buffer pH and number of PANI layers are 4.0-5.0and 5, respectively.
Consequently, real-time detection of Ascorbic acid concentration is performed using
Chronoamperometry technique under the optimal conditions from previous CV studies.

From the results, the sensor exhibits agood sensitivity of 17.7 pJA/mMand amoderately
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low limit-of-detection of 30 + 3 UM in a concentration range of 30—270 uM. According
to cost versus performance, the utilization of paper-based sensor with inkjet-printed
PANI modified SCPE is an alternative for low-cost and disposable point-of-care

applications.
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Figure 2.10 Layout of three electrodes; (a) designed device, (b) fabricated device
[66]

In 2017, C. Karuwan etal. [67] proposed a new method for mass fabrication
of new microfluidic device with integrated graphene-based electrochemical electrodes
by screen printing technique for in-channel amperometric detection. Graphene-based
working and counter electrodes were fabricated by screen printing graphene paste on a
glass substrate followed by screen printing of silver/silver chloride (Ag/AgClI) reference
electrode. The screen-printed substrate was then bonded to prefabricated
polydimethylsoloxane (PDMS) sheet containing microchannels via oxygen plasma
treatment. The developed microfluidic device was then applied for glutathione analysis
in pharmaceutical products. The method offers effective and fast glutathione detection
with good analytical features including a wide dynamic range (10-500 uM) and a low
detection limit (3 uM). In addition, the screen-printed graphene electrode (SPGE)
exhibits a good stability in microfluidic flow system and good repeatability for

amperometric detection. The method has numerous advantages including low
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fabrication cost, high sensitivity, high throughputand satisfactory reproducibility. Thus,
it holds great promise for advanced analytical applications.

In 2019, P. Pasakon et al. [68] fabricated a screen-printed carbon paste
electrode (SPCE) combined with multi walled carbon nanotubes (MCNT) and graphene
(GP) in different mixing ratios. The process of printing pastes and electrodes is as
follows. Graphene was prepared by electrolytic exfoliation. For this, two carbon rods
were immersed in a 3% (w/w) sodium polystyrene sulfonate (PSS) solution. A potential
of 8V was then applied between them for 15 h leadingto exfoliation of graphene sheets
from the graphite. PSS stabilizes the dispersion and prevents restacking of graphene
sheets. The graphene/PSS dispersion was filtered with filter paper and washed with
ethanol and DI water several times. The collected solids were dried at 100 °C for 15 h
and stored in a desiccator. Printable paste was prepared by mixing commercial carbon
paste with MCNT and graphene/PSS in different quantities and dispersed
homogeneously in a mortar. The pastes were screen printed onto polyvinyl chloride
(PVC) sheets through a silk-screen printing mesh (mesh size 120 um) over 2 cycles.
After that, Ag/AgCl ink was printed on the PVC sheet for 2 cycles. Finally, insulating
ink was printed on PVC sheet for 2 cycles. PVC sheet was baked at 60 °C for1 h to
remove any solvent. Figure 2.11, consists of three screen-printed parts, two carbon
elements functioning as working electrode (WE) and counter electrode (CE) as well as
an Ag/AgCI elementas reference electrode (RE). The sensing area of the electrode is
defined by insulating ink screen printed on the PVC sheet in the final step. The surface
area of the WE is 7.68 mmz2. The as-prepared electrode was then employed to detect
H202 and nicotinamide adenine dinucleotide (NAD*/NADH) achieving sensitivity and
LOD of 0.0027 pA pM-1 and 7.1 uM for H,0,, and 0.0075 pA puM-1 and 3.6 uM for
NADH, respectively. Therefore, it was found that the addition of MCNT and graphene
to commercial carbon paste for screen printable electrochemical sensor is feasible for

fabrication of sensing electrodes for electrochemical detection.
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In 2019, J. Kampeera et al. [68] presented a rapid detection platform for
Vibrio parahaemolyticus by combining loop-mediated isothermal amplification
(LAMP) and disposable electrochemical sensors based on screen-printed graphene
electrodes (SPGEs). The LAMP reactions using primers targeting V. parahaemolyticus
toxR gene were optimized at an isothermal temperature of 65 °C, providing specific
detection of V. parahaemolyticus within 45 min at the detection limit of 0.3 CFU per 25
g of raw seafood. The LAMP amplicons can be effectively detected using unmodified
SPGEs, redox active molecules namely Hoechst-33258 and a portable potentiostat. A
simple and easy-to-use mini-potentiostat was developed for onsite detection of LAMP
amplicons. The circuit was designed to be compact with low power consumption and
operable with a small battery as shown in Figure 2.12 The case of portable mini-
potentiostat was prototyped using a 3D printer and then manufactured using a
computational numerical control (CNC) machine. The software of mini-potentiostat was
developed and written using C programming. Presently, the mini-potentiostat could
perform two electrochemical methods including cyclic voltammetry (CV) and
chronoamperometry. The parameter settings were the same as those of a standard
potentiostat but the potential range and resolution were limited to 0-1 V and 0.05V,
respectively. Therefore, the proposed system is particularly suitable as a point-of-care

device for on-site detection of foodborne pathogens.
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Figure 2.12 Design of screen-printed graphene electrode (SGPE) comprising
counter electrode (CE), working electrode (WE) and reference
electrode (RE) and photographs of printed circuit board (PCB) and
housing of portable mini-potentiostat along with a SGPE [68]

2.9.2 Determination methods for N-nitrosamines (NAS)

In 2007, R. T. S. de Oliveira et al. [69] developed an electroanalytical
procedure for N-nitrosamines (N-nitrosopyrrolidine, N-nitrosopiperidine, and N-
nitrododiethylamine in aqueous solutions by using the electrochemical methods cyclic
and square-wave voltammetry. Cyclic voltammetry was used to study the
electrochemical behavior of N-nitrosamines on the boron-doped diamond electrodes.
The irreversible electrooxidation peak was observed at 1.8 V (vs. Ag/AgCl) for both N-
nitrosamines. Under optimized conditions, the square wave voltammetry technique was
applied for determination of N-nitrosaminesat frequency (f) of 250 Hz, amplitude (Esy)
of 50 mV and scan increment (Es) of 2 mV in Britton-Robinson buffer solution pH 2 as
electrolyte (Figure 2.13). The detection and quantification limits determined for total N -

nitrosamines were 6.0 X 10-8and 2.0 X 10" mol L, respectively.
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Figure 2.13 Square-wave voltammetry response of a BDD electrode for different

total N-nitrosamines concentrationsin B — R buffer solutions pH 2.

Inset: Linear dependence of the peak current on total N-nitrosamines
concentrations, f =250 Hz, Esw =50 mV, Es=2 mV [69]

In 2008, H. L. Yang et al. [15] proposed a method for quantification of N-
nitrosodiphenylamine at an Au electrode in the medium of room temperature ionic
liquids (RTILs) [BMIM*][BF] acting as an electrolyte. Due to the RTILs has good
solubility of organic compounds and allows a wide performance potential window of
the platinum or gold noble electrode. After the investigation of the electrocatalytic
behavior of NDPhA ata gold electrode in this room temperature ionic liquid electrolyte,
highly sensitive determination of NDPhA was designed. In this work, the porous gold
electrodes with different active surface areas prepared using the glucose reduction
method have the same effect on the electrocatalytic oxidation of NDPhA in the ionic
liquid phase. Electrodes with different active surface area were achieved by changing
the anodic oxidation time at 10 V from a solution of 0.1 M pH 7.4 PBS. Figure 2.14
shows porous Au electrodes of different roughness and found that the peak current for
the oxidation of NDPhA with the same concentration in the RTILs increased as the
roughness increases. Therefore, a sensor with high sensitivity was constructed by
applying porous Au electrodes with highly electrocatalytic activity and large active

surface area. The present approach on one hand broadens the application field of room
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temperature ionic liquids, and on the other hand provides a sensitive analytical method

for environmental detection.

i Juk

C il

HEEL

Figure 2.14 Plotsof peak current vs. concentrationof NDPhA showing comparison
of flat Au electrode and porous Au electrode prepared by
electrochemical deposition method. Each data in the plot was

averaged by three measurements [15]

In 2009, K. A. Shah et al. [71] improved the determination of 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) in human urine by solid phase
extraction onamolecularly imprinted polymer columnprovided by Supelco (Bellefonte,
PA, USA) coupled with HPLC and -MS/MS detection. The influence of ion suppression
dueto sample matrix effectwas evaluated andfoundto influence the response of NNAL.
Under optimization condition, the extraction steps and chromatographic separation were
modified to yield a 25-fold improvement in sensitivity and through avoidance of
ionization suppression that was found with a previously published method and sample
throughputhasbeenimproved. The dynamic range of the assay extends from 20 to 2500
pg/mL with a mean r2 > 0.998. The lower limit of quantitation for the assay was 20
pg/mL despite the use of an inherently lower sensitivity instrument. The method was
validated according to current FDA guidelines for bioanalytical method validations.

In 2016, X. Cetd et al. [72] report on the development of an impedimetric
sensortowardsthe determination of Nnitrosodimethylamine (NDMA) in water samples.
The approach presented herein is based on the usage of a molecular imprinted polymer

(MIP) as the recognition element in conjunction with a glassy carbon electrode (GCE)
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as the electrochemical transducer. The MIP particles were first synthesized by the
precipitation polymerization method, and afterwards entrapped in an
electropolymerized polypyrrole membrane. Figur 2.15 shows schematic of the MIP
sensor preparation and approach for the detection of NDMA.. Briefly, NDMA (0.135
mmol, template) and MAA (0.45 mmol, monomer) were first mixed in 40 mL of
methanol for 1 h in ice to allow the creation of complexes between the functional
monomer and the template via interfacial hydrogen bonding. However, complexation
proceeds quickly to reach a new equilibrium, and thus shorter reaction times should be
considered for further experiments. Subsequently, EGDMA (1.8 mmol, crosslinker) and
AIVN (0.12 mmol, catalyst) were added to the mixture. The solution was mixed atroom
temperature for a few minutes and then sonicated for 10 min. After purging with
nitrogen for 5 min, the solution was sealed and placed in a water bath at 60 ~C for 18 h.
The synthesized particles were collected by centrifugation at 10,000 rpm for 5 min. The
template molecule was extracted by washing 8 times with 15 mL of ethanol. The
particles were finally dried overnight at 100 °C. Similarly, a control NIP was also
prepared following the same procedure, but in the absence of NDMA (the template
molecule). The mean size distribution of the MIP and NIP particles was estimated to be
ca.820nmand 115 nm, respectively. The developed sensor showed a selective response
towards NDMA with a linear range from 10 to 230 g Lt and a limit of detection of 0.85
g L1, without showing significant response towards structurally-related compounds.
The MIP gave an order of magnitude higher sensitivity for NDMA detection than the
non-imprinted polymer (NIP). Lastly, the developed sensor was applied to the
determination of NDMA in spiked drinking and recycled water samples, obtained from

conventional treatment and disinfection systems, without showing any matrix effect.

Rebinding
Electropolymerization EIS
= o MIP = e
e S bl —
Selective NDMA 4
GCE Ppy-MIP recognition <
@
Template

removal

Figure 2.15 Schematic of the MIP sensor preparation and approach for the
detection of NDMA [72]
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In 2016, X. Zheng et al. [73] synthesized a novel hollow molecularly
imprinted polymer (HMIPs) microspheres via two-stage dispersion polymerization and
swelling seed polymerization technique with nicotinamide (NAM) as the template
molecule. Binding experiments showed that the HMIPs possessed excellent binding
properties toward N-nitroamines, including fast mass transfer rate, and efficient
adsorption performance with the adsorption capacity reachingup to 1.7 mg/g, which
was 3 times higher than that of hollow non-imprinted polymers (HNIPs). The fast-
binding kinetics for one N-nitrosamine (4-(methylnitrosamino)-1-(3-pyridine)-1-
butanone, NNK) was attributed to the hollow porous structure with the imprinted
cavities on both external and internal surface of the HMIPs. Hollow porous polymers
were prepared by two-step swelling polymerization. Prior to polymerization, hollow
polystyrene (HPS) particles (0.4g) were dispersed in10 mL of sodium dodecylsulfonate
(SDS) solution (0.2% wt), 2 mL of dibutyl phthalate (DBP), 2.5 mL of toluene, and
AIBN (50 mg) were added into another 10 mL of SDS solution (0.2% wt). After
ultrasonication for 15 min, the two mentioned above solutions were mixed and kept at
room temperature with magnetic stirring for 24 h. In the second swelling step, NAM
(0.06 g), MAA (0.26 g), 5 mL of toluene, EGDMA (3 g) and 10 mL of PVA solution
(1.25% wt) were mixed under ultrasonication for 30 min. Then this emulsion was added
into the first step swelling emulsion mentioned above and maintained for 24 h. Finally,
the swelling emulsion was transferred into three-necked flask adding 40mL of PVA
solution (1.25% wt) and purgingwith high purity nitrogen for 30min, the polymerization
was carried out at 75°C under mechanical stirring for 10h. After polymerization, the
hollow imprinted PS particles were washed with deionized water, methanol and
methanol/acetic acid solution (9:1, v/v) to remove residual monomers, dispersant and
template molecules. Hollow non-imprinted polymers (HNIPs) were prepared under the
same conditions without NAM.

In 2018, Z. Li et al. [12] proposed synthesis method of MIPs with high
specific surface area and extraction efficiency for determination of NDPhA in water
samples using MIPs solid-phase extraction (SPE) coupled with gas chromatography
mass spectrometry (GC-MS) detection. The MIPs were successfully prepared using the
method of precipitation polymerization. Based on the chemical structure of NDPhA, N,

N-Diphenylformamide (NDPhF) was chosen as the template molecule (Figure 2.16)
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with avery high structural similarity to NDPhA. The template (1.8 mmol), the monomer
MAA (7.2 mmol), the cross-linker EGDMA (36 mmol) and the initiator AIBN (60 mg)
were dissolved in 240 mL of acetonitrile/water (3:1, v/v) in a flask. The solventwas
purged with nitrogen for 20 min to remove dissolved oxygenand allow the flask filled
with nitrogen. The polymerization was performed at 60 °C for 24 h in a thermostatic
water bath. The polymer, obtained in the form of precipitates, was washed with
methanol in a Soxhlet apparatus for 24 h to remove NDPhF and other unreacted
components. The non-imprinted polymers (NIPs) were synthesized following the same

procedure except that the template molecule was not added.
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Figure 2.16 Molecular structures of N-Nitrsodiphenylamine (NDPhA) and the
template molecule N, N-Diphenylformamide (NDPhF). And the
schematic representation of the MIPs synthesis, suggesting its

molecular structure [12]

In 2019, X. Peng et al. [17] fabricated a simple and high-performance
electrochemical sensor for NDPhA  detection constructed based on
poly(diallyldimethylammonium chloride)-stabilized graphene/platinum nanoparticles
modified GCE (PDDA-Gr/PtNPs/GCE) as an electrochemical sensing platform. The
PDDA-Gr/PtNP nanocomposite is synthesized by a facile wet-chemical approach.

Figure 2.17 presents the synthesis of PDDA-Gr/PtNPs and electrochemical sensing of
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NDPhA. It combines the prominent properties of graphene (large surface areas and high
conductivity) with the outstanding catalytic activity of Pt nanoparticles. Because of its
remarkable synergistic effect, the PDDA-Gr/PtNPs/GCE shows excellent performance
towards electro-oxidation of NDPhA with a significantly increased peak current and
negatively shifted peak potential compared to graphene modified electrode (PDDA -
Gr/GCE); it exhibits good linearity for NDPhA detection with a linear range of for
NDPhA detection with a linear range of 1.0 x 10-7t0 5.0 x 10> mol L-! and a detection
limit of 3.3 x 108 mol L1 (S/N = 3) under optimum conditions. Moreover, this cost-
effective and convenient sensor also has good stability, repeatability and anti-
interference ability and is promising for trace analysis of NAs in environmental

pollutants.

TR PDDA, H,PtCl,

CRBBH G N,H,, 60°C

PDDA-Gr/PtNPs/GCE

AL PDDA PtNPs 77 NDPhA

Figure 2.17 Synthesis of PDDA-Gr/PtNPs and electrochemical sensing of NDPhA
[17]

In 2019 Z. Li et al. [13] developed a highly selective and sensitive method
for the determination of nitrosamines, namely nitrosodiethylamine, nitrosopiperidine,
nitrosodi-n-propylamine, nitrosodibutylamine, and nitrosodiphenylamine in water and
beverage samples. A new molecularly imprinted polymer (MIP) was synthesized and
used as sorbents in SPE for the sample preparation. Prepared samples were analyzed
using high performance liquid chromatography-tandem mass spectrometry (HPLC-
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MS/MS). Satisfactory recoveries were obtained at three different concentrations (5, 20,
and 50 ng/L, n = 3) in the range of 93-107% with relative standard deviations of 3.1
9.8%. Limit of detection and limit of quantitation for the five NAs were in the range of
0.2-0.7 ng/L and 0.6—2.1 ng/L, respectively. Method precisions ranged from 4.9% to
10.5%. This novel method of MIP-SPE coupled with HPLC-MS/MS was successfully
applied to the determination of these five NAs in different types of water and beverages
samples.The MIP materials were synthesized by precipitation polymerization using
MAA as the functional monomer, EGDMA as the cross-linker, AIBN as the initiator
and the five compounds N,N-diethylformamide, N,N-formylpiperidine, N,N-
dipropylformamide, N,N-diphenylformamide, and N,N-dibutylformamide. For the
preparation of MIPs, (1) Each of the template compounds of 3 mmol individual were
added into 100 mL acetonitrile/water (3:2, v/v) in a 250 mL threenecked glass f lask and
then 60 mmol MAA was added. The mixture solution was stored at 4 °C for 24 h for the
pre-polymerization. (2) After that, 300 mmol EGDMA and 120 mg AIBN were added
into the mixture solution and the solution was stirred for 5 min to dissolve the initiators.
Then the mixture solution was deoxygenated by filling the flask with high purity
nitrogen for 15 min. After the deoxygenation, the flask was placed in oil bath (60 °C)
for24 hforpolymerization. (3) After the polymerization, the synthesized polymers were
filtered and washed with the mixture of methanol: aceticacid (9:1, v/v), acetonitrile, and
ultrapure water, n sequence, to remove the templates and other unreacted components.
Then the synthesized MIPs were dried at 60 °C under a vacuum for use. As a control
experiment, the NIPswere prepared usingthe same synthetic procedure of MIPs without
the addition of the five templates.

In 2019 L. V.L. Martoni et al. [18] proposed the electrochemical
determination of the N-nitrosodiphenylamine by comparing the voltammetric response
of two non-modified carbon electrodes: a glassy carbon (GCE) and a solid graphite
polyurethane composite (GPUE). The surfaces of the electrodes were characterized by
atomic force microscopy. The electroactive areas of GCE and GPUE were 0.040 and
0.068 cm?, respectively, calculated from chronocoulometry measurements using
K4Fe(CN)s as probe and the integrated form of Cottrell Equation. Cyclic
voltammograms obtained for N-nitrosodiphenylamine using both electrodes indicated

anodic and cathodic peaks (vs. Ag/AgCI (3.0 mol L1 KCI), in agreement with the
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literature. At GCE, the electrochemical reduction of the molecule is a diffusion-
controlled process, whereas at GPUE some degree of adsorption was also observed.
Square wave and differential pulse voltammetry were explored to optimize the best
analytical performance for the quantification of the molecule. Under optimized
conditions, SW voltammograms for several NDPhA concentrations in 0.10 mol L
phosphate buffer (pH 2.1) using GCE and GPUE are shown in Figure 2.18A and B
respectively. The linear range (sensitivity and limit of detection) observed using GCE
was between 8.02 and 46.6 umol L1 (1.09 pA L pmol? cm-2 and 4.54 umol L1) and
using GPUE was from 2.51 to 17.5 umol L (5.50 pA L pmol-1cm2and 0.270 pumol
L-1), with the peak currents densities increasing linearly with the concentrations as
shown in Figure 2.18C and D, respectively for each electrode. Considering higher
sensitivity and lower detection limits values, the GPUE was selected for the
quantification of Nnitrosodiphenylamine in synthetic urine samples. The developed
method presented a competitive detection limit compared to other sensors reported in
the literature, considering the use of a non-modified electrode, with low cost of

fabrication, easiness of surface renovation, and sustainability.



(A) GCE -

33

(B) GPUE

30 pA cm'zl

NDPhA
addtions

15pA em’ NDPhA
g additions
40 -09 -08 -07 -06 -05 -1.0 -09 -08 -0.7 -0.6 -0.5
(E vs. Ag/AgCl, 3.0 mol L KCl)/ V (E vs. Ag/AgCL, 3.0 mol L' KC1)/ V
(O 150, (D) 150,
125/ 125
1001 . 1001 'L
g 75 g sl
< <
S % 5%
25. 2.
Y — (i iyl
10 20 30 40 &0 0 5 10 15 20 25 30
[NDPhA] /pmol L [NDPhA] /pmol L

Figure 2.18 SW voltammograms obtained using GCE (A) and GPUE (B) for

various concentrations of NDPhA: from 8.02 to 46.6 pmol L and
from 2.51 to 17.5 pmol L, respectively, in 0.10 mol L phosphate
buffer (pH 2.1). Parameters of SWV: pulse amplitude 50 mV,
frequency 25 Hz, potential increment 5 mV, corresponding to an
effective scan rate of 50 mV s?'. Graphs (C) and (D) show the

respective analytical curves, n=3 [18]



CHAPTERS3
EXPERIMENTAL

This section describes instrumentation, chemical and research methods for
synthesis PANPs@MIP and the MIP sensor fabrication.

3.1 Instrumentation

Equipment used in this work were listed in table 3.1.

Table 3.1 Instrumentation used for nanocomposites characterization and

voltammetry

Instrument Model Company

Nanocomposite characterization

FT-IR spectrum Il spectrometer | Perkin EImer, USA

UV-Visible UV-2600 Shimadzu, Japan

TEM 1230 JEOL JEOL, Japan

SEM JSM 7610F JEOL, Japan

EDS INCAX-Max20 OXFORD instruments,
United Kingdom

XPS AXIS ULTRAPBLD Kratos Analytical, U.K

EIS Autolab potentiostat Metrohm, Switzerland

PGSTAT302N

Voltammetry

Potentiostat EmStat3 potentiostat PalmSens BV,
The Netherlands




3.2 Reagents and Chemicals

Table 3.2 List of reagents, grade, and their suppliers
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Chemical and reagent Grade Suppliers
Palladium chloride (PdCl,) 59% Acros Organics
Tri-sodium citrate dihydrate (NazCsHs07) ACS Sigma-Aldrich
Sodium borohydride (NaBH,) ACS Sigma-Aldrich
Ethanol (CH3CH,0H) ACS Sigma-Aldrich
Methanol (CH3;OH) ACS Sigma-Aldrich
Poly(vinylpyrrolidone) (PVP) average molecular | Sigma-Aldrich

mass of 10,000
g.mol!
N-Isopropylacrylamide (NIPAM) 97% Sigma-Aldrich
2,2'-azobis(2-methylpropionitrile) (AIBN) | 98% Sigma-Aldrich
Trimethylolpropane trimethacrylate (TRIM) | ACS Sigma-Aldrich
Boric acid (H3BO3) 99.5% Sigma-Aldrich
Phosphoric acid (H3PO,) 85% Sigma-Aldrich
Acetic acid (CH3COOH) 99.7% Sigma-Aldrich
Nitrosodiphenylamine (NDPhA) 99.5% Chem Service
Certified reference material of NDPhA Analysis Restex
Corporation

Ascorbic acid (CgHgOg) ACS Sigma-Aldrich
Glucose (C¢H1206) AR Sigma-Aldrich
Fructose (CgH1205) AR Sigma-Aldrich
Caffeine (CgH1oN4Oy) AR Sigma-Aldrich
Uric acid (CsH4N4O3) Laboratory Acros Organics
Citric acid (HOC(COOH)(CH,COOH),) ACS Sigma-Aldrich
Diphenylamine ((CsHs)NH) ACS Sigma-Aldrich
Sodium nitrate (NaNO3) AR Sigma-Aldrich
Sodium chloride (NaCl) AR Sigma-Aldrich
Sodium hydroxide (NaOH) ACS Sigma-Aldrich




36

3.3 Research Methods
3.3.1 Preparation of stock solution

0.1 M NDPhA solutionwas prepared by dissolving0.0990gof NDPhA with
ethanol and dilutingto 5 mL in a volumetric flask.

0.04 M Boric acid (H3BO3) solution was prepared by dissolving 0.2473 g of
H3BO3; with deionized water and diluting to 100 mL in a volumetric flask.

0.04 M Phosphoric acid (H3PO,4) solution prepared by pipetting 0.28 mL of
H3PO, with deionized water and dilutingto 100 mL in a volumetric flask.

0.04 M Acetic acid (CH3COOH) solution prepared by pipetting 0.64 mL of
CH3COOH with deionized water and diluting to 200 mL in a volumetric flask.

0.2 M Sodium hydroxide (NaOH) solution was prepared by dissolving
0.8000 g of NaOH with deionized water and diluting to 100 mL in a volumetric flask.

0.04 M Britton—Robinson buffer (B-R buffer) pH 3.0 was prepared by
mixing 100 mL of 0.04M H3BO3, 0.04 M H3PO, and 0.04 M CH3COOH, then the
mixture was adjusted to pH 3.0 by 0.2 M NaOH.

3.3.2 Preparation of PANPs@MIP

Palladium nanoparticles (PdNPs) were selected as cores for the imprinted
surface. We adopted the method described by Ullah and his co-workers [75] to
synthesize PANPs. Firstly, we mixed an aqueous solution of trisodium citrate (0.5 mL,
0.4 M) and a solution of PdCI, (5 mL, 0.10 M) into a flask containing DI water (30 mL).
The mixture was stirred continuously at 60°C for 30 min. Next, we added an aqueous

solution of NaBH, (0.5 mL, 0.1 M) to the flask, and the reaction continued under

constant stirring until the color turned to dark brown (~2 h), which indicated the
successful synthesis of PANPs (Scheme 3.1). Finally, the precipitate was centrifuged,
washed thrice with DI water, and letdry at 80°C for 2.5 h.

Figure 3.1 illustrates the synthesis of palladium nanoparticles coated with
molecularly imprinted polymers (PdNPs@MIP). PdNPs were coated with
poly(vinylpyrrolidone) or PVP to create the polymerizable functional groups using a
sol-gel method [77, 78]. First, PVP (0.04 g) was dissolved in ethanol (3 mL) to make a
PVP solution. The solution was mechanically stirred and maintained at 50°C. Next,

PdNPs (40 mg) were added to the PVP solution and vigorously stirred for 30 mins at
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roomtemperature. Finally, the precipitate was centrifuged, washed thrice with DI water,

and letdry in a desiccator to yield the PANPs-PVP nanocomposites.
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Figure 3.1 Preparation of palladium nanoparticles coated with molecularly
imprinted polymers (PANPs@MIP) and the NDPhA imprinted sensor via
drop coating onthe SPGrE

This work created nitrosodiphenylamine or NDPhA recognition sites on the
surface of PANPs cores via the precipitation polymerization method. Briefly, NDPhA
template (0.12 mmol), NIPAM functional monomer (0.24 mmol), and PANPs-PVP (20
mg) were mixed in 20 mL of methanol under ice bath for 1 h. This allowed the creation
of complexes between the functional monomer and the template via facial hydrogen
bonding. Next, TRIM cross-linker (0.9 mmol) and AIBN initiator (0.06 mmol) were
added to the mixture. The solution was mixed at room temperature for a few minutes
and then sonicated for 10 min. After purging with nitrogen for 5 min, the solution was
sealed and placed in a water bath at 60 °C for 18 h. The synthesized particles were
collected after centrifugation at 10,000 rpm for 5 min. The template molecule was

extracted to generate recognition sites by washing eight times with ethanol (80 mL) and
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dried overnight at 100 °C. Similarly, a control non-imprinted polymer (NIP) was
prepared following the same procedure but without NDPhA
3.3.3 Screen printed graphene electrode (SPGrE).

Disposable electrochemical analytical devices were fabricated in-house
according to our previously described protocols [23, 74]. The configuration of the
devices comprised of a three-electrode cell construction (Scheme 3.1), a 4 mm-circular
working electrode (graphene), a reference electrode (Ag/AgCl), and a counter electrode
(graphene). The screen-printed graphene electrodes (SPGrE) were prepared using an
MK-MINI screen printer (Minami, Japan). Commercial graphene ink (Serve Science
Ltd, Thailand) was screen printed onto clear polyvinyl chloride (PVC)
(Navanakornplastic Co. Ltd., Pathum Thani, Thailand) sheets through silk-screen
printing mesh (mesh size 120 um) for two cycles. Next, a reference area was screen-
printed with Ag/AgCI ink (Gwent Electronic Materials Ltd., Pontypool, U.K.) on the
PVC sheet for two cycles. Finally, A detection area with insulating ink was printed on
the PVC sheet for two cycles and then baked the sheetat 60 °C for 1 h to remove any
solvent. Next, A homemade electrode holder (5.0 x 5.0 x 1.0 cm) was assembled from
anacrylic sheetand placed an assembled electrical connector inside the body. The center
of the holder lid was drilled to make a2.0 cm sample injection hole. The electrode holder
was designed for efficienthandling of sample/standard addingand for tight fixing of the
SPGrE.

3.3.4 Electrochemical measurements

Electrochemical measurements were performed usinga homemade reactor
with an EmStat3 potentiostat (5.0 x 6.7 x 2.8 cm) (PalmSens BV, The Netherlands).
Further, we used "PSTrace for windows" with multi-trace software. The measurement
cell was formed by a working electrode (PANPs@MIP/SPGrE), a reference electrode
(Ag/AgCl), and a counter electrode (SPGrE). The circular modified graphene working
electrode (4 mm diameter) had an active surface area of around 0.126 cm2. Cyclic
voltammograms (CV) were recorded using 0.04 M Britton—Robinson buffer (B-R
buffer) electrolyte solution, at a scan rate of 50 mV s-1 and across a potential range of -
0.3 to +0.6 V. Linear sweep anodic stripping voltammetry (LSASV) was selected for
quantitative analyses. After filling the detection area with the standard or sample

solution, Deposition potential of +0.02 V was applied for 60 seconds. Then, the linear
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sweep scanned from -0.2 to +0.8 V at a scan rate of 50 mV s-! to remove the deposited
NDPhA, and the corresponding current signal was recorded
3.3.5 Fabrication of PANPs@MIP/SPGrE

The PANPs@MIP dispersion (2.5 pL, 5 mgmL-1in dimethylformamide) was
dropped onto the SPGrE surface and allowed to dry at room temperature to furnish the
imprinted sensor (PANPs@MIP/SPGrE).

3.3.6 Accuracy test and actual sample application

This work analyzed the NDPhA content in beverage samples (beer, dark
wine, red wine, green tea, orange juice, and apple juice), synthetic samples, and
Certified Reference Materials (CRM) to evaluate the performance of the proposed dual-
imprinted sensor (PANPs@MIP/SPGrE). Samples were filtered through a 0.25-micron
cellulose membrane, diluted appropriately with B-R bufferatpH 3, and then determined
via an external calibration curve. To assess the accuracy of the NDPhA imprinted
sensor, Recoveries with 0.05 or 0.1 uM of spiked NDPhA added to the samples before
filtration were investigated. This work determined the samples for the analyte and
calculated the recoveries. NDPhA concentration results obtained from the compact
sensor were compared to those obtained from a standard HPLC method [34].

The calibration mix (CRM 31032/607) of nitrosamines, with a certified
concentration of NDPhA of 10,122.087 + 94.340 uM was evaluated by applying the
developed PdNPs@MIP sensor.

3.4 Characterization of the nanoparticles
3.4.1 UV-Visible spectroscopy
UV-Visible spectra were measured in a 1 cm path length quartz cell using a
double beam, spectrophotometer (UV-2600, Shimadzu, Japan) witha 10 mm quartz cell
(45 x 12.5 x 12.5 mm). The samples were dissolved in ethanol. Result were presented
in Section 4.1.1.
3.4.2 Infrared spectroscopy
Infrared spectroscopy is a significant technique in the functional groups
identification in molecules. The study was performed by using FT-IR and recorded
using a spectrum Il spectrometer (Perkin EImer, USA) with an operating range of 4000-

500 cm1. Results are discussed in Section 4.1.2.
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3.4.3 Scanning electron microscopy (SEM)

The morphology of the nanocomposites modified electrode (PANPs, PANPs-
PVP, PANPs@MIP) surface was studied with scanning electron microscope (FE-SEM)
(JEOL; JSM 7610F, Japan). Sample was attached on SEM stubs and then sputter coated
with gold before investigated by SEM. Result are presented in Section 4.1.3.

3.4.4 Transmission electron microscopy (TEM)

The morphology of the as-prepared nanocomposites modified electrode
surface was performed on a transmission electron microscopy (TEM) (1230 JEOL,
Japan). The TEM sampleswere prepared by dispersing the nanocomposites in deionized
water with ultrasonicated for 1 h and then drying a drop of the suspension on a copper
grid at room temperature prior to TEM analysis. The morphology of PANPs, Pd-PVP,
and PANPs@MIP are discussed in Section 4.1.3.

3.4.5 Energy Dispersive X-Ray Spectrometer

Energy dispersive X-ray spectroscopy (EDS) is a standard method for
identifying and quantifying elemental compositions in a very small sample of material
(evenafewcubic micrometers). The elemental compositions were evaluated by energy-
dispersive X-ray spectroscopy (EDS) (OXFORD instruments, INCAXx-Max20, United
Kingdom). Sample was attached on EDS stubs and then sputter coated with gold before
investigated by EDS. Result are presented in Section 4.1.3.

3.4.6 X-ray photoelectron spectroscopy

The valance of PANPs in the as-prepared the PANPs@MIP composites was

investigated by using X-ray photoelectron spectrometer (XPS) (AXIS ULTRADLD,

Kratos Analytical, Manchester, U.K.). Results are discussed in Section 4.1.3.

3.5 The PANPs@MIP/SPGrE in electrochemistry
3.5.1 Cyclic voltammetry study of NDPhA
The unique electrochemical behavior of NDPhA oxidation was studied at
different modified electrode materials. The cyclic voltammograms at the bare SPGrE,
PdNPs/SPGrE, PdNPs-PVP/SPGrE, PANPs@MIP/SPGrE, and PANPs@NIP/SPGrE
were investigated in 0.04 M B-R buffer pH 3.0 and 250 uM NDPhA at a scan rate 0.05
V s1. The result were discussed in Section 4.1.4.2.
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3.5.2 Electrochemical impedance spectroscopy (EIS)

EIS was performed by using an an Autolab potentiostat PGSTAT302N
(Metrohm, Switzerland) to measure the impedance spectra of several modified
electrodes. Measurement was done at a potential of 0.19 V within the frequency range
from 0.1 Hz to 100 kHz in 0.1 M KClI solution containing 5 mM of K3[Fe(CN)g]. The
EIS results are discussed in Section 4.1.4.1.

3.5.3 Studies of parameters that effect the selectivity and sensitivity of the
PANPs@MIP sensor

Effect of parameter used in polymerization conditions including, the mole
ratio of template: monomer and monomer: cross linker.

3.5.3.1 Optimization of mole ratio of template: monomer

The template (NDPhA): monomer (NIPAM) ratio directly affects
the amount of template molecule embedded in the polymer matrix during
polymerization. The effect of NDPhA: NIPAM molar ratio was studied in the range
from 1:0 to 1:4. The results are discussed in Section 4.2.

3.5.3.2 Optimization of monomer: cross linker

Monomer (NIPAM): cross linker (TRIM) molar ratio was studied in
the range from 2: 0 to 2: 14.5. The results are discussed in Section 4.2

3.5.3.3 Optimization of PANPs-PVP loading

PdNPs-PVP loading was studied in the range from 0 to 30 mg. The
results are discussed in Section 4.2.

3.5.3.4 Effectof 0.04 M B-R buffer pH

The effect of pH on the performance of the PANPs@MIP/SPGrE for
NDPhA detection was investigated over the pH range 2.0-8.0 using 0.04 M B-R buffer
as supporting electrolyte. The CV plots were recorded using electrolyte solution of
varying pH. Results are presented in Section 4.2.

3.5.4 Scan rate dependence study

The cyclic voltammograms of anodic and cathodic peaks current of NDPhA
on the PANPs@MIP/SPGrE were investigated in 0.04 M B-R buffer (pH 3.0) using 250
uM NDPhA solution. The effect of various scan rate 0.05-0.15 V s on the
voltammograms were investigated. The results are discussed in Section 4.3.
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3.5.5 Enhancement of the NDPhA detection
3.5.5.1 Effectof loading of PANPs@MIP

The effect of loading of PANPs@MIP were performed in 0.04 M B-
R buffer (pH 3.0) using 100 uM NDPhA solution. The effect of various loading of
PANPs@MIPin the range 3 to 8 mg L1 on the LSASV were investigated The results are
discussed in Section 4.4.

3.5.5.2 Effect of deposition time

The Effect of deposition time on the PANPs@MIP/SPGrE were
investigated in 0.04 M B-R buffer (pH 3.0) using 10 uM NDPhA solution. The effect
of various deposition time 0 to 300 s on the LSASV were investigated. The results are
discussed in Section 4.4.

3.5.6 Analytical features of the PANPs@MIP/SPGrE
3.5.6.1 Linear calibration curve

Calibration standards of NDPhA were studied by diluting the
appropriate amount of standard NDPhA solution in 0.04 M NDPhA pH 3.0 to give
working solutions in the range of 0.01 to 100 uM. The LSASV applied a deposition
potential of +0.02 V for 60 seconds. Then, the linear sweep scanned from -0.2 to +0.8
V at a scan rate of 50 mV s-1 to remove the deposited NDPhA, and the corresponding
current signal was recorded. The results are discussed in Section 4.5.

3.5.6.2 Limitof detection (LOD)

The LOD was calculated based on the standard deviation (Sp) for
consecutive measurements of the lowest analyte concentration on the analytical curve
(0.01 uM). The detection limit, estimated by three times the standard deviation of blank
(3Sp), The results are shown in Section 4.5.

3.5.7 Interference study
Substances with similar structures and ions or compounds commonly found
in beverage samples were selected as possible interferences for the study. Interfering
species such as diphenylamine, ascorbic acid, uric acid, glucose, fructose, citric acid,
caffeine, ethanol, NaNOj, and NaCl were selected as the interferences. The
concentration of the interference species that provide a peak area change greater than
+10% was considered as the tolerance limit. The results are discussed in Section 4.6.
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3.5.8 Reproducibility and long-term stability
Reproducibility and long-term stability of the PANPs@MIP/SPGrE. The
electrode-to-electrode reproducibility of MIP sensor was analyzed by comparing current
responsesto 1.0 uM NDPhA from five different MIP electrodes. The long-term stability
of the MIP sensor was tested by storing at room temperature and measuring the current

response each day for 7, 14, 21,and 28 days. The results are discussed in Section 4.7.



CHAPTER4
RESULTS AND DISCUSSION

4.1 Structure and morphological characterization
4.1.1 UV-Visible spectroscopy

The UV-Visible spectroscopy was used to investigate the adsorption spectra
of PdNPs and PdCl,. Figure 4.1 shows the absorption spectrum of palladium
nanoparticles after successfully reducing NaBH, compared with those of a PdCl,
solution. PdCI; solution reveals a strong peak at 420 nm (blue line) related to the Pd?+
ion. After reducing Pd2* to Pd?, the peaks disappeared with a change in color from
yellow to dark brown due to excitation of surface plasmon vibration in the PANPs,
formed at a peak range of 370 — 440 nm [78-80].
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Fig. 4.1 UV-vis spectra of PdCI> solution (blue line) and PdNPs (pink line) after
reductionwith 0.1 M NaBH4
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4.1.2 FTIR spectroscopy

ATR FTIR spectroscopy was used to confirm the formation of NDPhA
recognition sites on the molecularly imprinted polymer coatedon the PdNPs core. FTIR
spectra (Figure 4.2) were recorded from NDPhA (curve a), PANPs@MIP before (curve
b), and after (curve c) removal of the NDPhA template molecules and PANPsS@NIP
(curve d). The bands at 1318, 1292, and 1052 cm-1 for NDPhA (curve a) were due to the
characteristic stretching vibration bands of N=0 (1321 - 1292 cm1) and N-N (1052 cm-
1) [81], respectively. The PANPs@MIP spectrum before template removal (curve b)
shows the absorption bands of the characteristic peaks of NDPhA (star marked in curve
b), illustrating the presence of NDPhA in the polymer matrix. After template removal,
the spectrum (curve ¢) bands (at 1318, 1292, and 1052 cm-1) disappear due to loss of
NDPhA via ethanol extraction. These results suggest the successful removal of NDPhA
from the PANPs@MIP film. Meanwhile, the film spectra (curves b, ¢, and d) show
absorption characteristic bands of NIPAM (triangle marked in curve d) at 2972, 1640,
1459, and 1387 cm-1 that assign to C—N of amide, C=0 stretching of amide, C—(CHz3),
isopropyl groups, and C—H bending in —CH,— groups and —C(CH5),, respectively [82-
85]. Theresult attributed the peaksat 1730 and 1150 cm (diamondmarked in Fig. S1b,
curve d) to symmetric and asymmetric C-O-C stretching of the ester group and C=0
stretching of TRIM cross-linker [83]. All the results confirmed the successful
fabrication of the PANPs@MIP.
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(a) NDPhA
b) PANPs@MIP before removal

(¢) PANPs@MIP after removal
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Figure 4.2 FT-IR spectra of a) NDPhA, b) PANPs@MIP before removal, c)
PANPs@MIP after removal and d) PANPs@MIP

4.1.3 SEM, TEM, EDS and XPS
SEM and TEM were used to characterize the morphology of PANPs, PANPs-
PVP, and PANPs@MIP nanocomposites. EDS and XPS were applied for investigating
the Pd atom's composition, elemental fraction, and valence state in the as-prepared
PANPs@MIP.

Figure 4.3 SEM image of bare SPGrE
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SEM image of bare SPGrE’s surface (Fig 4.3) exhibits smooth, thin, and
appears nanosheets, which is the typical morphology for graphene. The synthesized
PdNPs (Figure 4.4a) appears approximately spherical with an average diameter of
22.0+1.7 nm (count=20), whereas PANPs-PVP (Figure 4.4b) is larger than the
unmodified PANPs due to the formation of a PVP layer on the surface of the PANPs as
revealed by SEM. The SEM image (Figure 4.4d) of the PANPs@MIP exhibits a
spherical shape and uniform microsphere with a mean diameter of approximately
2.3 0.8 um (count=10). A close-up view of PANPs@MIP (TEM image, Figure 4.4c)
indicated a shell consistingof PANPs with an average diameter of around 22 nm covered

on the sphere surface of MIP particles.

[N € ey

Figure 4.4 SEM images of (a) PANPs and (b) PdNPs-PVP. TEM images of (c)
PANPs@MIP, (d) EDS of PANPs@MIP, and (e) mixture of mapping
analysis of (f) C, Pd, O, and N elements in the PANPs@MIP

microspheres
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The EDS spectrum (Figure 4.4d) reveals the presence of C (66.58 wt.%), N
(8.54 wt.%), O (22.24 wt.%), and Pd (2.63 wt.%) atoms. This provides evidence for
attachment between the PANPs core and the organic part corresponding to the polymer
matrix synthesized from NIPAM and TRIM. Further, the elemental mapping in Figure
4.4 (eandf)indicatesan equal distributionon the PANPs@MIP microsphere (containing
C, N, O, and Pd elements). These results revealed that PANPs are indeed entirely covered
on the MIP microsphere.

XPS revealed the chemical state of Pd in the as-prepared PANPs@MIP
microsphere. The full spectrum of PANPs@MIP (Figure 4.5a) illustrates three pre-
dominant peaks. In the C 1s spectrum (Figure 4.5b), this work attributed the peaks at
284.5,285.1,286.2,287.1,and 288.6 eV to C-C/C-H, C-N, N-C=0, C-0O, and O-C=0,
respectively. Figure 4.5c shows that the O 1s spectrum of PANPs@MIP could be
deconvoluted into three peaks at 531.8, 533.2, and 534.6 eV, related to the chemical
binding energies of N-C=0, C-0, and O-C=0, respectively [86-88]. Furthermore, this
work ascribed the 399.3 eV, N1s peak (Figure 4.5d) to the NH; in amide functionalities
from poly(N-Isopropylacrylamide) [86-90]. The spectrum of Pd contains two peaks with
binding energies of 336.0 and 341.3 eV for Pd 3ds,and Pd 3ds,, respectively (Figure
4.5e), which result from the reduction of Pd?* to Pd?[89]. This observation confirms the

successful formation of NDPhA imprinted polymer covering the PANPs.
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Figure 4.5 XPS survey spectrum of (a) PANPs@MIP and core level spectra: (b) C
1s,(c) O 1s, (d) N 1sand (d) Pd 3d

4.1.4 Electrochemical characterization
4.1.4.1 Electrochemical impedance spectroscopy
The electron transfer kinetics of the bare and modified electrodes

were investigated by using EIS. Figure 4.6 shows the EIS data obtained
for a bare SPGrE, PdNPs/SPGrE, PdNPs-PVP/SPGrE, PdNPs@MIP/SPGrE, and
PANPs@MIP/SPGrE. The lowest semicircular diameter was obtained from the
PANPs/SPGrE (R = 34.1 Q), which indicates the fastest electron-transfer kinetics of
[Fe(C.N.)g]*~ /4, compared to bare SPGrE (R = 1930 Q), PANPs-PVP (R =151 Q,)
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PANPs@MIP (Rt = 175 Q) and PANPs@NIP modified electrode (R =360 Q). The
lowest impedance of PANPs/SPGrE indicates the excellent conductivity enhancement
of PANPs. The highest impedances from the NIP modified electrode indicate the
presence of poly(N-Isopropylacrylamide) film. This film blocks the electrochemical
reaction of [Fe(CN)g]*>~ /4 on the electrode surface. The MIP has a lower impedance
than the NIP-modified electrode because of NDPhA recognition sites in the MIP films.

This permitdiffusion ofthe [Fe(CN)s]*>~ /4~ redox probe, enhancingthe electron transfer.

2500
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Figure 4.6 Nyquist plot observed for bare SPGrE, PdNPs/SPGrE, PdNPs-
PVP/SPGrE, PANPs@MIP/SPGrE and PANPs@MIP/SPGrE in 0.1 M
K ClI containing 5 mM [Fe(CN)s]*/* over the frequency range 0.1 Hz to
100 kHz; amplitude = 10 mV. Inset; Randles equivalent circuit model;
here R;, Cq, R, and Z,, stand for the ohmic resistance of electrolyte
(Rs), double layer capacitance (Cq), electron transfer resistance (Rq),

and Warberg impedance (Z,)
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4.1.4.2 Electrochemical behaviors of different the modified SPGrE
Cyclic voltammetry serves to analyze the electrochemical behavior
of NDPhA on the bare SPGrE, PdNPs/SPGrE, PdNPs@MIP/SPGrE, and
PANPs@NIP/SPGrE.
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Figure 4.7 CV curve of 250 uM NDPhA on bare SPGrE, PANPs/SPGrE, PdNPs-
PVP/SPGrE, PANPs@MIP/SPGrE, and PANPs@NIP/SPGrE in 0.04 M
B-R buffer (pH 3.0) supporting solution

As shown in Figure 4.7, the characteristic oxidation peak of NDPhA
appears at about + 0.15 V at all the electrodes. Bare SPGrE shows only weak current
response, while modified electrodes lead to higher current response. After modifying
SPGrE with PANPs, the anodic peak current of NDPhA increased 3.68 times that at the
bare SPGrE due to PANP's good electrocatalytic activity, high conductivity, and large
surface area [28, 90]. Moreover, the peak currentat the PANPs@MIP/SPGrE is 9.20
times higher than the bare SPGrE. Enhancement of anodic peak current is because of
the high electrocatalytic activity and conductivity of PANPs and the formation of
hydrogen bonds between specific recognition cavities in the MIP microsphere and
NDPhA that improve the accumulation of NDPhA on the electrode surface. However,
the PANPs@NIP/SPGrE exhibitsan anodic currentpeak less than PANPs@MIP/SPGrE.

The absence of NDPhA recognition sites on NIP-modified electrodes generates an
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obstruction effect from the polymer that blocks the binding of NDPhA target analyte on
the electrode surface. In other words, the higher NDPhA oxidation peak at
PANPs@MIP/SPGrE results from the formation of specific binding sites offered by the
successful imprinting process, resulting in a higher electron transfer rate. As a result,
the MIP sensor has a greater affinity for the analyte molecules, which is in accord with
previous reports [19, 91].

The role of PANPs for electro-catalytic the oxidation of NDPhA was
also demonstrated as in Figure 4.8. It is clearly seen that anodic peak current at
PANPs@MIP/SPGTE is higher than the MIP/SPGrE. Enhancement of peak current is
because of the high electrocatalytic activity, specific surface area and the formation of
many specific NDPhA recognition cavities in the MIP microsphere that improve the
current signal of NDPhA on the electrode surface.
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Figure 4.8 CV curves of 250 uM NDPhA on MIP/SPGrE (pink line) and
PANPs@MIP/SPGrE (blue line) in 0.04 M B-R buffer (pH 3.0), the

curve of supporting solution (BG) was also shown as dotted line
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4.2 Optimization of the sensor preparation

MIPs were synthesized with different template-to-monomer molar ratios and
monomer-to-crosslinker molar ratios to optimize the imprinting conditions. The
template molecule (NDPhA): monomer (NIPAM) ratio is crucial. It influences the
number of imprinted cavities and the binding affinity between NDPhA and recognition
sites. This work chose NIPAM as a monomer because it has more amide functional
groups, making it possible to obtain a good interaction with NDPhA through hydrogen
bonds, to formanon-covalentinteraction. Figure 4.9areveals thatthe NDPhA oxidation
peak currentincreased the NDPhA : NIPAM molar ratio from 1:0 to 1:2 but slightly
decreased at larger currents.

Polymerization is incomplete at low NDPhA : NIPAM ratios, so there are fewer
imprinted cavities. Aratio of 1:2 provides the maximumcurrentresponse and imprinting
ability from NIPAM, indicating that the most significant number of imprinting cavities
in the polymer network had formed. Above this ratio, the current response decreases.
Excess NIPAM monomer produces thicker polymer filmsand blocks NDPhA molecules
fromaccessingbindingsites, thereby reducingthe number of specific bindingsites. This
circumstance is consistent with previous reports [91, 92]. Therefore, this work selected
the ratio of 1:2 as the optimal template-to-monomer ratio.

Cross-linker content is also significant in modulating the shape of the polymer
matrix and maintaining the imprinted binding site. The effect of the monomer: cross-
linker (NIPAM : TRIM) molar ratio on the PANPsS@MIP current response was
investigated at 2.0, 2.40, 2:7.5, 2:11, and 2:14.5 (Figure 4.9b). Peak current increases
from a ratio of 2:0 up to 2:7.5. Further increases in the mole ratio to 2:14.5 resultin a
significantdecrease in signal. Itis also possible thatexcess TRIM forms hydrogen bonds
with NIPAM and with the NDPhA template molecule. This competition can reduce the
number of interactions between template molecule and monomer, resulting in fewer
recognition cavities in the polymer and decreasing the number of binding sites. In
addition, excess TRIM cross-linker forms a rigid polymer that prevents NDPhA from
entering cavities in the proper position and orientation, reducing retention efficiency.
Therefore, this work chose a molar ratio of 2:7.5 for the monomer and cross-linker to

maximize sensitivity.
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PdNPs play an important role in electro-catalytic of the NDPhA oxidation and
influence the number of NDPhA imprinting sites in the MIP microsphere. Thus, the
amount of PANPs-PVP core on the imprinting conditions was studied. The NDPhA
anodic peak current increases with the PANPs- PVP core from 0 to 20 mg but decreased
at higher loading (Figure 4.9c). The increased current response on increasing PANPs-
PVP core may result froman increase in the density of NDPhA imprinting sites per unit
surface area on the MIP matrix. Therefore, PANPs- PVP amount of 20 mg was selected
to provide the largest NDPhA anodic peak current as optimal condition for the MIP

microsphere synthesized.
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Figure 4.9 Optimization conditions affect the determination of NDPhA. Variation
of electrode response for NDPhA (250 uM) with changing of (a)
NDPhA: NIPAM mole ratio and (b) NIPAM : TRIM mole ratio and (c)
PdNPs-PVP loading (mg), using 0.04 M B-R buffer pH 3.0 as

supporting solution
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4.3 Mechanism of NDPhA detection on the PANPs@MIP sensor

The electrochemical behaviors of NDPhA on the proposed PANPs@MIP/SPGrE
was investigated by studying the effects of scan rate (v) and pH of the electrolyte
solution to determine the detection mechanism. This work set the scan rate dependency
to between 50 and 150 mVs! to investigate the number of electrons involved in the
oxidation of NDPhA (Figure 4.10a). Figure 4.10b shows a plot of the NDPhA anodic
and cathodic peak currents (uA) increasing linearly with the scan rate’s square root (V12
s~1/2). Linear regression analysis provides a correlation coefficient (r2) of 0.9980 (I,
for oxidation, and 0.9975 (l,,¢) for reduction reactions. There is a diffusion-controlled
reversible electrochemical process at the surface of the PANPs@MIP/SPGrE. The
relationship between the peak potential E, ;and v is defined by Laviron as Eqn. 4.1 [93,
94].

= By +—= sk KT gy (4.1)

E (1—a)nF RTk, (1-a)nF

p.a

Where E, represents the formal potential, ks is the standard rate constant of the
reaction, R is the gas constant, T is the temperature, F is the Faraday constant, v is the
scanningrate, o is the transfer coefficient, and n is the electron transfer number. This
work can use the slope to calculate the (1 - o) n term. The slope is 0.0527 (Figure 4.10c),
taking T =298 K, F = 96,485 Cmoltand R=8.314 J mol1K-, so, (1 - o) nis 0.4873.

This work calculate o according to Bard and Faulkner, in equation (4.2) [95].

47.7
7 B tpas 2

Here, Ep a2 is the oxidation peak potential where the current is half the oxidation
peak value. Therefore, the transfer coefficient (o) is 0.53 and the electron transfer
number (n) 1.03 ~ 1. One-electron transfer in the oxidation of NDPhA is in accord with
a previous report [17].

Moreover, this work can determine the ks value from the intercept of the straight
line between E, 5 and In v (Figure 4.10c). The value of E is obtained from the intercept
of Epavs. v plot[96, 97]. In this PANPS@MIP/SPGTE, the interceptis-0.1559 V (Figure
4.10c),and Eqis 0.0262 V (Figure 4.10d); hence the ks value calculated accordingto the
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Laviron equation is 593.69 s1. Using this method, the ks value obtained from bare

SPGrE is 128.63 s'1. The ks value for PANPs@MIP/SPGrE is ~5 times higher than that

of the bare electrode. This circumstance reveals the higher efficacy of the proposed MIP
sensor for significantly promoting the oxidation reaction of NDPhA.
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Figure 4.10 (a) the CV curves of 250 uM NDPhA at different scan rates in range
50to 150 mV st on the PANPs@MIP/SPGrE, using 0.04 M B-R buffer
pH 3.0 as supporting electrolyte, (b) the linear plot between redox
current (Ip) and the different square root of scan rate (v¥?), (c) the
linear plot of oxidation peak potential (Ep,a) and the natural logarithm
scanrate (In v)and (d) the linear plot of oxidation peak potential (Ep.a)

and scan rate (v)

The electrolyte's pH significantly impacts the binding of NDPhA target molecules
to the recognition cavities on the polymer. To investigate the influence of pH, this work
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recorded signals of NDPhA using the PANPs@MIP/SPGrE with B-R buffer electrolyte
in the pH range of 2.0 - 8.0 (Figure 4.11a). Figure 4.11b shows the effects of pH on the
NDPhA oxidation peak potential (E,2) and peak current (I,.). The NDPhA peak
potential shifts toward a less positive value with increasing electrolyte pH, whereas the
anodic peak current decreases. The binding strength of NDPhA to the MIP recognition
site variesdependingon the pH environment. Thisisbecauseabindinginteraction exists
between the functional groups in the template molecules and MIP. At different pH
levels, the functional groups dissociate to varying degrees, causing the interaction
between the functional groups to shift. This leadsto a change in the binding strength of
template molecules to MIP. The maximum peak current was at pH 3.0. Thus, an
electrolyte pH of 3.0 gives the best performance for NDPhA binding and catalytic
activity in the oxidation process.
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Figure4.11 (a) CV of 250 uM NDPhA at PANPs@MIP/SPGrE in 0.04 M B-R buffer
electrolyte at different pH ranging from 2.0 to 8.0, and (b) the relation

between oxidation peak current (1p,a) and peak potential (Ep,a) vs. pH

The linear equation of the plot between oxidation peak potential against pH (Figure
4.11b)isas follows: Ep . (V) =—0.0568 pH +0.2354 (r> =0.9934). Accordingto Nernst
theory, this work determined the m/n ratio from Equation (4.3) [98].

0.0570
Epq= —( - m)pH + b (4.3)

Ep a (\;)
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Where n and m represent the total number of electrons (e-) and protons (H*),
respectively.

The slope of developed sensor (-0.0568) is close to the Nernstian slope
(-0.0570), indicating that m/n is estimated to be 1. As a result, Figure 4.12 shows a
possible electrochemical mechanism of NDPhA on PANPs@MIP/SPGrE.

O"RI‘OH

N
N N
GO o= e

Figure 4.12 The proposed electrochemical oxidation mechanism of NDPhA on the
PANPs@MIP/SPGrE

This proposed mechanism is consistent with the previous works reported for a solid
graphited polyurethane composite electrode (GPUE) [18] and boron-doped diamond
electrode [99].

4.4 Enhancement of the NDPhA detection

To achieve good sensitivity, this work optimized the effect of PANPs@MIP on the
surface of SPGrE and the deposition time used in linear sweep anodic stripping
(LSASV) for enhancing electrochemical responsiveness. Figure 4.13a shows that the
response increases with increasing PANPs@MIP loading, from 3 to 5 mgL-1. However,
greater loading generally results in a decreased signal response. The reduced signal
might result from the thickness of the modified layer reducing the adsorption efficiency
and hindering electron transfer from the binding NDPhA and electrode surface. Thus,
the optimal concentration of PANPs@MIP for modifying the SPGrE is5 mg L-1.

LSASV is a powerful technique for pre-concentrating the analyte by electro-
depositing on the working electrode before stripping for the determination. The
deposition potential and time are important parameters to optimize the accumulation
process to achieve high sensitivity and precision. In this work, the influence of

deposition potential and time on NDPhA oxidation current signals were investigated.



59

Deposition potential (-0.02,0.00and +0.02 V) and the results (data notshown) indicated
that NDPhA gave the highestsignal at the deposited potential at+0.02 V. For deposition
time, the signals ranged from 0 to 300 s for PANPs@MIP/SPGrE, using a deposition
potential of +0.02 V. Figure 4.13b revealed that anodic stripping peak current increases
rapidly with increasing deposition time from 0 to 60 s and then decreases after 60 s. As

a result, the optimal deposition time at 60 s to determine NDPhA was fixed.
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Figure 4.13 Effects of (a) loading of PANPs@MIP on the oxidation peak current
0f 100 pM NDPhA at the PANPs@MIP/SPGrE by LSASV. (b) Effect

of deposition time on the oxidation peak current of 10 uM NDPhA at
PANPs@MIP/SPGrE by using LSASV, using 0.04 M B-R buffer pH

3.0 as supporting electrolyte

4.5 Analytical features

This work analyzed the analytical performance of the LSASV detection method
with the developed PANPs@MIP/SPGrE. As demonstrated in Figure 4.14a, the peak
current increases with increasing NDPhA concentrations ranging from 0.01 - 100 uM.
The calibration plot has its greatest slope at a concentration of less than 0.1 uM. The
linear regression equationisgiven by: Ip,a (uA)=51.935+5.636 (uM) +5.505+0.294,
r2=0.996 (Figure 4.14b). Athigh NDPhA concentration, overthe range of 0.1-100 puM,
the slope of the plot indicates reduced linear sensitivity of 0.821 £0.013 (uA s) uM-!
with a linear correlation of 0.992 (Figure 4.14c). The detection limit (LOD) determined
using three times the standard deviation of the blank (3S,, n = 3) is 0.0013 uM. Table
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4.1 compares the analytical characteristics of NDPhA imprinted sensor to those of
previously modified electrodes from the literature. The performance of the
PANPs@MIP/SPGrE was comparable to or better than those reported for other NDPhA
sensor designs.
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Figure 4.14 (a) LSASV curves of NDPhA on PANPs@MIP/SPGrE in 0.04 M B-R
buffer at different concentrations (0.01, 0.04, 0.06, 0.08,0.10, 0.50, 1,
5,10, 25, 50, and 100 pM). Linear calibration curve between the
oxidation peaks current (Ip,a) and the concentration of NDPhA in the

ranges of (b) 0.01 - 0.10 uM, and (c) 0.1 -100 uM

Additionally, this sensor detects NDPhA at the lowest potential (Epa=0.20 V),
reducing the risk of interference from sample constituents. Moreover, the use of
PANPs@MIP/SPGr offers the lowest LOD. These results suggested that the

PANPs@MIP microsphere played an essential role in enhancing electrochemical
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activity. PANPs@MIP/SPGrE sensor provides excellent selectivity and sensitivity,
quick analysis, cost-effectiveness, and minute reagent usage. These advantages result
from the excellent electrocatalytic activity of the PANPs core and many NDPhA
imprinted sites in the shell. The imprinted sites increase the selective surface area and
offer faster electron transfer rates between PANPs@MIP and the SPGrE surface. This
MIP sensor readily prepared the SPGrE by screen-printing and loaded PANPs@MIP on
the electrode surface by drop-casting. Hence the NDPhA imprinted sensor is convenient
for large-scale and cost-effective production. Moreover, proposed MIP sensor offers
comparable or superior sensing performance with additional advantages of being ready-
to-use with straightforward synthesis, flexibility, and mechanical stability. Further, this
is the first report of using an NDPhA-recognition imprinted sensor for the selective and
sensitive determination of NDPhA using voltammetric measurements in a compact

sensor.



Table 4.1 Comparison of the developed MIP sensor with other methods.

Electrode Modifier Technique | Epa(V) | Linearity range (uM) LOD (unM) Sample Reference

DME - DPP - 0.10-2.4 0.032 - [14]

Au Porous Au CVv +1.56 10,000-100,000 - - [15]

GCE RuO-CN AMP, inFIA | +1.06 0.20-1.0 0.10 Water [16]
PDDA-Gr/PtNPs | DPV +1.34 0.10-50 0.033 Tap water [17]
GPUE SWV +0.75 2.5-18 0.27 Synthetic urine [18]

SPGrE PdANPs@MIP LSASV +0.20 0.01-0.1 0.0013 Beverages This work

0.1-100
Electrode

DME = Dropping Mercury Electrode, Au = gold disk electrode, GCE = Glassy carbon electrode,

SPGrE = Screen-printed graphene electrode

Modifier

Porous Au = porous gold electrode running in the medium of liquid ionic [BMIM*] [BF4],

RuO-CN=a film of mixed valent ruthenium oxides stabilized by cyano cross-links, PDDA-Gr/PtNPs = graphene and platinum

nanoparticles stabilized by poly(diallyldimethylammonium chloride), GPUE = graphite-polyurethane composite,

PdNPs@MIP = palladium nanoparticles coated with a molecularly imprinted polymer.

Technique

DPP = Differential pulse polarography, CV = Cyclic voltammetry, AMP = Amperometry in flow injection analysis,

DPV = Differential pulse voltammetry, SWV = Square wave voltammetry, LSASV = Linear sweep anodic stripping voltammetry

9
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4.6 Enhancing anti-interference ability

This section examined the selective detection of NDPhA on the proposed sensor in
the presence of possible interfering species found in beverage samples was examined.
The interfering species included ascorbic acid, glucose, fructose, citric acid, caffeine,
ethanol, NaNOg3, NaCl, and substances with similar structures such as diphenylamine
and uric acid. Two different methods in these experiments was used. In the first method,
both MIP and NIP electrodes were operated under a rebinding process in a solution of
NDPhA orothersubstances. Thiswork calculated the value of the imprinting factor (IF)
from equation (4.4) [100].

_ ip current MIP

IF = ip current NIP

(4.4)

The largest IF values confirm good imprintingof MIP. On the otherhand, IF values
close to 1 infer that the imprinting effect is almost insignificant, which means that the
interaction between the MIP and the template is somewhat unspecific, more involved to
surface interactions than to any generated recognition cavities [21].

Figure 4.15a shows responses for PANPs@MIP/SPGrE (front row, purple bar) and
PANPs@NIP/SPGrE (middle row, orange bar) when exposedto solutions containing the
respective NDPhA or other substances at a concentration of 1 uM. The IF values of this
work (Figure 4.15a, back row, blue bar) for NDPhA is 10.15. For other compounds, it
is in the range of 0.41 - 1.05, so the IF value for the target NDPhA is much higher than
that obtained from competing compounds. These results thus clearly demonstrate
appreciable selectivity of the developed sensor. The electrode selectivity was enhanced
because PANPs@MIP has imprinted cavities complementary in size conformation and
shape to NDPhA molecules. Therefore, specific polymer recognition sites will allow
only NDPhA moleculesto bind. Other compounds with different structures from the
NDPhA target cannot diffuse or bind strongly to the recognition sites.

In the second method, a currentsignal of 1.0 uM NDPhA in the presence of varying
concentrations of the interferents, as mentioned above, was investigated with the MIP
electrode. As shown in Figure 4.15b, the 1, ,changed less than 10% in the presence of a
50-fold excess of diphenylamine, a 250-fold excess of ascorbic acid and uric acid, and

a 1,000-fold excess of glucose, fructose, citricacid, caffeine, ethanol, NaNO3, and NaCl.
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Only NDPhA provides a strong current response at the PANPsS@NIP/SPGrE electrode
(Figure 4.15a). Other species did not produce any substantial current. These findings
suggested that the NDPhA molecules effectively transferred to the polymeric network,
and the PANPs@MIP can detect the NDPhA molecules preferentially among other
substances.
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Figure 4.15 (a) The selectivity of the imprinted (PANPs@MIP/SPGrE) and non-
imprinted (PANPs@NIP/SPGrE) sensors for NDPhA and foreign
interferences. (b) Selectivity evaluation of the proposed MIP sensor
for NDPhA at 1 uM, diphenylamine at 50 uM, ascorbic acid and uric
acid at 250 uM, glucose, fructose, citric acid, caffeine, ethanol, NaNOs,

and NaCl at 1000 uM
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4.7 Reproducibility and stability

The MIP sensor analyzed the reproducibility of the fabricated NDPhA imprinted
sensor by comparing the current response of 1 uM NDPhA for five different
PANPs@MIP/SPGrE electrodes (Figure 4.16a). All NDPhA imprinted sensors
responded with similar currents, with an RSD of 1.67%. Additionally, the stability of
the NDPhA imprinted sensor by measuringthe currentsignal of 1 uMNDPhA atvarious
intervals over four weeks was investigated. The results (Figure 4.16b) showed that after
28 days, the signal of the NDPhA imprinted sensor retains 81 % of its initial current.
These results demonstrate that the imprinted sensor possesses good reproducibility and
stability for detecting NDPhA.
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Figure 4.16 (a) Reproducibility of five independent PANPs@MIP/SPGrE
electrodes and (b) storage stability for 30 days (every seven days per

measurement). The obtained results were performed in 1.0 pM
NDPhA containing 0.04 M B-R buffer pH 3.0

4.8 Real sample analysis

The PANPs@MIP/SPGrE further tested the accuracy and application of the
PANPs@MIP sensor in the quantitative analysis of NDPhA in six beverage samples,
including beer, wines (dark and red wines), green tea, orange juice, apple juice, and a
synthetic sample. This work used HPLC coupled with a photodiode array detector set at
280 nm as a comparison method to quantify the set of samples. In addition, sample

recoveries (spiked levels of 0.05and0.10 uM) to validate the analysis were investigated.
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Table 4.2 compares the results of NDPhA concentrationsin beverages and calculated
recovery valuesas analyzed by the MIP sensor and HPLC. The measurements obtained
from the two methods are in good agreement. The recoveries of developed MIP sensor
are in the acceptable range (92.00% to 98.00%) with sustainable repeatability (%RSD
less than 4.91%). Relative differencesare in the range of -3.15%t04.26%. Theseresults
indicate no significant matrix interference in the analyzed samples. Therefore, this work
conclude that the proposed MIP sensor is sufficiently accurate, precise, and suitable for
the NDPhA determination in beverage samples.

This work further evaluated the accuracy and precision of the proposed MIP sensor
in terms of intra-day and inter-day analysis. The NDPhA content of certified reference
materials (CRM31032/607) was determined using MIP sensor. As shown in Table 4.3,
good intra-day and inter-day accuracy (%bias) in CRM, e.g., -0.74% for intra-day and -
1.01% for inter-day analysis, are obtained. These results reflect that the proposed
PANPs@MIP/SPGTrE sensor is accurate, precise, and appropriate for the determination

of NDPhA in real samples.



Table 4.2 Comparison of NDPhA determination in beer, wines (dark and red wines), green tea, and juices (orange and apple juices)

using the proposed MIP sensor and the reference values obtained from HPLC.

Sample Added Proposed MIP sensor HPLC Relative
(uM) difference (%)
Found (uM) | % Recovery [ %RSD | Found (uM) | % Recovery | %RSD
Beer - <LOD = = <LOD = = =
0.05 0.047 94.00 1.39 0.048 96.00 1.19 -2.08
0.10 0.097 97.00 1.13 0.096 96.00 2.41 +1.04
Dark wine - <L.OD = = <LOD = = =
0.05 0.049 98.00 2.06 0.049 98.00 249 0.00
0.10 0.094 94.00 422 0.093 93.00 443 +1.08
Red wine - <LOD = = <LOD = = =
0.05 0.047 94.00 2.01 0.047 94.00 1.83 0.00
0.10 0.092 92.00 3.89 0.095 95.00 245 -3.15
Green tea - <LOD - - <LOD = - -
0.05 0.049 98.00 1.16 0.048 96.00 1.29 +2.04
0.10 0.098 98.00 2.53 0.099 99.00 2.78 -1.01
Orange juice - <LOD = = <LOD = - -
0.05 0.048 96.00 3.98 0.047 94.00 1.37 +2.13
0.10 0.089 89.00 0.51 0.090 90.00 2.23 -1.11
Apple juice - <LOD - - <LOD - - -
0.05 0.048 96.00 3.21 0.049 98.00 4.94 -2.04
0.10 0.098 98.00 491 0.094 94.00 2.74 +4.26
Synthetic sample | - 0.050 - - 0.049 - - +2.04
0.05 0.099 98.00 1.80 0.098 98.00 1.71 +1.02
0.10 0.145 95.00 1.62 0.144 95.00 1.10 +0.69

% Relative difference = ( [NDPhA] mipsensor — [NDPhA]wpLc) / ([NDPhA] HeLc) x 100

L9
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Table 4.3 Intra-day and Inter-day assay precision and accuracy for determination of
NDPhA in certified reference materials (CRM) using the proposed MIP sensor.

CRM Proposed MIP sensor Bias (%)
Found (uM) RSD (%)

Intra-day 10,046.667 + 75.719 0.75 -0.74

Inter-day 10,019.998 + 84.855 0.85 -1.01

CRM31032/607, with the certified value of NDPhA at 10,122.087 + 94.340 uM.
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CONCLUSION

This research successfully developed and utilized a novel NDPhA compact
electrochemical sensor based on palladium nanoparticles covered with a molecularly
imprinted polymer (PANPs@MIP) for NDPhA determination in beverages. The screen-
printed graphene electrode (SPGrE) was easily manufactured, and the synthesized
PANPs@MIP was dropped caston the electrode surface to create the NDPhA - imprinted
sensor. The 3 D-imprinting on the surface of PANPs was effectively accomplished by
successively coating the surface of PANPs with PVP, followed by MIP. NDPhA
imprinted polymer was successfully synthesized on the PANPs core using NDPhA as
template, n-lsopropylacrylamide (NIPAM) as the monomer, trimethylolpropane
trimethacrylate (TRIM) as cross-linker, and 2,2’-azobis(2-methylpropionitrile) (AIBN)
as initiator. Polymerization conditions of MIP using PANPs nanoparticle core at 20 mg
and the template: monomer: cross-linker (NDPhA: NIPAM: TRIM) ratio of 1: 2: 7.5
were performed. The as-prepared micro-size spherical PANPs@MIP are homogeneous,
have strong electro-catalytic activity, and have a large number of NDPhA imprinted
sites. This is the first report of employingan NDPhA recognition imprinted sensor to
determine NDPhA selectively and sensitively using voltammetric measurements on a
compact sensor. Results from SEM and TEM revealed that the synthesized PANPs
appears approximately pherical with an average diameter of 22.0 £ 1.7nm (count = 20),
whereas PANPs-PVP is larger than the unmodified PANPs due to the formation ofa PVP
layer on the surface of the PANPs. The PANPs@MIP shows a spherical shape and
uniform microsphere with a mean diameter of around 2.3 £0.8 um (count=10). The
presence of Pd%speciesin the PANPs@MIP is confirmed by XPSanalysis. Furthermore,
FT-IR confirmed the success of MIP coating on PdNPs as well as the formation of
NDPhA recognition sites on polymer films. The compact NDPhA imprinted sensor was
constructed by coating the SPGrE surface with PANPs@ MIP. Quantitative analysis was
operated by linear sweep anodic stripping voltammetry (LSASV) using a deposition

potential of +0.02 V for 60 s. The linear workingranges for NDPhA measurements were
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0.01 - 0.1 uM (rz2 = 0.996) and 0.1 — 100 uM (r2 = 0.992) with corresponding
sensitivities of 51.935and 0.821 (uA s) uM1, respectively. The system provides a good
precision of %RSD 1.67% with an estimated detection limit (3Sp, n = 3) 0of 0.0013 uM.
The certified reference material (CRM) has intraday and interday accuracy (% bias) of
-0.74 % and -1.01 %, respectively. The proposed MIP sensor has outstanding sensing
performance while also being ready-to-use, cost-effective, simple to synthesize,
flexible, mechanically stable, and suitable for large-scale production. The
PANPs@MIP/SPGrE performed well, with a low detection limit, broad linearity, high
reproducibility, and stability. The electrocatalytic properties of the PANPs core and a
large number of NDPhA imprinted sites in the shell enhance the selective surface area
and offer fast electron transfer rates, resulting in these exceptional features.
Furthermore, the designed sensor detects NDPhA at a very low potential of 0.20 V,
whichreducesthe possibility of interference from sample componentsand improves the
sensor's anti-interference capabilities for determining NDPhA in a complex matrix. The
offered MIP sensor presents high accuracy, high precision, and excellent performance

when applied to the determination of NDPhA in beverages.
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ABSTRACT

This work proposed the fabrication of a novel electrochemical sensor based on screen pnnted graphene paste electrode (SPGrE) mofied with platmum nanoparticles coated
with molecularly imprinted polymer (PtNPs@MIP) for sensitive and  cost effective detection of p (PQ) herbicide. The PtNPs@MIP was synthesized by successively
coating the surface of PtNPs with Si0, and vinyl end groups. Then, the vinyl groups were terminated with molecularly imprinted polvmer (M]P) shell. MIP was attached to the
PNPs cores using methacrylic acid (MAA) monomer, ethylene glycol dnnethau'ylate (EGDMA) as Iinker and 2,2"-azobi: itrile (AIBN) as mitiator. PINPs@MIP
was coated on the SPGIE surface for establishingthe PQ  sensor. Cyclic voltammetry (CV) was used to study the electrochemical mechanism of PQ on the MIP sensor.
Quantitative analysis was performed by anodic stripping voltammetry (ASV). The MIP sensor provide linearity ranged from 0.05 to 1 000 uM and low detection limit of 0 02

WM. The imprinted sensor gave a highly sensitive and selective towards PQ. The as-prepared imprinted sensor can be altemative pp ination of parag: m
vegetables and fruits for food safety.
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We propose the fabrication of a novel ready-to-use electrochemical sensor based on a screen-printed
graphene paste electrode (SPGrE) modified with platinum nanoparticles and coated with a molecularly
imprinted polymer (PtNPs@MIP) for sensitive and cost-effective detection of paraquat (PQ) herbicide.
Successive coating of the PtNPs surface with SiO, and vinyl end-groups formed the PtNPs@MIP. Next, we
terminated the vinyl groups with a molecularly imprinted polymer (MIP) shell. MIP was attached to the
PtNPs cores using PQ as the template, methacrylic acid (MAA) as the monomer, ethylene glycol dimeth-
acrylate (EGDMA) as the cross-linker, and 2,2'-azobisisobutyronitrile (AIBN) as the initiator. Coating the
SPGrE surface with PtNPs@MIP furnished the PQ sensor. We studied the electrochemical mechanism of
PQ on the MIP sensor using cyclic voltammetry (CV) experiments. The PQ oxidation current signal
appears at —1.08 V and —0.71 V vs. Ag/AgCl using 0.1 M potassium sulfate solution. Quantitative analysis
was performed by anodic stripping voltammetry (ASV) using a deposition potential of —1.4 V for 60 s and
linear sweep voltammetric stripping. The MIP sensor provides linearity from 0.05 to 1000 pM (r? = 0.999),
with a lower detection limit of 0.02 pM (at —0.71 V). The compact imprinted sensor gave a highly sensitive
and selective signal toward PQ. The ready-to-use MIP sensor can provide an alternative approach to the
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1. Introduction

Paraquat (PQ), 1,1-dimethyl-4,4-bipyridinium, is a widely
used herbicide used to destroy or control weeds in several
countries throughout south-east ASIA, including Thailand.'? It
is a quick-action, non-selective herbicide that is undesirably
persistent in the environment. It poses a great risk to an eco-
system’s health due to its high-water solubility (ca. 620 g L™" at
25 °C).* Additionally, PQ is hazardous to human health, with
an LD;, of 35 mg kg™'." The US Environmental Protection
Agency (EPA) classifies PQ as a hazardous chemical and estab-
lishes a maximum contaminant level of 3 pg L™* for PQ in
drinking water.”® Therefore, its detection is necessary for
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determination of paraquat residue on vegetables and fruits for food safety applications.

drinking water and farm-produced products. Quantitative ana-
lysis of PQ generally uses spectrophotometry,”® and chromato-
graphic  methods include gas chromatography/mass
spectrometry,”” or high-performance liquid chromatography
coupled with a UV detector,” "' mass spectrometry,"
immunoassay,'™'*  fluorescent probe titration,'> surface-
enhanced Raman spectroscopy,'® flow injection colorimetric
assay,'” and capillary electrophoresis.'®'” Although these tech-
niques provide high selectivity and sensitivity and are suitable
for PQ analysis, the methods are somewhat time-consuming.
They require expert operators,”®'> requiring sophisticated
instrumentation,” "> and  miniaturization  limitations.
Therefore, developing a practical approach to detect PQ is criti-
cal. The challenges of the development are mainly in two
aspects. The first is the selectivity and sensitivity of the ana-
lysis for practically used in real samples and the second is the
miniaturization of the analysis for on-site analysis.
Electrochemical sensors are a promising method for portable,
sensitive, selective, and rapid PQ determination.>*%>*

MIPs have become outstanding selective elements, compar-
able to biological/natural receptors, such as DNA, antibodies,
and enzymes. While these biological products offer satisfactory
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to excellent affinity and selectivity to their target analyte, they
are often affected by poor durability and repeatability at high
temperature, pressure, in organic solvents, low stability in low
or high pH solutions, and high production cost. Therefore,
synthetic receptors (also called plastic antibodies) have
recently been increasingly studied to overcome these
drawbacks.>** MIPs offer high analyte selectivity and are
ideal for creating specific or recognition sites that are chemi-
cally and sterically complementary to a target molecule. MIP-
based sensors offer a promising electroanalytic approach
because they are cost-effective and straightforward to syn-
thesize. They provide high selectivity to the target analyte and
have excellent mechanical strength and long-term stability. To
date, MIPs dependent on the application come in different
shapes, such as monoliths, thin film, or nanoparticles.
Nanoscale MIPs have been reported to overcome the draw-
backs from bulk imprinting include recognition site hetero-
geneity, template leakage, mass transfer limitation, and
solubilities.”*** Creating a three-dimensional MIP imprinting
site on the nanocomposite produces a larger surface/mass
ratio, more easily accessible recognition sites and, lower het-
erogeneities and better solubilities. Moreover, good electrical
properties and excellent conductivity of nanomaterials com-
bined with the comparable selectivity of MIPs will endow the
sensor with powerful performance for the target analytes.

Additionally, core-shell surface molecular imprinting
technology improves target molecule recognition, reduces non-
specific adsorption, increases the relative adsorption capacity
and selectivity, and accelerates the electrodes’ mass transfer
rate. This approach works in MIP sensors based on parathion-
methyl imprinting on magnetite-gold (Fe;0,@Au) core,* car-
bofuran imprinting on Fe;0,@Au,***” and for reduced gra-
phene oxide-gold (rGO@Au)** cores. MIP provides greatly
improved specificity of molecular recognition for the determi-
nation of PQ.>° The paraquat-MIP constructed on a glassy
carbon electrode, modified with gold nanocross-chitosan com-
posites, was selective, stable, and sensitive for indirect
measurements because of the hindered electron transfer of the
[Fe(CN)s]~*~" ion pair onto the electrode surface. However, it
remains necessary to improve sensitivity and selectivity, and
provide a ready-to-use sensor for on-site monitoring.

Herein, we report a novel and ready-to-use sensor based on a
screen-printed graphene-paste electrode, modified with platinum
nanoparticles coated with a molecularly imprinted polymer
(PtNPs@MIP/SPGIE), for sensitive and selective detection of PQ
herbicide. This is the first time that PQ imprinted polymer is
synthesized on the surface of PtNPs. Our novel PINPs@MIP is
cost-effective with straightforward synthesis, and offers excellent
mechanic stability. The PINPs@MIP was easily loaded on the
electrode surface by drop casting and the compact PQ sensors
could be convenient for mass production in a short time at
much lower cost. We used the PINPs@MIP nanocomposite to
modify an SPGIE to create the new, highly sensitive, selective,
compact, cost-effective and ready-to-use PQ sensor. PtNPs cores
provided attachment sites for MIPs, and the resulting
PINPs@MIP materials exhibited enhanced electrocatalytic per-
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formance. MIP coated PtNP cores improve sensitivity, selectivity,
and electron transfer of the fabricated graphene-based electrode.
Adding PINPs@MIP to the sensor substantially increases electri-
cal conductivity, improves the electrode’s electrocatalytic pro-
perties, and enhances electrode selectivity toward PQ detection.
We prepared PINPs@MIP by successively coating the surface of
PtNPs with tetraethoxysilane (TEOS) to afford nano-porous silica-
coated PtNPs. The addition of vinyl trimethoxy silane (VTMOS)
forms polymerizable vinyl end-groups before finally attaching
the MIP shell to the PtNPs-vinyl core surface. We first developed
a compact MIP-sensor based on platinum nanoparticles coated
with a MIP for PQ’s quantitative determination using an SPGIE.
The portable ready-to-use MIP sensor was controlled using a
commercial mini-potentiostat and a tablet. The sensitive and
selective detection of PQ made on-site analysis both convenient
and environmentally friendly.

2. Experimental
2.1 Chemicals and reagents

All chemicals were analytical grade. We used deionized-dis-
tilled water (water Pro-Ps, USA) for standard and reagent prepa-
ration. Hydrogen hexachloroplatinate(iv) (H,PtCls-xH,O, Pt
>40%), hexadecyl trimethyl ammonium bromide (CTAB) were
purchased from Acros Organics (Geel, Belgium).
Tetraethoxysilane (TEOS) and ammonia (25%) were obtained
from Acros Organics (New Jersey, USA). Ascorbic acid
(CeHgOs), potassium iodide (KI), methacrylic acid (MAA), ethyl-
ene glycol dimethacrylate (EGDMA), 2,2"-azobisisobutyronitrile
(AIBN), vinyl trimethoxy silane (VIMOS), paraquat (PQ), and a
certified reference material of PQ in drinking water (CRM-QC
1435) were purchased from Sigma-Aldrich (St Louis, USA). We
prepared a stock standard solution of PQ (5 mM) in DI water.

2.2 Apparatus

2.2.1 Fabrication of screen-printed graphene electrode
(SPGIE). We fabricated the SPGIE using procedures described
by Karuwan et al.*® and Pasakon et al.*' Graphene was selected
as an electrode material because of its large surface area
(2630 m* g™'), and excellent electrical conductivity (7200 S
m™') compared to other carbon-based materials, such as
carbon nanotubes (CNTs) and graphite.’®*" Disposable
electrochemical analytical devices were prepared using a
MK-MINI screen printer (Minami, Japan). Commercial gra-
phene ink (Serve Science Ltd, Thailand) was screen printed
onto clear polyvinyl chloride (PVC) (Navanakornplastic Co.
Ltd, Pathum Thani, Thailand) sheets through a silk-screen
printing mesh (mesh size 120 um) for two cycles. A reference
area was screen-printed with Ag/AgCl ink (Gwent Electronic
Materials Ltd, Pontypool, UK) on the PVC sheet for two cycles.
Finally, we printed a detection area with insulating ink on the
PVC sheet for two cycles and then baked the PVC sheet at
60 °C for 1 h to remove any solvent.

2.2.2  Electrochemical Electrochemical
measurements were performed in batches using an EmStat3
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potentiostat (5.0 x 6.7 x 2.8 cm) (PalmSens BV, The
Netherlands) using “PSTrace for windows” equipped with
multi-trace software. The active surface area for the SPGrE
(4 mm diameter) was approximately 0.126 cm’. The conven-
tional three-electrode cell assembly consisted of a working
electrode (PtNPs@MIP/SPGIE), a reference electrode (Ag/AgCl),
and a counter electrode (SPGIE). Cyclic voltammograms (CV)
were recorded at a scan rate of 50 mV s™' and over a potential
range between —1.5 and +0.5 V, using 0.1 M potassium sulfate-
supporting electrolyte solution. Quantitative analysis was per-
formed by anodic stripping voltammetry (ASV). The sample or
standard solution was dropped into the detection zone. Then,
a deposition potential of —1.4 V was applied for 60 s. The
linear sweep was recorded from —1.5 to 0.5 V with the scan
rate of 50 mV's™".

2.2.3 Characterization. The nanocomposite structure and
composition were investigated by ATR FT-IR, recorded with a
spectrum II spectrometer (PerkinElmer, USA), over a wavenum-
ber range of 4000-500 cm™'. Morphology and sizes of
PtNPs@MIP nanocomposites were investigated using TEM
(JEM-1230; JEOL, Japan) and SEM (JEOL, JSM-6460LV, Japan)
equipment, operated under vacuum at an accelerating voltage
of 20 kV.

2.3 Preparation of the paraquat sensor (PtNPs@MIP/SPGIE)

Fig. 1A shows a schematic of the synthesized PINPs@MIP. At
first, coating SiO, on the surface of PtNPs using a sol-gel tech-
nique provides PtNPs@SiO,. Next, vinyl groups are added to
the PINPs@SiO, surface to create PtINPs@SiO,-vinyl before ter-
minating the vinyl groups with an MIP shell. Overall, we
attached MIP to the PtNPs cores using PQ as the template
molecule, MAA as a monomer, EGDMA as a cross-linker, and
AIBN as an initiator. Removal of the PQ template with DI water
provided PtNPs@MIP.

(i) Preparation of PtNPs@SiO,-vinyl

Platinum nanoparticles (PtNPs) were selected as cores to
create recognition sites in order to enhanced high specific
surface area, superb high mass transport, and good biocom-
patibility. We used a recent report describing the synthesis of
platinum nanoparticles (PtNPs).** Firstly, a Pt seed solution
was prepared by mixing H,PtClg (1 mL, 10 mM) with hexadecyl
trimethyl ammonium bromide (CTAB) solution (20 mL,
12.5 mM). The stirred mixture was heated at 95 °C for 5 min
before ascorbic acid (160 pL, 100 mM) was added to the solu-
tion. Stirring continued for 20 min before the solution was
cooled to room temperature and stored in darkness at 4 °C.

PtNPs were synthesized by adding a Pt seed solution (80 pL)
and H,PtCls (125 pL, 10 mM) to CTAB solution (5 mL,
100 mM), containing KI (5 pL, 1 mM), and freshly prepared
ascorbic acid (50 pL, 100 mM) was next added. The mixture
was stored at 50 °C for 8 h before centrifuging the resulting
solution at 9000 rpm for 5 min to remove any residual solu-
tion. Drying at 50 °C for two hours provided the PtNPs.

We prepared the PtNPs@SiO, nanocomposites by a method
described in our previous work®® with some modifications. In
brief, PtNPs (40 mg) were dispersed into ethanol (30 mL) in an
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Fig.1 (A) Preparation of PtNPs@MIP and the fabrication of the MIP
sensor (PtNPs@MIP/SPGrE) for paraquat (PQ). (B) The layout of the
designed ready-to-use PQ sensor, the set up and the detection mecha-
nism of the electrochemical determination of PQ. Electrochemical
measurements were performed using a mini-potentiostat and a conven-
tional three-electrode cell assembly consisted of a working electrode
(PtNPs@MIP/SPGrE) (4 mm diameter), a reference electrode (Ag/AgCl),
and a counter electrode (SPGrE).

ultrasonic bath for 30 min. Then, NH; (2 mL) was added drop-
wise to the solution under vigorous mechanical stirring, and
800 pL of TEOS was dropped into the solution. Stirring contin-
ued for 3 h at room temperature. After that, the resulting solu-
tion containing PtNPs@SiO, nanocomposites was centrifuged,
washed with water, and dried in an oven at 50 °C for 2 h.

We functionalized PtNPs@SiO, nanocomposite surfaces
with vinyl end-groups. Firstly, 40 mg of PtNPs@SiO, were dis-
persed into 30 mL of ethanol in an ultrasonic bath for 30 min.
Next, 2 mL of NH; was added dropwise to the solution under
vigorous mechanical stirring. VITMOS (1000 pL) was dropped
into the solution, and the stirring continued for 8 h at room
temperature. After centrifuging and washing with water and
methanol, the nanocomposites were soaked in 1 M HCI for
12 h to eliminate any residual materials that remained
uncoated with silica. Finally, the PtNPs@SiO,-vinyl nano-
composites were centrifuged, washed with water, and dried in
an oven at 50 °C for 2 h.

(ii) Preparation of PtINPs@MIP

We prepared PtNPs@MIP nanocomposites by a three-
dimensional imprinted protocol applied for CNTs, as
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described in our previous work,” with appropriate modifi-
cations. Briefly, 40 mg of PtNPs@SiO,-vinyl nanocomposites
were dispersed into 25 mL of chloroform in a 50 round-bot-
tomed flask in an ultrasonic bath for 30 min. Next, after com-
bining 0.26 mmol of PQ template and 1.20 mmol of MAA func-
tional monomer, the mixture was sonicated for 10 min and
then allowed to react for 6 h at room temperature. EGDMA
(1.20 mmol) cross-linker and 0.02 mmol of AIBN initiator were
refluxed under nitrogen for 24 h. Centrifuging and washing
with ethanol eliminated excess reagent, then stored in a desic-
cator for 24 h. Finally, the PQ template was removed by soni-
cating for 1 h in water, centrifuged, and the resulting
PtNPs@MIP were stored in a desiccator.

(iii) Preparation of PtNPs@MIP/SPGIE

We prepared the PtINPs@MIP/SPGTE by dispersing 6 mg of
PtNPs@MIP into 1000 pL of dimethylformamide in an ultra-
sonic bath for 1 h. Then, drop-cast the PINPs@MIP (2.5 pL) on
the surface of the SPGrE and left overnight to allow the solvent
to evaporate at ambient temperatures.

Fig. 1B shows the layout of the designed ready-to-use PQ
sensor (1.0 x 2.5 cm), the set up and the detection mechanism
of the electrochemical determination of PQ. Electrochemical
measurements were performed using a mini-potentiostat (5.0
x 6.7 x 2.8 cm) and a conventional three-electrode cell assem-
bly consisted of a working electrode (PtNPs@MIP/SPGIE)
(4 mm diameter), a reference electrode (Ag/AgCl), and a
counter electrode (SPGIE).

2.4 Sample preparation

We purchased seven vegetables (yardlong bean, cabbage,
lettuce, cucumber, kale, onion and tomato) from a local
market in Ubon Ratchathani Province, Thailand, as samples
for PQ analysis using a spiked recovery experiment. Sample
extractions were prepared by a method adapted from previous
reports.”* We cut fresh vegetables into small pieces. Samples
(20 g) and water (50 mL) were homogenized in a blender for
3 min and then sonicated for 1 h. Filtering the homogenized
samples was carried out using Whatman no. 1 Filter paper.
For recovery experiments, 20 g of sample was immersed in
50 mL of PQ standard (5 or 10 uM) for 30 min. After the
immersion, the vegetable samples were homogenized, soni-
cated and finally extracted as the same procedure.

3. Results and discussion
3.1 Characterization

We used a transmission electron microscope (TEM) to investi-
gate the surface morphology of PtINPs@MIP. Fig. 2 shows TEM
images of (A) PtNPs and (C) PtNPs@MIP. PtNPs were prepared
by reducing Pt'" to Pt° with ascorbic acid and potassium
iodide in the presence of CTAB as a stabilizing agent.’” The
average diameter of the as-prepared PtNPs was 2.20 + 0.35 nm
(count = 20). The TEM image in Fig. 2C shows the thickness of
PtNPs@MIP as approximately 4.14 + 0.46 nm, indicating the
formation of an MIP coated PtNPs core. The EDS result of
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Fig. 2 TEM images of (A) PtNPs, and (C) PtNPs@MIP, and EDS of (B)
PtNPs, (D) PtNPs@MIP.

PtNPs in Fig. 2B reveals Pt elemental signals, which indicated
the formation of PtNPs. While the EDS spectrum in Fig. 2D
appears C, O, Si, and Pt chemical signals confirm the for-
mation of PINPs@MIP composite.

ATR FT-IR spectroscopy confirmed the formation of an MIP
coating on the PtNPs core surface. Fig. S1Af shows the FTIR
spectra of PQ (curve a) and MIP films, before (curve b) and
after (curve c), template removal, and NIP film (curve d). There
are significant differences between MIP films before and after
template removal. Before template removal, MIP film (curve b)
produced peaks at 1645, 1467, and 1444 cm™', which we
assigned to stretching modes of C=N in the pyridine ring,
and C=C in the PQ molecule. After template removal, the MIP
(curve ¢) and NIP film (curve d) exhibit absorption bands at
1640, 1092, and 787 cm ™', which we attributed to C=0, Si-O-
Si, and Si-OH vibrations, respectively. These findings indicate
the successful silane coating on PtNPs and the subsequent
polymerization of MIP. The absence of any PQ absorption
bands in curve ¢ (MIP film after template removal) indicates
successful removal of the PQ template.**’

Electrochemical characteristics of the PtNPs@MIP/SPGrE
and bare SPGIE were compared in Fig. S1Bf in order to clarify
the electrocatalytic and electron transfer’s improvement of the
synthesized PtNPs@MIP. We observed that well-defined redox
peaks from [Fe(CN)J**~ appeared at both bare SPGrE and
PINPs@MIP/SPGIE (Fig. S1Bf). Interestingly, PtNPs@MIP/
SPGIE shows the greatest peak current and the smallest
anodic-to-cathodic peak separation (AEp). These results indi-
cated that the enhanced electrochemical signal obtained from
PtNPs@MIP/SPGrE  occurred because the PtNPs@MIP
increased the electron transfer between the electrode surface
and electrochemical probes.

Fig. S2f displays the impedance spectra of bare SPGrE
(inset), PtNPs/SPGIE, PtNPs-SiO,/SPGIE, PtNPs@MIP/SPGIE
and PtNPs@NIP/SPGrE. The Randle’s equivalent circuit model
was used to fit the experimental data. The lowest semicircular
diameter was obtained from the PtNPs/SPGIE, (R, = 118 Q)
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99

1 University on 4/6/2022 11:28:05 AM.

loaded by Ubon Ratchatt

2021. Do

P

Published on 13

Paper

(Fig. S21), which indicates the fastest electron-transfer kinetics
of [Fe(CN),]>™"*~, compared to PtNPs-5i0,/SPGIE (R, = 135 Q),
PtNPS@MIP/SPGIE (R, = 526 Q), PLINPs@NIP/SPGIE (R, = 929
Q), and bare SPGIE (R = 1400 Q). The impedances of PtNPs/
SPGIE was significantly lower than bare SPGrE indicating the
excellent conductivity enhancement of PtNPs. PtNPs@MIP/
SPGIE and PtNPs@NIP/SPGTE were significantly higher than
PtNPs/SPGIE, indicating the presence of poly-MAA films pro-
duced during polymerization. Moreover, the impedance of the
MIP modified electrode was smaller than that of the NIP elec-
trode, possibly because the large numbers of imprinted cav-
ities in the MIP film allows for better diffusion of the [Fe
(CN)s]*™"*" redox probe, and so enhances electron transfer.

3.2 Electrochemical behaviors of PQ on the PtINPs@MIP/
SPGIE

We used cyclic voltammetry (CV) to investigate the PQ reco-
gnition ability at bare SPGIE, PtNPs/SPGIE, PtNPs-SiO,/SPGIE,
PtNPs@NIP/SPGIE, and PtNPs@MIP/SPGIE (Fig. 3A). PtNPs/

A) 40
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Fig. 3 Cyclic voltammograms of (A) 500 uM paraquat (PQ) on a bare
SPGrE, PtNPs/SPGrE, PtNPs-SiO2/SPGrE, PtNPs@NIP/SPGrE and
PtNPs@MIP/SPGrE in 0.1 M K>SO supporting solution and (B) cyclic vol-
tammograms of 250, 500, and 1000 uM PQ on PtNPs@MIP/SPGrE in 0.1
M K,SO, supporting solution.
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SPGIE exhibits higher oxidation current than bare SPGIrE due
to the excellent properties of PtNPs such as extraordinary cata-
Iytic, conductivity, biocompatibility, and electrochemical pro-
perties. After coating PtNP with SiO, (PtNPs SiO,/SPGIE), the
oxidation current slightly increased. This result indicated that
coating of PtNPs with SiO, can accelerate the oxidation
process. Interestingly, the current obtained from PtNPs@MIP/
SPGIE was greater than that obtained from either PtINPs@NIP/
SPGIE or bare SPGIE, indicating that the PtNPs@MIP nano-
composite exhibits a very high affinity for PQ. On the other
hand, PtNPs@NIP has no significant PQ affinity and cannot
adsorb PQ on the electrode surface to enhance the electro-
chemical signal. We assume that the ability of PINPs@MIP to
enhance the PQ signal, compared to the bare electrode and
PtNPs@NIP, is because of selective cavities formed in the
polymer structure. The created specific recognition cavities on
the PINPs@MIP enhance electrode properties in terms of sen-
sitivity and selectivity:

1. PtINPs@MIP modified electrode enhances the current
response by a factor of approximately 4.0 over that of the
unmodified electrode. The oxidation current arises as PQ
molecules diffuse from the solution via biding sites on the
PtNPs@MIP to the electrode surface. The great affinity of
PtNPs@MIP for PQ electrostatic interactions may originate the
hydrogen bonds between specific recognition cavities and then
produces the stronger signal than unmodified electrode.
Hence, the greater electrochemical response seen for the
PtNPs@MIP/SPGIE has two causes: (i) the PINPs@MIP coating
on SPGIE enhances electrical conductivity and electrocatalytic
activity toward PQ redox activity and (ii) PEINPs@MIP provides
molecular recognition sites, and so has a greater affinity
toward PQ.

2. The selectivity will be enhanced because imprinted cav-
ities are complementary in size, conformation and shape to
PQ molecules. Other substances with different structures from
the PQ target analyte cannot bind strongly to the polymer reco-
gnition sites and thus produce very weak responses. Therefore,
PINPs@MIP provides high selectivity for the determination of
PQ.

We investigated the electrochemical behavior of PQ at the
PtNPs@MIP/SPGrE. Fig. 3B clearly shows the two well-defined
PQ redox couples. The PtNPs@MIP/SPGIE produces oxidation
peaks at approximately —1.08 V (P1) and —0.71 V (P2) and
reduction peaks at —0.85 V (P3) and —1.25 V (P4). The peak
current increases with PQ concentration, and the response
mechanism involves PQ molecules that complement the
imprinted cavities, diffusing to the electrode. From these
results, we conclude that the PtINPs@MIP/SPGIE is suitable for
the quantification of PQ.

To investigate the number of electrons involved in the oxi-
dation of PQ on PtNPs@MIP/SPGIE, we recorded the CV
curves of 500 M PQ at scan rates ranging from 50 to 300 mV
s™' (Fig. S3Af). Anodic and cathodic peak currents (pA)
increase linearly with the scan rate’s square root (V'? s7/2).
Linear regression analysis (Fig. S3Bf) provides an r* value of
0.991 (P1) and 0.997 (P2) for oxidation, and 0.995 (P3) and
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0.981 (P4) for reduction reactions, indicating a diffusion-con-
trolled quasi-reversible electrochemical process. The relation-
ship between the peak potential E,, and v is defined by
Laviron as eqn (1).**™*°
RT
Epa=E"+———Inv 1
pa (1 — a)nF 1)
Here, a is the transfer coefficient, n the number of electrons
transferred, v the scan rate, and E°' is the formal redox poten-
tial obtained from the intercept. The value of («) can be easily
calculated from the following equation.*

1.15RT
aF

=2.303 x slope (2)

Taking 7' =298 K, R = 8.314 J K™ mol™', and F = 96480 C
mol™', and slope is obtained from Fig. S3C.{ Therefore, the
transfer coefficient (a) was calculated to be 0.33 and 0.22 for
P1 and P2, respectively. The value of electron transfer number
(n) calculated to be 0.98 and 0.57 (approximately equal to 1)
for P1 and P2, respectively. These results indicate that the
electrochemical oxidation reactions of PQ on PtNPs@MIP/
SPGIE is one-electron transfer process. The reaction mecha-
nism may be two successive one-electron transfers (eqn (3)
ﬂnd (4)).-11,42

_‘%O_@,S?_ = K e 0
—‘&D—@f?— — —'ﬁC>=<:>}'— re (9)

The Randles-Sevcik’ equation (eqn (5)) was used to estimate
the diffusion coefficient of the PINPs@MIP/SPGIE.

Iy 2 = 268600n*?AD'2C1? (5)

Taking the peak current (I, ,) = 10.31 x 107° A, the electron
transfer number (n) of PQ = 1, the electroactive surface area of
the sensor (4) = 0.126 cm?, concentration (C) of PQ = 5 x 1077
mol em™, and scan rate (v) = 0.05 V s™*. The diffusion coeffi-

cient was calculated to be 7.424 x 107 em® s™%.

3.3 Optimization of the parameters

3.3.1 Effects of PtNPs@MIP loading. The loading of
PtNPs@MIP on the graphene-screen printed electrode’s
surface is important for the characteristics of the modified
SPGIE. We use linear sweep voltammetry to study the effect of
PtNPs@MIP loading. In this work, LSV was used to evaluate
concentrations of PtNPS@MIP in the range of 2-8 mg L™,
with 500 pM PQ in 0.1 M K,SO, solution (Fig. S4A¥). Fig. S4B}
shows the current responses from P1 and P2 oxidation reac-
tions. Increasing the concentration of PINPs@MIP from 2 to
6 mg L' increases the SPGIE response because of the increase
in recognition sites on the electrode surface. However, raising
the PtNPs@MIP concentration beyond a threshold level of
6 mg L' leads to decreased sensor response, probably due to
reduced electrode surface conductivity. The optimal loading of
PtNPs@MIP on SPGrE was therefore chosen as 6 mg L™,

This journal is © The Royal Society of Chemistry 2021
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3.3.2 ASV on the PtNPs@MIP/SPGrE. We applied ASV to
determine PQ to improve the sensitivity of the method. The
deposition potential and duration time used during the
accumulation step are important parameters in stripping vol-
tammetry. Fig. S5f illustrates the influence of deposition
potential and deposition time on PQ’s anodic stripping peak
currents at PENPs@MIP/SPGIE. As shown in Fig. S5A,f the PQ
stripping peak increases rapidly as the deposition potential
becomes more negative (from —0.8 to —1.4 V). However, the
peak current levels off as the deposition potential approaches
—1.4 V and drops at more negative values. Therefore, we chose
an optimum deposition potential of —1.4 V.

For the deposition time, we investigated the dependence of
peak currents over the range of 20-140 s on the PtNPs@MIP/
SPGIE. PQ peak currents increased almost linearly with the
deposition time (Fig. S5Bt). However, to balance the sensitivity
and analysis time, we selected a deposition time of 60 s as
optimal for all analyses.

3.4 PtNPs@MIP/SPGIE analytical characteristics

Herein, MAA is selected as monomer due to its larger numbers
of functional carboxylic groups, which makes it feasible to
fine-tune interaction sites to optimally interact with PQ, e.g. by
forming hydrogen bonds. The content of EGDMA cross-linker
is also important in controlling the morphology of the
polymer matrix and in stabilizing the imprinted binding site.
Our preliminary results point out that MAA:EGDMA mole
ratio of 1:1 is the optimum recipe to fabricate the
PtNPs@MIP. For real sample application, vegetables were
extracted with water (pH ~ 7), while the supporting electrolyte
(K»S0, solution, pH ~ 6). At the pH about 6 to 7, PQ exists in
its cationic form (PQ*'), whereas MAA (pK, 4.66) in the MIP
can be in the deprotonated form of the carboxylic group.
Therefore, high affinity between the target analyte and the
recognition sites resulted from the strong electrostatic inter-
action between PQ”' and negatively charged of MIP.

Under optimum ASV conditions (deposition at —1.4 V for
60 s), the PQ stripping peak current occurs in the range of
—1.5 V to +0.5 V at 50 mV s™'. The proposed method provides
well-defined peak profiles with PQ concentration dependency
(Fig. 4A). Furthermore, we obtained a linear calibration curve
over the range of 0.05-1000 pM. The linear regression equation
for P1 is 0.036 + 0.001x + 1.253 + 0.031, with a determination
coefficient (r*) of 0.991 while the equation for P2 is 0.067 +
0.001x + 2.061 + 0.050, with a determination coefficient (r*) of
0.999. The limit of detection (LOD) calculated from three times
the standard deviation of the blank (3S,, n = 7) according to
1S011843" is 0.02 pM. The limit of quantification (LOQ) is
0.05 pM, obtained from the lowest concentration in the cali-
bration curve. We compared the analytical performance of the
PtINPs@MIP/SPGrE to related modified electrodes for the
determination of PQ (Table 1). Our proposed MIP sensor exhi-
bits the widest linear range for PQ determination
(0.05-1000 pM) among all related methods. Furthermore, the
LOD for our sensor (0.02 pM) is comparable to the LOD for the
sensor using mesoporous silica films (MSF)" or multiwalled
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Fig. 4 (A) Anodic stripping voltammograms of PQ with difference con-
centration from 0.05 pM to 1000 pM on PtNPs@MIP/SPGrE and the inset
show ASV of PQ at the lower concentrations. (B) Corresponding cali-
bration curve of paraquat.

carbon nanotubes immobilized with a dihexadecyl hydrogen-
phosphate (MWCNTs-DHP),>° or phospholipid** modified on
glassy carbon electrodes, and graphene-zinc oxide nano-
composite (Gr-ZnO) modified on commercial screen-printed
electrode,” and bismuth film modified on Cu plate electrode.”
The LOD of our sensor is less than that of polypyrrole-grafted
nitrogen-doped graphene (PPy-NGE) modified glassy carbon
electrode,” CDtrodes (Au electrode prepared from recordable
CD),* phthalocyanine modified pyrolitic graphite electrode,"®
and Nafion - a modified screen-printed graphene electrode
(Nf/SPGTE) fabricated on a paper-based electrochemical device
(ePAD)."” All comparison electrodes presented (Table 1) have
their own advantages/disadvantages in terms of synthesis and
fabrication. CDtrode®® fabricated by cutting and extracting
polymeric film to exposure gold layer followed by constructing
the electrical contact. Therefore, this method has a high poten-
tial to be disposable and portable device. On the other hand,
commercial 3 mm-diameter BDD electrode” provided the LOD

6276 | Analyst, 202,146, 6270-6280

View Article Online

Analyst

as low as 0.0015 uM. Although, the electrode” is easy to use
but its application limited by the cost of electrode and non-
flexible for modification as well as the fabrication as disposa-
ble electrode. In addition, most of the previously
reports">**™*® were applied for samples containing low
matrices i.e., natural water****® and river waters™** and did
not studied the tolerance for interferences of similar sub-
stances or other pesticides or herbicides. These literature com-
parisons highlight that our PtNPs@MIP/SPGTE offers an accep-
table low detection limit and has a broader linearity range for
PQ determination than previously reported sensors.
Importantly, the LOQ for our PtNPs@MIP/SPGIE sensor is
lower than the MRL, as established by Codex Alimentarius
Commission for PQ residue on several fruit and vegetable
samples, including tomato, cabbage, yardlong bean, and chili
at 0.05 mg kg' (~0.2 pM), and cucumber at 0.02 mg kg ™'
(~0.07 uM).*>*® This point out that our sensor has high poten-
tial application for monitor the safety of food supplies, agricul-
tural product and on-site analysis.

A survey of the literature show that this proposed
PtNPs@MIP has been synthesized for the first time. Herein,
MIP is straightforward synthesized on the functionalized
PtNPs core followed by the removal of PQ template molecules.
Thus, in this way, allowing to synthesize a low-cost artificial
receptor with high selectivity towards PQ analyte. Our novel
PINPs@MIP is cost-effective with straightforward synthesis,
and offers excellent mechanic stability. The highlight of this
work is that the PINPs@MIP was easily loaded on the electrode
surface by drop casting and the analysis of PQ could be per-
formed within a few minutes. We used the PtNPs@MIP nano-
composite to modify an SPGIE to create the new, highly sensi-
tive, selective, compact, cost-effective and ready-to-use PQ
sensor. We attribute these advantages to the highly conductive
screen-printed graphene electrode’s synergy with the good
electrocatalytic characteristics of PtNPs@MIP, which signifi-
cantly increases the electron transfer rate between PINPs@MIP
and SPGrE. Moreover, many Pt imprinted sites significantly
enhance the selective surface area, leading to a modified elec-
trode that performs with greater sensitivity and selectivity.

3.5 Selectivity reproducibility and stability

We investigated the imprinted sensor’s selectivity to complex
sample matrices analysis. We investigated the effects of
foreign species to demonstrate the selectivity of the
PtNPs@MIP/SPGrIE toward the detection of PQ. Potential inter-
ferences might arise from similar substances, including other
pesticides (chlorpyrifos, profenofos, carbofuran and glypho-
sate), herbicides (diuron and chlorotoluron and ions or com-
pounds commonly found in extracted samples, e.g. phenol,
caffeine, and ascorbic acid. We maintained PQ concentrations
at 10 pM (control) and added potential interfering species to
the test solution in the range of 5- to 20-fold greater concen-
tration. As shown in Fig. 5A, there are no apparent effects on
the PQ oxidation response (P2) when including up to a 5-fold
excess concentration of profenofos, phenol, or caffeine, a
10-fold excess concentration of ascorbic acid, glyphosate, or

This journal is © The Royal Society of Chemistry 2021
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Table 1 Performance comparison of the presented electrode (PtNPs@MIP/SPGrE) with other related modified electrodes for PQ determination

Electrode Modifier Techniques Linearity range (M) LOD (uM) Ref.
GCE MSF SWv 0.01-0.05 0.012 1
MWCNTSs-DHP SWV 0.05-1.5 0.01 20
PPY-g-NGE DPV 0.05-2.0 0.058 21
AuNCs-CS-Ec-MIP DPV 1.0x107%-1.0x 107" 2.3x107° 29
Gr-Au-ILs SWV 0.02-0.1 0.007 42
Phospholipid ASV 0.05-0.6 0.022 Yl
BDDE Bare SWV 0.005-1.00 0.0015 2
Au CDtrodes SWV 0.14-2.8 0.08 45
PGE Phthalocyanine SWv 0.5-29.1 26.53 46
SPE Gr-ZnO/Comm* DPV 0.05-2.0 0.021 4
Bi film/Cu pla(c" SWV 0.12-4.20 0.012 22
Nf/SPGrE/paper® DPV 1-60 0.31 47
PtNPs@MI.P/SPGrE/PVC‘l ASV 0.05—-1000 0.02 This work

Electrode modifier. MSF = mesoporous silica films, MWCNTs-DHP = multiwalled carbon nanotubes immobilized with a dihexadecyl hydrogen-
phosphate (DHP) film, PPy-NGE = polypyrrole-grafted nitrogen-doped graphene, AuNPs-CS-MIP = Au nanocross—chitosan composited with
electro-polymerization MIP, Gr-Au-ILs = graphene-gold-ionic liquid nanocomposite, CDtrodes = Au electrode prepared from recordable CD, Gr-
ZnO = graphene-zinc oxide nanocomposite, Comm" = Commercial from Italsens Co., Bi film = bismuth film, Cu plate® = printed on copper plate,
Nf = Nafion, SPGIE = screen printed graphene electrode, paper ¢ = paper based electrochemical device (ePAD), PVC® = printed on PVC sheet.
Electrode. GCE = glassy carbon electrode, BDDE = boron doped diamond electrode, Au = gold electrode, PGE = pyrolitic graphite electrode, SPE =

screen printed electrode.
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Fig. 5 (A) Selectivity of the proposed PtNPs@MIP/SPGrE for PQ detec-
tion; comparison between the curment obtained from 10 pM PQ
(control) and the current of 10 uM PQ with interfering substances. The
dotted line shows the +10% signal alteration range. (B) Reproducibility of
the proposed MIP sensor; current responses of 100 uM PQ from five
different MIP sensors. Inset; ASV signals response recorded in the pres-
ence of 100 uM PQ; supporting electrolyte; 0.1 M K,SO, solution with
five different PtNPs@MIP/SPGrE.

This journal is © The Royal Society of Chemistry 2021

carbofuran, or a 20-fold excess of chlorpyrifos, or diuron, or
chlorotoluron. These results confirm that the PtNPs@MIP/
SPGTE provides high selectivity.

As a comparison, we also examine current response of
various species only, 10 uM PQ (control) and the currents of
phenol, caffeine and profenofos at the concentration of 50 pM
(5-fold), ascorbic acid, glyphosate and carbofuran at the con-
centration 100 pM (10-fold), and chlorpyrifos, diuron and
chlorotoluron at the concentration 200 pM (20-fold) at the
PtNPs@MIP/SPGIE. It is obviously seen from Fig. S6f that
high PQ current response observed at the MIP modified elec-
trode. On the contrary, no significant current was observed
from other species. The inset (Fig. S61) clearly shown that the
current response of the background has no apparent effects
when adding carbofuran or glyphosate concentration up to
100 pM.

Selectivity pattern of the PtNPs@MIP/SPGIE toward PQ,
phenol, glyphosate and carbofuran was investigated. Fig. S7+
shows current responses of phenol and pesticides binding for
MIP modified electrode and the NIP electrode. Imprinting
factor (IF), which defined as the ratio of current response
obtained from the MIP and NIP. As indicated in the back row
of the graph, the calculated IF of the PQ target analyte were in
the range of 0.123-2.503. Obviously, IF obtained from
PINPs@MIP higher than that obtained from competing
compounds.

We ascribe the selectivity to the imprinted cavities’ success
in the polymer film, which has excellent binding and specific
characteristics toward the target PQ molecule. These potential
interference molecules are not cannot diffuse or bind strongly
to recognition sites. Thus, these potential interferences did
not produce an electrochemical-oxidation response and did
not interfere with detection.

Sensitivity of the MIP sensor (Fig. 4B, 0.067 pA uM™') is
approximately 2.5 times higher than that obtained from the

Analyst, 2021,146, 6270-6280 | 6277
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NIP modified electrode (0.028 pA pM™'). The results thus
clearly demonstrate appreciable selectivity and sensitivity of
the developed PtNPs@MIP/SPGrE.

Fig. 5B shows that the PtNPs@MIP/SPGIE performs
impressively with good precision. The relative standard devi-
ation (RSD) <2.7%, calculated from three oxidation current
values of 100 pM PQ. The electrode-to-electrode reproducibil-
ity, evaluated from RSD of five different freshly prepared
sensors’ responses, was 4.3%. For P1 and 2.9% for P2. Also,
stability is an essential characteristic for the feasibility of real-
life applications of the PQ sensor. We investigated the
compact MIP sensor’s stability by measuring the current
signal for 100 pM at various intervals over 14 days. The MIP
sensor retains 103% of its initial current response (P2) after
repeated use for one week and 91% after two weeks when

Table 2 Determination of paraquat (PQ) in vegetable samples by the
developed PtNPs@MIP sensor and recovery values for spiked PQ stan-
dard into real samples

Sample Added (M) Found + SD (M) ~ %recovery  %RSD
Cabbage s 0.081 + 0.003 = —
5 4.948 + 0.163 97.3 3.3
10 9.914 + 0.066 98.3 0.7
Cucumber . 0.072 +0.001 — —
5 5.871 £ 0.149 116.0 2.5
10 9.458 + 0.079 93.9 0.8
Yardlong bean — 0.095 + 0.004 = =
5 5.236 + 0.072 102.8 1.4
10 9.755 + 0.045 96.6 0.5
Kale = 0.087 +0.001 — =
5 4.851 +0.109 95.3 2.3
10 9.952 + 0.056 98.7 0.6
Tomato = <LOQ — —
5 5.243 +£0.211 104.1 4.0
10 9.828 +0.120 97.9 1.2
Onion = <LOQ — =
5 5.480 + 0.121 109.6 2.2
10 9.698 + 0.059 97.0 0.6
Lettuce = <LOQ = =
5 5.263 + 0.005 105.3 0.2
10 9.831 + 0.027 98.3 0.4
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stored at ambient temperature (Fig. S8f). These results
confirm that the developed compact MIP sensor provides high
reproducibility and good stability.

3.6 Real samples

We investigated the practical applicability and the perform-
ance of the fabricated PtNPs @MIP/SPGIE to analyze PQ in
vegetable samples (yardlong bean, cabbage, lettuce, cucumber,
kale, onion and tomato) and a certified reference material
(CRM-QC 1435). The validity of the proposed PtNPs@MIP/
SPGIE was tested by recovery determination. Paraquat in
cabbage, cucumber, yardlong bean, and kale found 0.081 +
0.003, 0.072 + 0.001, 0.095 + 0.004, and 0.087 + 0.001 pM,
respectively (Table 2).

Tomato, onion and lettuce were either contaminated with
PQ below the LOQ or were free of PQ. The recoveries were
determined by spiking 5 and 10 uM of PQ into actual samples.
The results show the analytical recoveries for spiked paraquat
standard (5 and 10 pM) to be in a range of 93.9% to 116.0%.
The developed method provides good precision with %RSD
values ranging from 0.2% to 4.0%.

We further evaluated the accuracy and precision of the pro-
posed method in terms of intra-day and inter-day analysis. We
determined the PQ content for two groups of tests: (i) spiked
samples: blank tomato extracts and water samples, and (ii) cer-
tified reference material (CRM-QC1435, drinking water with
certified PQ 66.7 + 0.7 pg L™"). As shown in Table 3, good
intra-day and inter-day accuracy (%bias) in tomato extracts and
water samples, e.g., less than 2.6% for intraday and 2.4% for
inter-day analysis. The acceptable %bias in CRM are —2.4% for
intraday and —0.8% for inter-day analysis."®* These results
indicate that the PtNPs@MIP/SPGTE sensor is sufficiently accu-
rate, precise, and suitable for quantifying PQ in these samples.

4. Conclusion

This study reports a compact electrochemical sensor for cost-
effective and selective detection of paraquat based on a plati-

Table 3 Comparison of PQ determination in vegetables and CRM from intra-day and inter-day assay using the proposed PtNPs@MIP sensor

Intraday assay Inter-day assay

Sample code Expected (uM) Found (uM) Bias®” (%) Found (uM) Bias®” (%)
TH# S 5.06 +0.17 1.2 4.89 + 0.21 -2.2
TH2 10 9.88 + 0.05 -1.2 9.85+0.14 =15
W1 5 5.13 £0.05 2.6 5.12+0.05 2.4
W2 10 9.89 + 0.04 -1.1 9.91 +0.01 -0.9

Certified (ug L") Found (pg L") Bias® (%) Found (pgL™") Bias® (%)
CRM-QC 1435° 66.7 0.7 65.07 +1.16 —2.4 66.17 +1.52 0.8

T#1 and T#2 are tomato extracts (PQ free) spiked with PQ standards 5 and 10 uM, respectively. W#1 and W#2 are water solutions contained PQ 5
and 10 pM, respectively. “ Bias calculated from the different between measurement results obtained from the developed method and a reference
value from CRM. ” Bias calculated from the different between measurement results obtained from the developed method and an expected value.
“CRM of drinking water with the certified paraquat value of 66.7 + 0.7 pg L™
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num nanoparticle coated with molecularly imprinted polymer-
modified on a graphene-screen printed electrode
(PtNPs@MIP/SPGTE). We fabricated the PtINPs@MIP by succes-
sively covering the surface of PtNPs with SiO, and vinyl end-
groups and then terminated with an MIP shell. The resulting
PQ-imprinted nanoparticles possess a large surface-to-volume
ratio, enhancing accessibility of a large fraction of template
sites on the polymer surface. Strategically, printing PQ onto
the PtNPs surface not only significantly increases the specific
surface area by providing large numbers of imprinted sites for
improving selectivity and electron transfer between the target
PQ molecule and the electrode surface, but also enhances the
electrocatalytic activity for signal generating of the sensing
platform. Our novel PtNPs@MIP is selective, easy to syn-
thesize, and offers excellent catalytic activity. We used the
PtNPs@MIP nanocomposite to modify an SPGIE to create the
new, highly sensitive, selective, compact, and cost-effective
sensor. Under the optimum condition, the proposed compact
MIP sensor showed wide linearity ranged from 0.05 to
1000 pM, a low detection limit of 0.02 puM, high selectivity,
good reproducibility, and stability. The imprinted sensor is
highly sensitive and selective toward PQ. Used in the detection
of PQ in vegetable extracts, the proposed ready-to-use MIP
sensor could provide an alternative approach to determine
paraquat residuals in vegetables and fruits and improving food
safety.
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ARTICLE INFO ABSTRACT

Herein, we report the fabrication of a compact voltammetric sensor for the sensitive and selective determina-
tion of N-nitrosodiphenylamine (NDPhA) based on a screen-printed graphene electrode modified with a molec-
ularly imprinted polymer coating on a palladium nanoparticle core (PdANPs@MIP/SPGrE). In addition, a novel
approach for 3D-imprinting of NDPhA on the PdNPs surface is presented. PANPs were first synthesized by
chemical reduction using sodium borohydride. Then, Core-shell polymerization was achieved by successively
coating the surface of PANPs with poly(vinylpyr ) and ter with an MIP consisting of poly(N-
Isopropylacrylamide)-co-trimethylolpropane trimethacrylate.

Morphological, structural, and electrochemical characterization reveals that the as-prepared micro-sized
spherical PANPs@MIP has a uniform, high electro-catalytic activity and a specific surface area with many
NDPhA imprinted sites. We constructed the compact NDPhA imprinted sensor by coating the SPGrE surface
with PANPs@MIP. Quantitative analysis was performed by linear sweep anodic stripping voltammetry
(LSASV) using a deposition potential of +0.02 V for 60 s. The linear working ranges for NDPhA measurements
were 0.01-0.1 M (r> = 0.996) and 0.1-100 pM (r®> = 0.992) with corresponding sensitivities of 51.935 and
0.821 (pA s) pM "', respectively. The system provides a good precision of %RSD 1.67% with an estimated
detection limit (3S,, n = 3) of 0.0013 pM. The intraday and inter-day accuracy (%bias) of the certified refer-
ence material (CRM) are —0.74% and —1.01%, respectively. We demonstrate the successful application of the
fabricated compact sensor to determine NDPhA in beverage and synthetic samples. The compact NDPhA
imprinted sensor can provide an altemative approach to food quality control.

Keywords:

Ready-to-use sensor
N-nitrosamines

Molecularly imprinted polymer
Core-shell microsphere

Food quality control

1. Introduction

N-nitrosamines are a group of potential human carcinogens formed
from nitrification or oxidation of amine precursors [1,2]. They exist
widely in human life and consumer items such as processed food
[3], beverages [2,4], cosmetics [5,6], and cigarettes [7,8].
Nitrosodiphenylamine (NDPhA), as a type of volatile N-nitrosamine,
has been classified as one of the carcinogenic and mutagenic com-
pounds [9] and listed as one of five contaminants potentially occurring
in the public water system by the United-states environmental protec-
tion agency (US-EPA) [4,10]. Its high toxicity and potential contami-
nation in the water system have resulted in public concern regarding
food safety and human health. US-EPA set NDPhA maximum concen-
tration at 7 ug L' (0.035 puM) in drinking water based on a lifetime

* Corresponding author.
E-mail address: maliwan.a@ubu.ac.th (M. Amatatongchai).
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cancer risk of 1 in 100,000 [11]. As a result, developing rapid, sensi-
tive, and selective detection methods for NDPhA monitoring in drink-
ing water, beverages, and food is critical for public health. Various
analytical methods have been applied to NDPhA detection, including
gas chromatography [12] and liquid chromatography [13], in tandem
with mass-spectrometric and fluorometric detection [11]. It is always
desirable to develop time-saving, cost-effective, ready-to-use methods
for on-site analysis and household testing kits for monitoring and con-
trol. Due to the advantages of simplicity, low cost, and short time-to-
results compared with other methods, electrochemical methods are
considered a suitable complementary tool to meet this need.

In a previous report, various electrochemical methods for detecting
NDPhA have been proposed using differently designed electrode mate-
rials, for example, the use of Hg [14], Au [15], and glassy carbon
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[16-18] as working electrodes. Analysis based on amperometric detec-
tion of NDPhA in a flow injection system with ruthenium oxide stabi-
lized by cyano cross-linked film in a modified glassy carbon electrode
(GCE) [16]. The nanomaterial-based sensors with voltammetric detec-
tions of NDPhA use poly(diallyldimethylammonium chloride)-stabi-
lized graphene/platinum nanoparticles (PDDA-Gr/PtNPs) [17], and
graphite polyurethane composite (GPUE) [18] modified GCEs. How-
ever, all these electrodes have certain drawbacks, such as problems
associated with electrode fouling and high positive potential for oxida-
tion of NDPhA (0.75-1.56 V vs. Ag/AgCl). As a result, many sub-
stances could interfere with the measurements. To the best of our
knowledge, there is no report of using a screen-printed electrode for
creating compact NDPhA sensors. Sensors for ready-to-use, inexpen-
sive, portable, and well suited for on-sited monitoring applications still
need further improvement. Moreover, for practical application/actual
commercialization, sensitivity and selectivity need to be improved to
perform well in food samples.

Molecularly imprinted polymers (MIP) with tailor-made affinity
and specificity to target analytes have been demonstrated in many
applications, including electrochemical sensors to promote the perfor-
mance and selectivity of sensors [19,20]. We can tune the polymeriza-
tion by changing the ratio of the monomers and the template, the
initiation method, or source the surface or place where it occurs
[21,22]. Further, we can incorporate the polymer chains to several sur-
faces to form different architectures such as layers, core-shell, or
beads. Core-shell polymerization or polymerization of the shell of
the MIP around the core produces a higher surface-area-to-volume
ratio, more easily accessible recognition sites leading to improvement
of biding kinetics, binding capacity, and lower heterogeneities
[23-26]. Among the alternative nano-cores, palladium nanoparticles
(PdNPs) are one of the good choices due to their extraordinary cat-
alytic, conductivity, electrochemical properties [27] and abundance
and lower cost in comparison with Pt and Au nanoparticles [28,29].
Good electrical properties and the excellent conductivity of the PANPs
core combined with the specific recognition site of the MIP shell
endows the sensor with powerful performance for the target analytes.
Thus, this NDPhA imprinting on core-shell sensing platforms will offer
selectivity and sensitivity and be accurate for food sample analysis.

Herein, we present a novel NDPhA compact electrochemical sensor
based on a screen-printed graphene electrode modified with palladium
nanoparticles covered with a molecularly imprinted polymer
(PANPs@MIP/SPGrE). This is the first report of NDPhA imprinted
polymer being polymerized on a PANPs surface. The 3D-imprinting
on PdNPs surface was achieved by successively coating the surface
of PANPs with PVP, then terminating with poly(N-Isopropylacry-
lamide)-co-trimethylolpropane trimethacrylate imprinted polymer.
Our novel PANPs@MIP is cost-effective, simple to synthesize, contains
many NDPhA imprinted sites, and has an excellent electro-catalytic
activity towards the oxidation of NDPhA. We readily prepared the
SPGrE by screen-printing, and the synthesized PANPs@MIP was drop
cast on the electrode surface to fabricate the NDPhA-recognition site
imprinted sensor. Our compact sensor (PANPs@MIP/SPGrE) provides
excellent selectivity and sensitivity, quick analysis, uses a minute
quantity of reagent, and is convenient for large-scale production. It
is well suited to food-quality control and on-site monitoring
applications.

2. Experimental
2.1. Chemicals and reagents
All chemicals were analytical grade. We used deionized-distilled

water for standard and reagent preparation (water Pro-Ps, USA). Palla-
dium chloride (PdCl,, 59% Pd) was purchased from Acros Organics

Journal of Electroanalytical Chemistry 914 (2022) 116302

(Geel, Belgium). Tri-sodium citrate, sodium borohydride (NaBH,),
ethanol, methanol, poly(vinylpyrrolidone) with an average molecular
mass of 10,000 g mol ' (PVP-10), N-Isopropylacrylamide (NIPAM,
97%), 2,2'-azobis(2-methylpropionitrile) (AIBN), trimethylolpropane
trimethacrylate (TRIM), Boric acid (H;BO3, 99.5%), Phosphoric acid
(H;PO,, 85%), and acetic acid (CH;COOH, 99.7%) were obtained from
Sigma-Aldrich (St. Louis, USA). Nitrosodiphenylamine (NDPhA,
99.5%) was obtained from Chem Service (West Chester, PA). In addi-
tion, we purchased a certified reference material of NDPhA (CRM
31032/607, Nitrosamine calibration mix) from Restex Corporation
(Bellefonte, PA, USA.).

2.2. Apparatus

2.2.1. Screen printed graphene electrode (SPGrE)

Disposable electrochemical analytical devices were fabricated in-
house according to our previously described protocols [23,30]. The
configuration of the devices comprised of a three-electrode cell con-
struction (Scheme 1), a 4 mm-circular working electrode (graphene),
a reference electrode (Ag/AgCl), and a counter electrode (graphene).
The screen-printed graphene electrodes (SPGrE) were prepared using
an MK-MINI screen printer (Minami, Japan). Commercial graphene
ink (Serve Science Ltd, Thailand) was screen printed onto clear polyvi-
nyl chloride (PVC) (Navanakomplastic Co. Ltd., Pathum Thani, Thai-
land) sheets through silk-screen printing mesh (mesh size 120 um)
for two cycles. Next, a reference area was screen-printed with Ag/AgCl
ink (Gwent Electronic Materials Ltd., Pontypool, U.K.) on the PVC
sheet for two cycles. Finally, we printed a detection area with insulat-
ing ink on the PVC sheet for two cycles and then baked the sheet at
60 °C for 1 h to remove any solvent. Next, we assembled a homemade
electrode holder (5.0 x 5.0 x 1.0 cm) from an acrylic sheet and
placed an assembled electrical connector inside the body. The center
of the holder lid was drilled to make a 2.0 cm sample injection hole.
The electrode holder was designed for efficient handling of sample/s-
tandard adding and for tight fixing of the SPGrE.

2.2.2. Electrochemical measurements

We performed all electrochemical measurements using a home-
made reactor with an EmStat3 potentiostat (5.0 x 6.7 x 2.8 cm)
(PalmSens BV, The Netherlands). Further, we used “PSTrace for win-
dows” with multi-trace software. The measurement cell was formed
by a working electrode (PANPs@MIP/SPGIE), a reference electrode
(Ag/AgCl), and a counter electrode (SPGrE). The circular modified
graphene working electrode (4 mm diameter) had an active surface
area of around 0.126 cm®. Cyclic voltammograms (CV) were recorded
using 0.04 M Britton-Robinson buffer (B-R buffer) electrolyte solution,
at a scan rate of 50 mV s~ and across a potential range of —0.3 to
+0.6 V. We selected linear sweep anodic stripping voltammetry
(LSASV) for quantitative analyses. After filling the detection area with
the standard or sample solution, we applied a deposition potential of
+0.02 V for 60 s. Then, the linear sweep scanned from —0.2 to
+0.8 V at a scan rate of 50 mV s~ ! to remove the deposited NDPhA,
and the corresponding current signal was recorded.

2.2.3. Nanomaterial characterization

The details of the apparatus used to characterize the synthesized
composite materials, and impedance spectroscopy (EIS) are all speci-
fied in supporting information (S.1.) section 1.

2.3. Preparation of NDPhA sensor (PANPs@MIP/SPGTE)

2.3.1. Synthesis of PANPs@MIP microsphere
Palladium nanoparticles (PANPs) were selected as cores for the
imprinted surface. We adopted the method described by Ullah and
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Scheme 1. Preparation of palladium nanoparticles coated with molecularly imprinted polymers (PANPs@MIP) and the NDPhA imprinted sensor via drop coating

on the SPGTE.

his co-workers [31] to synthesize PANPs. Firstly, we mixed an aqueous
solution of trisodium citrate (0.5 mL, 0.4 M) and a solution of PdCl,
(5 mL, 0.10 M) into a flask containing DI water (30 mL). The mixture
was stirred continuously at 60 °C for 30 min. Next, we added an aque-
ous solution of NaBH, (0.5 mL, 0.1 M) to the flask, and the reaction
continued under constant stirring until the color turned to dark brown
(~2 h), which indicated the successful synthesis of PANPs (Scheme 1).
Finally, the precipitate was centrifuged, washed thrice with DI water,
and let dry at 80 °C for 2.5 h.

Scheme 1 illustrates the synthesis of palladium nanoparticles
coated with molecularly imprinted polymers (PANPs@MIP). PANPs
were coated with poly(vinylpyrrolidone) or PVP to create the polymer-
izable functional groups using a sol-gel method [32,33]. First, PVP
(0.04 g) was dissolved in ethanol (3 mL) to make a PVP solution.
The solution was mechanically stirred and maintained at 50 °C. Next,
PdNPs (40 mg) were added to the PVP solution and vigorously stirred
for 30 mins at room temperature. Finally, the precipitate was cen-
trifuged, washed thrice with DI water, and let dry in a desiccator to
yield the PANPs-PVP nanocomposites.

We created nitrosodiphenylamine or NDPhA recognition sites on
the surface of PANPs cores via the precipitation polymerization
method. Briefly, NDPhA template (0.12 mmol), NIPAM functional
monomer (0.24 mmol), and PANPs-PVP (20 mg) were mixed in
20 mL of methanol under ice for 1 h. This allowed the creation of com-
plexes between the functional monomer and the template via facial
hydrogen bonding. Next, TRIM cross-linker (0.9 mmol) and AIBN ini-
tiator (0.06 mmol) were added to the mixture. The solution was mixed
at room temperature for a few minutes and then sonicated for 10 min.
After purging with nitrogen for 5 min, the solution was sealed and
placed in a water bath at 60 °C for 18 h. We collected the synthesized
particles after centrifugation at 10,000 rpm for 5 min. The template
molecule was extracted to generate recognition sites by washing eight
times with ethanol (80 mL) and dried overnight at 100 °C. Similarly, a
control non-imprinted polymer (NIP) was prepared following the same
procedure but without NDPhA.

2.3.2. Fabrication of PANPs@MIP/SPGrE

The PANPs@MIP dispersion (2.5 pL, 5 mg mL ™" in dimethylfor-
mamide) was dropped onto the SPGrE surface and allowed to dry at
room temperature to furnish the imprinted sensor (PdNPs@MIP/
SPGrE).

1

2.4. Accuracy test and actual sample application

We analyzed the NDPhA content in beverage samples (beer, dark
wine, red wine, green tea, orange juice, and apple juice), synthetic
samples, and Certified Reference Materials (CRM) to evaluate the per-
formance of the proposed dual-imprinted sensor (PANPs@MIP/
SPGrE). Samples were filtered through a 0.25-um cellulose membrane,
diluted appropriately with B-R buffer at pH 3, and then determined via
an external calibration curve. To assess the accuracy of the NDPhA
imprinted sensor, we investigated recoveries with 0.05 or 0.1 pM of
spiked NDPhA added to the samples before filtration. We determined
the samples for the analyte and calculated the recoveries. We com-
pared NDPhA concentration results obtained from our compact sensor
to those obtained from a standard HPLC method [34]. The HPLC
method used for validation in this work is outlined in S.I., section 2.

The calibration mix (CRM 31032/607) of nitrosamines, with a cer-
tified concentration of NDPhA of 10,122.087 + 94.340 uM was eval-
uated by applying the developed PANPs@MIP sensor.

3. Results and discussion
3.1. Structure and morphological characterization

Fig. S1a shows the absorption spectrum of palladium nanoparticles
after successfully reducing NaBH,; compared with those of a PdCl,
solution. PdCl, solution reveals a strong peak at 420 nm (blue line)
related to the Pd** ion. After reducing Pd** to Pd®, the peaks disap-
peared with a change in color from yellow to dark brown due to exci-
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tation of surface plasmon vibration in the PANPs, formed at a peak
range of 370-440 nm [35-37].

Moreover, ATR FTIR spectroscopy confirms the formation of
NDPhA recognition sites on the molecularly imprinted polymer coated
on the PANPs core. FTIR spectra (Fig. S1b) were recorded from NDPhA
(curve a), PANPs@MIP before (curve b), and after (curve ¢) removal of
the NDPhA template molecules and PANPs@NIP (curve d). The bands
at 1318, 1292, and 1052 cm ™' for NDPhA (curve a) were due to the
characteristic stretching vibration bands of N=0 (1321-1292 cm™ 1)
and N—N (1052 cm™ ') [38], respectively. The PANPs@MIP spectrum
before template removal (curve b) shows the absorption bands of the
characteristic peaks of NDPhA (star marked in curve b), illustrating the
presence of NDPhA in the polymer matrix. After template removal, the
spectrum (curve c) bands (at 1318, 1292, and 1052 cm™ ') disappear
due to loss of NDPhA via ethanol extraction. These results suggest
the successful removal of NDPhA from the PANPs@MIP film. Mean-
while, the film spectra (curves b, ¢, and d) show absorption character-
istic bands of NIPAM (triangle marked in curve d) at 2972, 1640,
1459, and 1387 cm ™' that assign to C—N of amide, C=O0 stretching
of amide, C-(CH;), isopropyl groups, and C—H bending in —~CH,-
groups and —C(CH,),, respectively [39-42]. We attributed the peaks
at 1730 and 1150 cm ™' (diamond marked in Fig. S1b, curve d) to sym-
metric and asymmetric C—O—C stretching of the ester group and C=0
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stretching of TRIM cross-linker [39]. All the results confirmed the suc-
cessful fabrication of the PANPs@MIP.

We used SEM and TEM to characterize the morphology of PdNPs,
PdNPs-PVP, and PANPs@MIP nanocomposites. EDS and XPS were
used to investigate the Pd atom's composition, elemental fraction,
and valence state in the as-prepared PANPs@MIP. SEM image of bare
SPGrE’s surface (Fig. S2) exhibits smooth, thin, and appears
nanosheets, which is the typical morphology for graphene. The synthe-
sized PANPs (Fig. 1a) appears approximately spherical with an average
diameter of 22.0 = 1.7 nm (count = 20), whereas PdNPs-PVP
(Fig. 1b) is larger than the unmodified PANPs due to the formation
of a PVP layer on the surface of the PANPs as revealed by SEM. The
SEM image (Fig. 1d) of the PANPs@MIP exhibits a spherical shape
and uniform microsphere with a mean diameter of approximately
2.3 * 0.8 pm (count = 10). A close-up view of PANPs@MIP (TEM
image, Fig. 1¢) indicated a shell consisting of PANPs with an average
diameter of around 22 nm covered on the sphere surface of MIP parti-
cles. The EDS spectrum (Fig. 1d) reveals the presence of C (66.58 wt
%), N (8.54 wt%), O (22.24 wt%), and Pd (2.63 wt%) atoms. This pro-
vides evidence for attachment between the PANPs core and the organic
part corresponding to the polymer matrix synthesized from NIPAM
and TRIM. Further, the elemental mapping in Fig. 1(e and f) indicates
an equal distribution on the PANPs@MIP microsphere (containing C,

Fig. 1. SEM images of (a) PANPs and (b) PANPs-PVP. TEM images of (c) PANPs@MIP, (d) EDS of PANPs@MIP, and (e) mixture of mapping analysis of (f) C, Pd, O,

and N elements in the PANPs@MIP microspheres.
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N, O, and Pd elements). These results revealed that PANPs are indeed
entirely covered on the MIP microsphere.

XPS revealed the chemical state of Pd in the as-prepared
PANPs@MIP microsphere. The full spectrum of PANPs@MIP
(Fig. S3a) illustrates three pre-dominant peaks. In the C 1s spectrum
(Fig. $3b), we attributed the peaks at 284.5, 285.1, 286.2, 287.1,
and 288.6 eV to C—C/C—H, C—N, N-C=0, C—0, and O-C=0, respec-
tively. Fig. S3c shows that the O 1 s spectrum of PANPs@MIP could be
deconvoluted into three peaks at 531.8, 533.2, and 534.6 eV, related
to the chemical binding energies of N-C=0, C—0, and O-C=0, respec-
tively [43-45]. Furthermore, we ascribed the 399.3 eV, N 1s peak
(Fig. S3d) to the NH, in amide functionalities from poly(N-Isopropy-
lacrylamide) [43-45]. The spectrum of Pd contains two peaks with
binding energies of 336.0 and 341.3 eV for Pd 3ds,» and Pd 3ds,»,
respectively (Fig. S3e), which result from the reduction of Pt** to
Pd° [46]. This observation confirms the successful formation of
NDPhA imprinted polymer covering the PANPs.

3.2. Electrochemical characterization

3.2.1. Electrochemical impedance spectroscopy

We examined the electron transfer kinetics of the bare and modi-
fied electrodes using EIS. Fig. 2a shows the EIS data obtained for a bare
SPGIE, PANPs/SPGrE, PANPs-PVP/SPGrE, PANPs@MIP/SPGrE, and
PANPs@MIP/SPGrE. The lowest semicircular diameter was obtained
from the PANPs/SPGrE (R, = 34.1 Q), which indicates the fastest elec-
tron-transfer kinetics of [Fe(C.N.)E]Q’/"’, compared to bare SPGrE
(Ree = 1930 Q), PANPs-PVP (R, = 151 Q,) PANPs@MIP (R = 175 Q)
and PANPs@NIP modified electrode (R, = 360 Q). The lowest impe-
dance of PANPs/SPGrE indicates the excellent conductivity enhance-
ment of PANPs. The highest impedances from the NIP modified
electrode indicate the presence of poly(N-Isopropylacrylamide) film.
This film blocks the electrochemical reaction of [Fe(CN)s]®> 7*~ on
the electrode surface. The MIP has a lower impedance than the NIP-
modified electrode because of NDPhA recognition sites in the MIP
films. This permit diffusion of the [Fe(CN)s]> /%~ redox probe,
enhancing the electron transfer.

Cyclic voltammetry serves to analyze the electrochemical behavior
of NDPhA on the bare SPGrE, PANPs/SPGrE, PANPs@MIP/SPGrE, and
PANPs@NIP/SPGrE. As shown in Fig. 2b, the characteristic oxidation
peak of NDPhA appears at about +0.15 V at all the electrodes. Bare
SPGIE shows only weak current response, while modified electrodes
lead to higher current response. After modifying SPGrE with PdNPs,
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the anodic peak current of NDPhA increased 3.68 times that at the
bare SPGrE due to PANP's good electrocatalytic activity, high conduc-
tivity, and large surface area [29,47,48]. Moreover, the peak current at
the PANPs@MIP/SPGrE is 9.20 times higher than the bare SPGrE.
Enhancement of anodic peak current is because of the high electrocat-
alytic activity and conductivity of PANPs and the formation of hydro-
gen bonds between specific recognition cavities in the MIP
microsphere and NDPhA that improve the accumulation of NDPhA
on the electrode surface. However, the PANPs@NIP/SPGrE exhibits
an anodic current peak less than PANPs@MIP/SPGrE. The absence of
NDPhA recognition sites on NIP-modified electrodes generates an
obstruction effect from the polymer that blocks the binding of NDPhA
target analyte on the electrode surface. In other words, the higher
NDPhA oxidation peak at PANPs@MIP/SPGIE results from the forma-
tion of specific binding sites offered by the successful imprinting pro-
cess, resulting in a higher electron transfer rate. As a result, the MIP
sensor has a greater affinity for the analyte molecules, which is in
accord with previous reports [19,49].

The role of PANPs for electro-catalytic the oxidation of NDPhA was
also demonstrated as in Fig. S4. It is clearly seen that anodic peak cur-
rent at PANPs@MIP/SPGIE is higher than the MIP/SPGrE. Enhance-
ment of peak current is because of the high electrocatalytic activity,
specific surface area and the formation of many specific NDPhA recog-
nition cavities in the MIP microsphere that improve the current signal
of NDPhA on the electrode surface.

3.3. Optimization of the sensor preparation and detection conditions

3.3.1. Polymerization

MIPs were synthesized with different template-to-monomer molar
ratios and monomer-to-crosslinker molar ratios to optimize the
imprinting conditions. The template molecule (NDPhA): monomer
(NIPAM) ratio is crucial. It influences the number of imprinted cavities
and the binding affinity between NDPhA and recognition sites. We
chose NIPAM as a monomer because it has more amide functional
groups, making it possible to obtain a good interaction with NDPhA
through hydrogen bonds, to form a non-covalent interaction. Fig. 3a
reveals that the NDPhA oxidation peak current increases with the
NDPhA: NIPAM molar ratio increased from 1:0 to 1:2 but slightly
decreased at larger ratio.

Polymerization is incomplete at low NDPhA: NIPAM ratios, so there
are fewer imprinted cavities. A ratio of 1:2 provides the maximum cur-
rent response and imprinting ability from NIPAM, indicating that the
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Fig. 2. (a) Nyquist plot observed for bare SPGrE, PANPs/SPGrE, PANPs-PVP/SPGrE, PANPs@MIP/SPGrE and PANPs@MIP/SPGrE in 0.1 M KCl containing 5 mM
[Fe(CN)g]® 7~ over the frequency range 0.1 Hz to 100 kHz; amplitude = 10 mV. Inset; Randles equivalent circuit model; here R, Cq, R.,, and Z, stand for the
ohmic resistance of electrolyte (R;), double layer capacitance (Cq), electron transfer resistance (R.,), and Warberg impedance (Z,,). (b) CV curve of 250 uyM NDPhA
on bare SPGrE, PANPs/SPGrE, PANPs-PVP/SPGrE, PANPs@MIP/SPGrE, and PANPs@NIP/SPGIE in 0.04 M B-R buffer (pH 3.0) supporting solution.
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Fig. 3. Optimization conditions affect the determination of NDPhA. Variation of electrode response for NDPhA (250 uM) with changing of (a) NDPhA: NIPAM
mole ratio and (b) NIPAM: TRIM mole ratio and (c) PANPs-PVP loading (mg), using 0.04 M B-R buffer pH 3.0 as supporting solution.

most significant number of imprinting cavities in the polymer network
had formed. Above this ratio, the current response decreases. Excess
NIPAM monomer produces thicker polymer films and blocks NDPhA
molecules from accessing binding sites, thereby reducing the number
of specific binding sites. This circumstance is consistent with previous
reports [49,50]. Therefore, we selected the ratio of 1:2 as the optimal
template-to-monomer ratio.

Cross-linker content is also significant in modulating the shape of
the polymer matrix and maintaining the imprinted binding site. The
effect of the monomer: cross-linker (NIPAM: TRIM) molar ratio on
the PANPs@MIP current response was investigated at 2.0, 2.40,
2:7.5, 2:11, and 2:14.5 (Fig. 3b). Peak current increases from a ratio
of 2:0 up to 2:7.5. Further increases in the mole ratio to 2:14.5 result
in a significant decrease in signal. It is also possible that excess TRIM
forms hydrogen bonds with NIPAM and with the NDPhA template
molecule. This competition can reduce the number of interactions
between template molecule and monomer, resulting in fewer recogni-
tion cavities in the polymer and decreasing the number of binding
sites. In addition, excess TRIM cross-linker forms a rigid polymer that
prevents NDPhA from entering cavities in the proper position and ori-
entation, reducing retention efficiency. Therefore, we chose a molar
ratio of 2:7.5 for the monomer and cross-linker to maximize
sensitivity.

PdNPs play an important role in electro-catalytic of the NDPhA oxi-
dation and influence the number of NDPhA imprinting sites in the MIP
microsphere. Thus, the amount of PANPs-PVP core on the imprinting
conditions was studied. The NDPhA anodic peak current increases
with the PANPs-PVP core from O to 20 mg but decreased at higher

loading (Fig. 3c). The increased current response on increasing
PdNPs-PVP core may result from an increase in the density of NDPhA
imprinting sites per unit surface area on the MIP matrix. Therefore, we
selected PANPs-PVP amount of 20 mg to provide the largest NDPhA
anodic peak current as optimal condition for the MIP microsphere
synthesized.

3.3.2. Mechanism of NDPhA detection on the PANPs@MIP sensor

We investigated the electrochemical behaviors of NDPhA on the
proposed PANPs@MIP/SPGrE by studying the effects of scan rate (v)
and pH of the electrolyte solution to determine the detection mecha-
nism. We set the scan rate dependency to between 50 and
150 mVs ™' to investigate the number of electrons involved in the oxi-
dation of NDPhA (Fig. S5a). Fig. S5b shows a plot of the NDPhA anodic
and cathodic peak currents (pA) increasing linearly with the scan rate’s
square root (V'/% s~1/%). Linear regression analysis provides a correla-
tion coefficient (r*) of 0.9980 (I, ,) for oxidation, and 0.9975 (I,,) for
reduction reactions. There is a diffusion-controlled reversible electro-
chemical process at the surface of the PANPs@MIP/SPGrE. The rela-
tionship between the peak potential E;, and v is defined by Laviron
as Eq. (1) [51,52].

RT
(1 —a)nF

(1 — a)nF
RTk,

where E, represents the formal potential, k, is the standard rate con-
stant of the reaction, R is the gas constant, T is the temperature, F is
the Faraday constant, vis the scanning rate, a is the transfer coefficient,
and n is the electron transfer number. We can use the slope to calculate

RT

Epa = Eo + (l—u)nFlm

(1)
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the (1 — o) n term. The slope is 0.0527 (Fig. S5¢), taking T = 298 K,
F = 96,485 Cmol ' and R = 8.314 Jmol ' K™ ', s0, (1 — ) n'is
0.4873. We calculate « according to Bard and Faulkner, in Eq. (2) [53].

477 y
“= Epa— Bpap2 @

Here, E,, , » is the oxidation peak potential where the current is half
the oxidation peak value. Therefore, the transfer coefficient (a) is 0.53
and the electron transfer number (n) 1.03 = 1. One-electron transfer
in the oxidation of NDPhA is in accord with a previous report [17].

Moreover, we can determine the k, value from the intercept of the
straight line between E, ., and In v (Fig. S5c). The value of E, is
obtained from the intercept of E,, vs. v plot [54,55]. In our
PANPs@MIP/SPGrE, the intercept is —0.1559 V (Fig. S5¢), and E, is
0.0262 V (Fig. S5d); hence the k, value calculated according to the
Laviron equation is 593.69 s~ '. Using this method, the k, value
obtained from bare SPGrE is 128.63 s '. The k, value for
PANPs@MIP/SPGrE is ~5 times higher than that of the bare electrode.
This circumstance reveals the higher efficacy of the proposed MIP sen-
sor for significantly promoting the oxidation reaction of NDPhA.

The electrolyte's pH significantly impacts the binding of NDPhA
target molecules to the recognition cavities on the polymer. To inves-
tigate the influence of pH, we recorded signals of NDPhA using the
PANPs@MIP/SPGrE with B-R buffer electrolyte in the pH range of
2.0-8.0 (Fig. S6a). Fig. S6b shows the effects of pH on the NDPhA oxi-
dation peak potential (E;.) and peak current (I,,). The NDPhA peak
potential shifts toward a less positive value with increasing electrolyte
pH, whereas the anodic peak current decreases. The binding strength
of NDPhA to the MIP recognition site varies depending on the pH envi-
ronment. This is because a binding interaction exists between the func-
tional groups in the template molecules and MIP. At different pH
levels, the functional groups dissociate to varying degrees, causing
the interaction between the functional groups to shift. This leads to
a change in the binding strength of template molecules to MIP. The
maximum peak current was at pH 3.0. Thus, an electrolyte pH of 3.0
gives the best performance for NDPhA binding and catalytic activity
in the oxidation process.

The linear equation of the plot between oxidation peak potential
against pH (Fig. S6b) is as follows: E,, (V) = -0.0568
pH + 0.2354 (r* = 0.9934). According to Nemnst theory, we deter-
mined the m/n ratio from Eq. (3) [56].

0.0570
Bra = =222 ot + b ®

where n and m represent the total number of electrons (e”) and protons
(H"), respectively.

The slope of our developed sensor (—0.0568) is close to the Nern-
stian slope (—0.0570), indicating that m/n is estimated to be 1. As a
result, Scheme 2a shows a possible electrochemical mechanism of
NDPhA on PANPs@MIP/SPGrE.

This proposed mechanism is consistent with the previous works
reported for a solid graphited polyurethane composite electrode
(GPUE) [18] and boron-doped diamond electrode [57].

3.3.3. Enhancement of the NDPhA detection

To achieve good sensitivity, we optimized the effect of PANPs@MIP
on the surface of SPGrE and the deposition time used in linear sweep

N -OH

@’NO + H,0 @NO +H + e

Scheme 2. The proposed electrochemical oxidation mechanism of NDPhA on
the PANPs@MIP/SPGIE.

Journal of Electroanalytical Chemistry 914 (2022) 116302

anodic stripping (LSASV) for enhancing electrochemical responsive-
ness. Fig. S7a shows that the response increases with increasing
PANPs@MIP loading, from 3 to 5 mg L™ '. However, greater loading
generally results in a decreased signal response. The reduced signal
might result from the thickness of the modified layer reducing the
adsorption efficiency and hindering electron transfer from the binding
NDPhA and electrode surface. Thus, the optimal concentration of
PANPs@MIP for modifying the SPGrE is 5 mg L™ .

LSASV is a powerful technique for pre-concentrating the analyte by
electro-depositing on the working electrode before stripping for the
determination. The deposition potential and time are important
parameters to optimize the accumulation process to achieve high sen-
sitivity and precision. In this work, we investigated the influence of
deposition potential and time on NDPhA oxidation current signals.
We have optimized deposition potential (—0.02, 0.00 and +0.02 V)
and the results (data not shown) indicated that NDPhA gave the high-
est signal at the deposited potential at +0.02 V. For deposition time,
the signals ranged from 0 to 300 s for PANPs@MIP/SPGIE, using a
deposition potential of +0.02 V. Fig. S7b revealed that anodic strip-
ping peak current increases rapidly with increasing deposition time
from O to 60 s and then decreases after 60 s. As a result, we fixed
the optimal deposition time at 60 s to determine NDPhA.

3.4. Analytical features

We analyzed the analytical performance of the LSASV detection
method with the developed PANPs@MIP/SPGrE. As demonstrated in
Fig. 4A, the peak current increases with increasing NDPhA concentra-
tions ranging from 0.01 to 100 uM. The calibration plot has its greatest
slope at a concentration of less than 0.1 pyM. The linear regression
equation is given by: I,, (pA) = 51935 =+ 5636
(uM) + 5.505 + 0.294, r* = 0.996 (Fig. 4b). At high NDPhA concen-
tration, over the range of 0.1-100 uM, the slope of the plot indicates
reduced linear sensitivity of 0.821 = 0.013 (pAs) p M~ ! with a linear
correlation of 0.992 (Fig. 4c). The detection limit (LOD) determined
using three times the standard deviation of the blank (3S,, n = 3) is
0.0013 pM. Table 1 compares the analytical characteristics of our
NDPhA imprinted sensor to those of previously modified electrodes
from the literature. The performance of our PANPs@MIP/SPGrE was
comparable to or better than those reported for other NDPhA sensor
designs.

Additionally, our sensor detects NDPhA at the lowest potential (E,,
a = 0.20 V), reducing the risk of interference from sample con-
stituents. Moreover, the use of PANPs@MIP/SPGrE offers the lowest
LOD. These results suggested that the PANPs@MIP microsphere played
an essential role in enhancing electrochemical activity. Our
PANPs@MIP/SPGrE sensor provides excellent selectivity and sensitiv-
ity, quick analysis, cost-effectiveness, and minute reagent usage. These
advantages result from the excellent electrocatalytic activity of the
PdNPs core and many NDPhA imprinted sites in the shell. The
imprinted sites increase the selective surface area and offer faster elec-
tron transfer rates between PANPs@MIP and the SPGrE surface. We
readily prepared the SPGrE by screen-printing and loaded PANPs@MIP
on the electrode surface by drop-casting. Hence the NDPhA imprinted
sensor is convenient for large-scale and cost-effective production.
Moreover, our method offers comparable or superior sensing perfor-
mance with additional advantages of being ready-to-use with straight-
forward synthesis, flexibility, and mechanical stability. Further, this is
the first report of using an NDPhA-recognition imprinted sensor for the
selective and sensitive determination of NDPhA using voltammetric
measurements in a compact sensor.

3.5. Enhancing anti-interference ability, reproducibility, and stability

We examined the selective detection of NDPhA on the proposed
sensor in the presence of possible interfering species found in beverage
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Fig. 4. (a) LSASV curves of NDPhA on PANPs @MIP/SPGrE in 0.04 M B-R buffer at different concentrations (0.01, 0.04, 0.06, 0.08, 0.10, 0.50, 1, 5,10, 25, 50, and

100 pM). Linear calibration curve between the oxidation peaks current (I,,) and the concentration of NDPhA in the ranges of (b) 0.01-0.10 yM, and (c)
0.1-100 uM.

Table 1
Comparison of the developed MIP sensor with other methods.
Electrode Modifier Technique Epa (V) Linearity range (pM) LOD (pM) Sample Reference
DME - ppP - 0.10-2.4 0.032 - [14]
Au Porous Au v +1.56 10,000-100,000 - - [15]
GCE RuO-CN AMP, in FIA +1.06 0.20-1.0 0.10 Water [16]
PDDA-Gr/PINPs DPV +1.34 0.10-50 0.033 Tap water 7]
GPUE SWvV +0.75 2.5-18 0.27 Synthetic urine (18]
SPGrE PANPs@MIP LSASV +0.20 0.01-0.1 0.0013 Beverages This work
0.1-100
Electrode.

DME = Dropping Mercury Electrode, Au = gold disk electrode, GCE = Glassy carbon electrode, SPGrE = Screen-printed graphene electrode.

Modifier.

Porous Au = porous gold electrode running in the medium of liquid ionic [BMIM*] [BE; ], RuO-CN = a film of mixed valent ruthenium oxides stabilized by cyano
cross-links, PDDA-Gr/PtNPs = graphene and platinum nanoparticles stabilized by poly(diallyldimethylammonium chloride), GPUE = graphite-polyurethane
composite, PANPs@MIP = palladium nanoparticles coated with a molecularly imprinted polymer.

Technique.

DPP = Differential pulse polarography, CV = Cyclic voltammetry, AMP = Amperometry in flow injection analysis, DPV = Differential pulse voltammetry,
SWV = Square wave voltammetry, LSASV = Linear sweep anodic stripping voltammetry.

samples. The interfering species included ascorbic acid, glucose, fruc- a solution of NDPhA or other substances. We calculated the value of
tose, citric acid, caffeine, ethanol, NaNO3, NaCl, and substances with the imprinting factor (IF) from Eq. (4) [58].

similar structures such as diphenylamine and uric acid. We used two
different methods in these experiments. In the first method, both
MIP and NIP electrodes were operated under a rebinding process in

IF = lf,cuﬂentMIP )
ipcurrentNIP
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The largest IF values confirm good imprinting of MIP. On the other
hand, IF values close to 1 infer that the imprinting effect is almost
insignificant, which means that the interaction between the MIP and
the template is somewhat unspecific, more involved to surface interac-
tions than to any generated recognition cavities [21].

Fig. 5a shows responses for PANPs@MIP/SPGrE (front row, purple
bar) and PANPs@NIP/SPGrE (middle row, orange bar) when exposed
to solutions containing the respective NDPhA or other substances at a
concentration of 1 pM. The IF values of this work (Fig. 5a, back row,
blue bar) for NDPhA is 10.15. For other compounds, it is in the range
0f 0.41-1.05, so the IF value for the target NDPhA is much higher than
that obtained from competing compounds. These results thus clearly
demonstrate appreciable selectivity of the developed sensor. The elec-
trode selectivity was enhanced because PANPs@MIP has imprinted
cavities complementary in size conformation and shape to NDPhA
molecules. Therefore, specific polymer recognition sites will allow
only NDPhA molecules to bind. Other compounds with different struc-
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tures from the NDPhA target cannot diffuse or bind strongly to the
recognition sites.

In the second method, a current signal of 1.0 yM NDPhA in the
presence of varying concentrations of the interferents, as mentioned
above, was investigated with the MIP electrode. As shown in Fig. 5b,
the I, , changed less than 10% in the presence of a 50-fold excess of
diphenylamine, a 250-fold excess of ascorbic acid and uric acid, and
a 1000-fold excess of glucose, fructose, citric acid, caffeine, ethanol,
NaNO;, and NaCl. Only NDPhA provides a strong current response
at the PANPs@NIP/SPGrE electrode (Fig. 5a). Other species did not
produce any substantial current. These findings suggested that the
NDPhA molecules effectively transferred to the polymeric network,
and the PANPs@MIP can detect the NDPhA molecules preferentially
among other substances.

We analyzed the reproducibility of the fabricated NDPhA imprinted
sensor by comparing the current response of 1 yM NDPhA for five dif-
ferent PANPs@MIP/SPGIE electrodes (Fig. S8a). All NDPhA imprinted
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Fig. 5. (a) The selectivity of the imprinted (PANPs@MIP/SPGrE) and non-imprinted (PANPs@NIP/SPGrE) sensors for NDPhA and foreign interferences. (b)
Selectivity evaluation of the proposed MIP sensor for NDPhA at 1 pM, diphenylamine at 50 pM, ascorbic acid and uric acid at 250 pM, glucose, fructose, citric acid,
caffeine, ethanol, NaNO, and NaCl at 1000 pM.
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Table 2
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Comparison of NDPhA determination in beer, wines (dark and red wines), green tea, and juices (orange and apple juices) using the proposed MIP sensor and the

reference values obtained from HPLC.

Sample Added (M) Proposed MIP sensor HPLC Relative error (%)
Found (uM) % Recovery %RSD Found (pM) % Recovery %RSD
Beer - <LOD - - <LOD - - -
0.05 0.047 94.00 139 0.048 96.00 119 - 208
0.10 0.097 97.00 113 0.096 96.00 241 +1.04
Dark wine - <LOD - - <LOD - - -
0.05 0.049 98.00 206 0.049 98.00 249 0.00
0.10 0.094 94.00 422 0.093 93.00 4.43 +1.08
Red wine - <LOD - - <LOD - - -
0.05 0.047 94.00 201 0.047 94.00 1.83 0.00
0.10 0.092 92.00 3.89 0.095 95.00 245 -3.15
Green tea - <LOD - - <LOD - - -
0.05 0.049 98.00 116 0.048 96.00 129 +2.04
0.10 0.098 98.00 253 0.099 99.00 278 - 101
Orange juice - <LOD - - <LOD - - -
0.05 0.048 96.00 3.98 0.047 94.00 137 +2.13
0.10 0.089 89.00 0.51 0.090 90.00 223 =111
Apple juice = <LOD N = <LOD = = &
0.05 0.048 96.00 321 0.049 98.00 4.94 - 204
0.10 0.098 98.00 4.91 0.094 94.00 274 +4.26
Synthetic sample - 0.050 - - 0.049 - - +2.04
0.05 0.099 98.00 1.80 0.098 98.00 171 +1.02
0.10 0.145 95.00 1.62 0.144 95.00 110 +0.69

% Relative error = ([NDPhA]lmip sensor — [NDPhA]uprc)/([NDPhA] ppic) x 100.

sensors responded with similar currents, with an RSD of 1.67%. Addi-
tionally, we investigated the stability of the NDPhA imprinted sensor
by measuring the current signal of 1 pM NDPhA at various intervals
over four weeks. The results (Fig. S8b) showed that after 28 days,
the signal of the NDPhA imprinted sensor retains 81 % of its initial cur-
rent. These results demonstrate that the imprinted sensor possesses
good reproducibility and stability for detecting NDPhA.

3.6. Real sample andlysis

We further tested the accuracy and application of the PANPs@MIP
sensor in the quantitative analysis of NDPhA in six beverage samples,
including beer, wines (dark and red wines), green tea, orange juice,
apple juice, and a synthetic sample. We used HPLC coupled with a
photodiode array detector set at 280 nm (details in ESI Section 2
and Fig. S9) as a comparison method to quantify the set of samples.
In addition, we investigated sample recoveries (spiked levels of 0.05
and 0.10 pM) to validate the analysis. Table 2 compares the results
of NDPhA concentrations in beverages and calculated recovery values
as analyzed by the MIP sensor and HPLC. The measurements obtained
from the two methods are in good agreement. The recoveries of our
developed MIP sensor are in the acceptable range (92.00-98.00%)
with sustainable repeatability (%RSD less than 4.91%). Relative differ-
ences are in the range of —3.15% to 4.26%. These results indicate no

Table 3
Intra-day an day assay p and accuracy for determination of
NDPhA in certified reference materials (CRM) using the proposed MIP sensor.

Int

CRM Proposed MIP sensor Bias (%)
Found (uM) RSD (%)
Intra-day 10,046.667 = 75.719 0.75 -074
Inter-day 10,019.998 * 84.855 0.85 -1.01
CRM31032/607, with  the certified value of NDPhA at

10,122.087 + 94.340 pM.

significant matrix interference in the analyzed samples. Therefore, we
conclude that the proposed MIP sensor is sufficiently accurate, precise,
and suitable for the NDPhA determination in beverage samples.

We further evaluated the accuracy and precision of the proposed
MIP sensor in terms of intra-day and inter-day analysis. The NDPhA
content of certified reference materials (CRM31032/607) was deter-
mined using our MIP sensor. As shown in Table 3, good intra-day
and inter-day accuracy (%bias) in CRM, eg., —0.74% for intra-day
and —1.01% for inter-day analysis, are obtained. These results reflect
that the proposed PANPs@MIP/SPGrE sensor is accurate, precise, and
appropriate for the determination of NDPhA in real samples.

4. Conclusions

We successfully fabricated a novel NDPhA compact electrochemical
sensor based on palladium nanoparticles coated with a molecularly
imprinted polymer (PANPs@MIP) and applied for NDPhA determina-
tion in beverages. The graphene electrode (SPGrE) was readily pre-
pared by screen-printing, and the synthesized PANPs@MIP was
dropped cast on the electrode surface to fabricate the NDPhA-recogni-
tion site imprinted sensor. The 3D-imprinting on PANPs’ surface was
successfully carried out by successively coating the surface of PANPs
with PVP, then terminating with MIP. The as-prepared micro-size
spherical PANPs@MIP is uniform, with high electro-catalytic activity
and specific surface area with many NDPhA imprinted sites. As far
as we know, this is the first report of using an NDPhA-recognition
imprinted sensor to selectively and sensitively determine NDPhA using
voltammetric measurements on a compact sensor. Our method offers
superior sensing performance with additional advantages of being
ready-to-use, cost-effective, straightforward synthesis, good flexibility,
mechanical stability, and suited to large-scale production. The
PANPs@MIP/SPGIE exhibited excellent performance, including a
low detection limit (0.0013 uM), wide linearity, good repeatability,
and stability. These excellent properties result from the electrocat-
alytic properties of the PANPs core and the large number of NDPhA
imprinted sites in the shell, which increase the selective surface area
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and offer fast electron transfer rates. Additionally, our developed sen-
sor detects NDPhA at the very low potential of 0.20 V, which mini-
mizes the risk of interference from sample constituents and enhances
the anti-interference ability of the sensor for the determination of
NDPhA in a complex matrix. Our proposed MIP sensor exhibits high
accuracy, high precision, and excellent performance when applied to
the determination of NDPhA in beverages.
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