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Abstract

Nowadays, the use of sensors has achieved great importance in various fields.
Agriculture, pollution detection, and food safety are just some of the fields that have
demanded the use of increasingly precise and accurate sensors. Of all of them, the
medical field has paid great attention to the use of sensors in diagnosing and treating
diseases. The use of drugs for surgical or therapeutic purposes involves careful attention
to the doses administered to the patient. Overdosing a specific drug can lead to organ
transplantation and/or malfunctioning of apparatuses and systems. An example is the
use of paracetamol as a pain-relieving and antipyretic agent, the improper use of which
can lead to liver and kidney failure. The onset of disease is often associated with
changes in particular chemicals in the body, as is the case with dopamine levels in the
brain that can be an alarm bell for Parkinson's disease or uric acid levels associated with
gout. This is why the importance of accurate and stable detection of quantities of
chemical species arises. Electrochemical sensors have great potential by acting as
sensitive and inexpensive devices.

The world of nanomaterials represents a great possibility for achieving this goal. In
recent years, various nanostructures have been used to improve the performance of
electrochemical sensors. In the list of materials, bismuth has a great reputation due to
the high stability of its nanostructures and its biocompatibility. In this project, several
bismuth nitrates were synthesised and used to modify electrodes (DropSens 100) to
detect paracetamol, dopamine, and uric acid in a neutral solution. Particular attention
was given to the synthesis process in which different amounts of PEG were used. The
latter takes on the role of a surfactant in the production of the materials, which can lead
to greater stability of the dispersed phases and particular morphological characteristics
of the final product.

Once the materials were synthesised, they were analysed using analysis techniques such
as Raman and IR spectroscopy and the use of SEM.

The modified sensors were compared to the bare sensor using the cyclic voltammetry
technique. The interaction between electrodes and analyte was studied for different scan
rates to derive kinetic constant rate and transfer coefficients. The latter two, derived
using Laviron's theory, were used to compare the electrochemical properties of the
sensors. The analyses showed that the use of high concentrations of PEG (2 to 4 times
the amount of bismuth salts) in the synthesis process is linked to an increase in the
constant rate. For the paracetamol detection, it was obtained a value of 5.72 + 0.67
ms~! and for the dopamine detection a value of 42.82 + 0.48 ms™1.



The performances of the various sensors were also evaluated by changing the analyte
concentrations to reconstruct the calibration curves.

Bismuth nanostructures made it possible to realise more sensitive sensors by increasing
the sensitivity. The electrode modified with bismuth oxynitrates produced with 4 times
the amount of PEG with respect to the bismuth salts weight presented a sensitivity of
42.82 £ 0.48 uA/mM for the paracetamol detection, 16.67 + 1.31 uA/mM for the
dopamine detection and 9.59 + 0.41 uA/mM for the uric acid.

The electrochemical analyses carried out in this work were aimed at highlighting the
electrocatalytic properties of bismuth and the role that a surfactant such as PEG plays in
the synthesis of materials.
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1 Introduction

Sensors and biosensors have been the subject of much attention from the middle of the
last century to the present. Nowadays, the development of new sensors is one of the
main research fields in science and it will be in the future. Sensing devices draw
attention from several science fields, such as material science, chemistry,
electrochemistry, physics and engineering which lead to different degrees of freedom in
the development and improvement of new sensors and new techniques.

Nanotechnology is related to the synthesis and use of new processes, devices, and
materials at the atomic or molecular scale. It is completely one of the most studied
fields, considering its recent evolution. This represents a powerful tool that could be
employed to improve the sensitivity and the efficiency of sensing technique.

1.1 Sensors and Biosensors

Sensors play a crucial role in collecting data that allows us to understand and control the
specific entity under study. A sensor detects changes in a particular system and converts
it into a signal. It belongs to a wider device category that relates a particular input to a
different type of output. These types of devices are:

e Transductor: a device that converts energy and takes advantage of its production
e Actuator: a device that has movable components

e Sensor: a device that responds to an external stimulus

e Detector: a device that extrapolates a signal

A sub-category of a sensor is one related to the “BIO” world. They are called
Biosensors and they are designed to detect and measure biological substances and
processes. The working principle of a sensor is formed by two different components:
the receptor and the transducer.

The receptor (called probe in case of DNA analysis) is responsible for the analyte
recognition. For this reason, it is the part of the device that is in direct contact with the
sample, and it directly identifies the analyte or immobilises it through particularly
selective sites. The transducer has a physical role of the device, it converts the presence
or the modification of the element in a signal.

Important is the match and the integration between the receptor and the transducer
because the lesser the interference allowed by the coupling, the better the sensitivity of
the sensor.



As shown in Figure 1 a sensor is usually linked to a backend part that includes also all

the electronic part that allows a simple read of the signal [1].
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Figure I — Schematics of the principal components of a biosensors and list of the
different types of transducers [1]

In the case of biosensors, the element under analysis could be enzymes, antibodies, or
living cells. After the conversion, the transducer could generate an electrical, optical,
mechanical, or even a measurable signal. The goal is to obtain a signal proportional to
the concentration of the analyte under study. This type of signal is the base for the
categorization of the different electronic configurations of a biosensor:

e Electrochemical signal: Amperometric electrodes

It is a system that generates an electric signal based on the oxidation or reduction of
an electroactive species on an electrode surface. The measured current is
proportional to the concentration of the analyte. It is a powerful system for clinical
use considering that it can detect concentrations up to the nanomolar or the
micromolar range [2].

e Heat signal: thermocouples and thermistors

Usually, they are known as thermal biosensors, and they measure the enthalpy of
the reaction that occurs on the surface of the device. An example is the
thermometric enzyme-linked immunosorbent assay (TELISA), a modification of
the classic ELISA process that involves the detection of biomolecules through
colour changes or fluorescence. In TELISA the enzyme heat formation is
measured using an enzyme thermistor and it showed great results in the

determination of the human serum albumin in the nanomolar range [3].



e Mechanical signal: microgravimetric detectors

The use of a microscopic cantilever, usually made of Silicon or other types of
metals, could give a fast response time and an efficient system immune to any
external noise. The approach of the target on the surface of the cantilever generates
a deflection of the structure or a change in resonance frequencies due to a
mechanical measurable stress. It is a method widely used especially in the medical
field and in research showing the possibility to be integrated with other systems to
improve its performance [4].

e Voltage drops: Field-effect transistors (FET)

FETs are electronic devices widely used in integrated circuits. They present a sort
of electronic channel in which electrons can flow. The voltage control on the
terminal (Gate) could allow or modulate the electron (or holes) passage. This device
could be used in sensing and exploiting the Gate as an active part. In this sense, the
device became ion-sensitive and took the name of ISFET (ion sensitive-FET). If the
analyte comes in contact with the Gate, a voltage drop occurs that could be
proportional to the type and/or to the concentration of the analyte. The ENFET
(enzymatic-FET) is a particular type of device that presents an enzyme on top of the
active part responsible for the reception of the target [5].

e Light signal: optoelectronic device

This device exploits the change of light intensity emitted by a dye immobilized on
the active surface, which is usually an optical fiber. This system is associated with a
light-emitting diode to detect the emission of light by the dye. Another interesting
mechanism 1is the exploiting of an evanescent wave component of a light beam
which allows the capability of real-time measurement avoiding any electrochemical
interference [6].

In this large panorama, every type of sensor takes advantage of the case in which it is
enrolled, as no single sensor type is ideal for all situations. Amperometric sensors take
advantage of several characteristics: selectivity to a particular analyte, high sensitivity,
mid/long-term stability, miniaturization, fast response time and low operating cost [7].

Another difference in the category of electrochemical sensors is the mechanism of
approaching the analyte. This process could be direct between the target and the active
site or indirect, using a “helper” that has the role of biorecognition. This help could be
chosen by a wide category of enzymes that are placed on the top of the active site. An
enzyme is a highly selective protein able to catalyse metabolic reactions and this type of
device is called enzymatic sensors. The main advantage of this type of device is the high
specificity because enzymes typically have a specific affinity for the substrates,
ensuring the reaction only with their target. The efficiency of the enzymatic sensors



relies completely on their enzyme, making them not suitable for extreme and external
conditions. Temperature, humidity, pH and light could modify the efficiency of the
sensor interacting with the enzymes.

Nonenzymatic sensors are often more robust. The versatility of this type of sensor
allows the use of them in a broader range of conditions, making them suitable for
several applications. Nonenzymatic sensors employ non-biological elements to respond
and detect the target, such as metals, metal oxides and polymers. The interaction with
the analyte is based on chemical and physical interactions, which include processes like
covalent binding or adsorption.

All the electrochemical sensors are employed in a multitude of applications, ensuring an
efficient detection option for expensive and complex analytical instruments. Pollutants
detection and control systems are two of the fields of application of electrochemical
sensors considering the necessity of fast and sensitive analysis. These devices have
proven to be effective in the detection of benzene[8], nitrite[9], or heavy metals such as
Mercury (Hg) [10] and Lead (Pb) [11].

Many solutions have been proposed also in the field of food safety in the detection of
allergens, antibiotics, toxins, bacteria, and viruses. These solutions have improved
drastically the process of production especially at the beginning of its cycle reducing
cost of the production and avoiding food waste.

Probably the main application in which electrochemical biosensors have found the main
success is the clinical and therapeutic field. Nowadays it is crucial the role of the
prevention of disease and early diagnosis. A lot of research has been done on numerous
types of analytes and it has still a great potential for future applications. Suitable options
have been found in the detection of glucose, lactate, cholesterol, antigens, antibodies,
DNA and cancer markers [12].

A complete revolution of the electrochemical detection branch was the integration with
MEMS technology. MEMS is the acronym for microelectronic-mechanical systems, and
it refers to all the miniaturized devices used to create integrated and smart systems.
They integrate multiple functions in a single device, increase the performance and
reduce the cost and the time of processes through the miniaturization of the structure.
With the integration of MEMS in biomedical and biochemical applications, the research
has opened the road to the BIOMEMS world [13]. They are called also Lab On a Chip
(LOC) to highlight the powerful advantage of miniaturization that allows to provide the
functions of a laboratory on a micrometric scale.

LOC paved the way for a new degree of freedom in the development of biosensors. It is
given by the choice of the material employed in the fabrication such as PMMA,
Polystyrene, Polycarbonate, and Oxides. Several fabrication techniques could be
employed, like micromachining, laser ablation, hot embossing and injection moulding
[14].



1.2 Paracetamol

Paracetamol (PCM), called also Acetaminophen is a widely used medication for
different purposes. Its use is related to its analgesic, anti-inflammatory and antipyretic
effects on the body. This drug is usually used to relieve pain and reduce fever. One of
the most common and delicate uses is the paracetamol injection in the body during a
medical operation through a constant injection to control the analgesic effect on the
body. Sometimes the problem of the amount of paracetamol in the body could be a
problem due to its overdosage toxic effect. One of the main problems, caused by an
excessive dosage is the induction of iatrogenic hypotension, in particular in the case of
intravenous administration [15].

Nowadays a lot of studies are focused on the understanding of the mechanisms of
toxicity on the body and the differences between the different administrations.

The liver metabolized the paracetamol through the action of several enzymes, like
cytochrome P450 (CYP) enzymes. These enzymes oxidase the paracetamol molecules
generating N-acetyl-p-benzoquinone (NAPQI) that represent the main metabolites of
the paracetamol. Normally NAPQI is detoxified by reaction with glutathione produced
by the liver, but the presence of a high level of NAPQI can be toxic and it can
accumulate and cause liver damage.

A metabolite accumulation of paracetamol could cause damage to the liver during the
body assimilation [16] and to the kidney for the expulsion of the excess PCM [17].

Due to the problem of checking the exact paracetamol presence in real-time and in an
accurate way different techniques were developed. Such important techniques are
chemiluminescence[18], spectrofluorimetry [19] and spectrophotometry[20].

An effective idea to check the presence and quantify the amount was represented using
its electroactive properties. The ability to oxidase rapidly the paracetamol molecule
allowed the spreading of the electrochemical technique use. This method represents one
of the most suitable due to its rapidity and high sensitivity. Also, the use of electrodes
allows to increase in the number of degrees of freedom through the study of the well-
suited electrode material for PCM detection.

Different structures were been under study with particular attention to the geometry and
the type of nanostructure[21]. These nanostructures were built or immobilized on the
working electrode to exploit their catalytic effect. Some of them include the use of
silver NPs [22], polymer NPs [23], and y-Fe203/CNTs [24].



1.3 Dopamine

Dopamine (DA) is the most famous among the catecholamines and it is one of the most
important neurotransmitters. It plays an important role in the function of the central
nervous system, but it is also related to some important functions of the cardiovascular
system, the hormonal and the renal ones [25]. The DA is bio-synthesized starting from
the amino acid tyrosine by the central nervous system and then stored in synaptic
vesicles. A specific synaptic impulse could be sent to the vesicles to allow the release of
dopamine for its function. Its main role is related to the modulation of synaptic
impulses in different brain sections, such as impulses related to behaviour, learning,
memory, dreaming, needs and regulation of prolactin production [26].

The role of dopamine is crucial also in the recognition of several neuronal diseases.
Parkinson’s disease is a well-known pathology related to a progressive loss of
coordination in movement [27]. It is a neurodegenerative disorder that affects the
nervous system over time causing damage in parts of the brain. Parkinson’s and
Alzheimer’s diseases are the most common disorders that involve the clinical condition
of 2-3% of the population over 60 years. This condition is due to the progressive
degeneration of dopaminergic neurons in the substantia nigra pars compacta, a
mesencephalic site where dopamine is produced [28]. The treatment of this disease
provides the use of dopaminergic antiparkinsonian agents that have the aim of
mimicking the dopamine action in the nervous system. Some patients have shown good
responses to the treatment when the diagnosis is done at the early stages of the disease.
If Parkinson is diagnosed too late the effect of the dopaminergic agents does not result
effectively since a good part of the nervous system is damaged [29]. In this panorama, it
1s important to have the diagnosis of the disorder at the right time of the evolution. Due
to the correlation between the level of dopamine in the brain and the progress of the
disease, the detection of dopamine present in a specific site becomes important in the
treatment.

The detection of dopamine is a process that has involved conventional methods such as
ELISA [30], HPLC [31], and spectrophotometry [32]. These techniques are generally
expensive, time-consuming, and impossible to use on-site. During a surgical
intervention, it is necessary to have a fast and sensitive detection of the interested
analyte. A solution comes from the characteristic of dopamine to be an electroactive
molecule. Electrochemical sensors represent a suitable option for the determination of
dopamine in a more direct way. Several studies have reported the performances of
several electrochemical sensors based on metal oxide NPs, graphene, polymers, carbon
nanotubes, and ionic liquids [33].

The nature of the modifier has shown direct effects on the performances of the sensor in
terms of sensitivity and stability, and this has opened the electrochemical sensing field



to the research of different structures and materials with respect to the application of the
Sensor.

1.4 Uric Acid

Uric Acid (UA) is a product of the breakdown of purines that are present in the food or
the body. It flows in the blood freely or is linked to transport proteins [34]. Kidneys are
the organs responsible for the depuration of the blood and then for the expulsion of the
uric acid. In specific physiological roles, it acts as an antioxidant defining its important
presence in the body.

Excessively high levels of uric acid could be dangerous for human health. The condition
is known as hyperuricemia and it is linked to a great production of the molecule or a
low level of excretion. The most notable complication is gout, a sort of inflammatory
arthritis that affects joints and in less-impact tissues [35]. The gout is due to the
formation of needle-shaped monosodium urate crystals that accumulate in joints. The
treatment of this disease is characterized by the use of anti-inflammatory drugs
(NSAIDs) combined with the use of drugs that lower the level of uric acid in the body
[36]. Also, low concentration of uric acid in the blood could be a symptom of genetic
disease. This represents the need for a fast and accurate detection method able to
measure the level of uric acid in urine samples, human serum, saliva, and other
biological fluids.

Some solutions for uric acid detection are given by spectral techniques (UV and
fluorescence), chromatography, and capillary electrophoresis [37]. These techniques
have good stability and quite accurate sensitivity, but they have a high cost and they are
complex in terms of process and sample preparation.

The electrochemical detection method represents a well-known solution due to its
affordability, fast response, and simple operation. In the list of enzymatic biosensors
used in the detection of uric acid, the most important is the one based on urate oxidase
(UO). The use of this enzyme allows the reaction with the uric acid and the dissolution
of oxygen that is directly proportional to the UA concentration [38].

Also, the use of non-enzymatic biosensors has acquired a lot of attention in the
detection of uric acid due to their good sensitivity and stability. Different nanostructures
have been widely employed due to their electrocatalytic effects, such as multi-wall
carbon nanotubes [39], one-dimensional MgO [40] and ZnO nanorods [41].



1.5 Bismuth

The development of non-enzymatic electrochemical biosensors could involve the
employment of bare electrodes or modified ones using nanostructures. The latter
represents a new degree of research concerning the materials and the shape of the
structure involved. In the list of materials of the periodic table, particular attention is
given to Bismuth due to its unique physical and chemical properties. It is a semi-metal
and the most stable with a high atomic number (Z = 83) on the Earth.

Its crystalline structure is very similar to the arsenic and antimony ones. At normal
conditions, it crystallizes in a rhombohedral lattice, but under an external stimulus like
pressure and temperature could assume several polymorphisms, such as monoclinic B-
II, tetragonal B-III, or bce Bi-V [42]. Bismuth compounds are used in different forms
with specific synthesis methods. Bismuth halides are prepared from the bismuth oxides
in a water-based medium by adding the relative acid. Bismuth oxide halides are
synthesized by partial hydrolysis of bismuth halides or through a thermal process.
Bismuth oxides and bismuth nitrates could be prepared by solid state-method by
thermal decomposition [43].

Bismuth nanoparticles have been used in several applications due to their high surface
area-to-volume ratio, and dimension-tuneable optical and electronic properties. Despite
its high atomic number, it is known as a ‘green element’ due to its safety and
biocompatibility which allows its use in the medical field. Bismuth NPs are employed
as contrast agents in medical imaging, and antibacterial activity against a wide range of
microorganisms. Several publications document the activity of bismuth NPs against the
growth of including Staphylococcus aureus [44] and Pseudomonas aeruginosa [45].

In the pharmaceutic field, the bismuth is employed in the production of specific drugs.
To treat a set of gastrointestinal disorders, bismuth subsalicylate (C;H5Bi0,) is a well-
known compound for the production of Pepto-Bismol [46].

Bismuth nanoparticles or bismuth nanostructures with other materials are used also as
catalysts in chemical reactions, especially in green science. Some examples in material
science showed that Bismuth-coated iron NPs can accelerate the reductive degradation
of chloramphenicol with applications in green energy production [47], or that Bismuth
structures could be used as catalysts for the reduction of CO, [48].

1.6 Electrochemistry and Electrochemical Sensor

In the previous section, the general panorama of sensors is presented, and particular
attention is reserved on the potential of electrochemical sensors. Electrochemistry is the



branch that examines the effect of the chemistry process that leads to electrical effects.
The main phenomenon is the electron transfer between species that is exploited in the
oxidation/reduction of them. These processes could be explained from several points of
view, but they always present the same denominator: the transport of an electron by a
Donor specie to an Acceptor specie.

D+A-D*+A" (1.1)

The oxidation/reduction of a specific specie is the modification of the number of
electrons in the atom Outer Shell. This is related to a change in the oxidation state (or
oxidation number), a sort of “formal” charge that characterizes the atom about the
electron distribution with the other atom which creates a bond. An increase of the
oxidation number is associated with the acquisition of positive charge, it means that the
atom has lost electrons and it is said it is oxidated. The reduction is the inverse process.
It is associated with a decrease in the oxidation number, the atom has acquired
electrons.

During the mid-20th century, a variety of theoretical studies have been done in the
electron transfer field. Libby [49] and Randles [50] discussed the process through the
influence of the Frank-Condon principle [51] and they introduced the concept of the
potential energy curve. R.J. Marcus, Zwolinki and Eyring [52] and Weiss [53] consider
a more quantum point of view. They introduced in the discussion the concept of
electron tunnelling in terms of barrier height and transfer probabilities. A few years
later, Hush [54] adopted charge density parameters to treat differently the calculation of
the electron transfer and introduced also the thermodynamic nature of the process.

The most famous and large work on the electron transfer process is attributed to R.A.
Marcus [55], who received the Nobel Prize in chemistry in 1992. His theory explains
the mechanism behind the rate of electron transfer using the dielectric polarization
vector to characterize the solvent behaviour and the reaction Gibbs free energy AG°.

All the theories previously listed present some common bases. First, they consider the
description under the two-state approximation, where the process is described by two
states: the initial one, where the Reagents of the process exist and are ready to interact
to let the transfer happen. The final state is represented by the Products of the reaction.
The description of the state is based also on the Adiabatic or Born-Oppenheimer
approximation, for which the nucleus of the atom is considered fixed with respect to the
motion of the electron in the external shells. This approximation is commonly used in
quantum chemistry and solid-state physics since allows to simplifies the Schrodinger
equation in the Hamiltonian description of the molecular system. This approximation is
often accepted because the nucleus of an atom is heavier with respect to the electron
mass, this led to a fast modification of the electronic system with respect to the nuclear
one. Then from the quantum point of view, it is possible to describe the two states with
two eigenstates: @; for the initial state and ¢y the final state.



Considering a general expression like (1.1) where a general electron transfer is
presented, we should distinguish how the molecules are coupled. We consider diabatic
states if the molecules are uncoupled and the system is described by

Hp; = & ¢; (1.2a)

where HY is the equilibrium electronic Hamiltonian that describes the evolution of the
system, ¢; and &f are the eigenenergies associated to the states. In this situation, the two

states are considered as non-interacting and the electron transfer probability is null.
On the contrary, if the two systems are coupled, we are considering adiabatic states,
which means that there is an electron coupling J, called sometimes transfer integral. In
this case, the matrix description is

(Fjo f{o)(gt) :(85 eci)(gf) (1.3)

With ¢, and ¢_ eigenfunctions of coupled states.

The electronic coupling energy J is defined as

J = (@i |H |os) (1.4)

The energy of the coupled states is given by the combination of the initial and final one
g and & :

. . 2
g, = —S”;f + J—(S‘+ng Yy g2 (1.5a)

e =12 —\/@ + )2 (1.5b)
The graphical description of the system is given through the representation of the
potential energy profile in Figure 2, where the potential profiles of adiabatic and non-
adiabatic systems are shown. They are presented as a function of nuclear reaction
coordinate Q. The variable Q is a general expression of the spatial coordinate of the
state and includes bond lengths, bond angles, and rotations. If for example the system is
formed by a diatomic molecule, the coordinate Q represents only the distance between
the atoms.
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Figure 2 — Potential energy profiles of adiabatic and non-adiabatic systems

From Figure 2 it is deduced that in a diabatic process, the interaction between the initial
and the final state is null, or it is so small that the electronic coupling J is considered
close to zero. This is the case in which reactants and products surfaces no longer interact
considerably.

In adiabatic processes, J is moderately large, leading to the interaction of the Potential
surface energies. The surfaces are separated in the intersection region and the distance
between them is equal to 2J.

If the system is represented in terms of Gibbs free energy, it is remarked that the profile
dependence of the nuclear coordinate is represented as a parabola [56]. Then in the
discussion, it is possible to use both profiles. From the transition state theory (TST) the
first order rate constant k is determined on the activation energy of the process AG™, in
an Arrhenius-like dependence:

k = k,v,exp [_AG+] (1.6)

kgT

In the previous formula k,; is the electronic transmission coefficient (equal to 1 in the
classic point of view), v, is the frequency of passage through the transition state, kg is
the Boltzmann constant and T is the temperature [57].

An important parameter in the discussion is the reorganization energy A defined as the
energy variations if the reagents were to assume the configuration of the products
without any transfer of electrons. Other important terms are the Gibbs energy of
activation for the electron transfer AG* and the difference in energy of the equilibrium
states between the products and the reagents AG®. Graphically they are presented in
Figure 3:
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Figure 3 — General configuration of a diabatic system

After several calculations it is possible to express AG* in terms of reorganization
energy:

. (a+869)?

AG "

(1.7)

Combining the two previous formulas (1.6 and 1.7) it is possible to obtain the classical
Marcus equation

(A+46°)*
42 kgT

k = kv, exp [— (1.8)

In the final formulation expressed in (1.8) it is represented the dependence of the
electron transfer rate k with the Gibbs free energy of reaction AG®, underlying the
importance of the initial and final configuration of the system.

The theory postulated by Marcus is based on two important classical assumptions that
simply the problem under study [58]:

e Dielectric continuum model

This model considers the solvent in which the process takes place as a dielectric
continuum. On this approximation, we define the reorganization energy as:

A= din+ Aour (1.9)

The first parameter, A4;,, is solvent-independent and it is related to the structural and
geometrical differences of the inner shell between the reagent and product
configuration.
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A = 32 fi(d? — d§)? (1.10)

The term f; is a reduced force constant related to the inner sphere, d? and dg are the
equilibrium bond coordinate of the reagents and product states. The equation is
taken on all the significant intramolecular vibrations. The second term of (1.9) is a
solvent reorganization energy, it considers the polarization and the organization of
the surrounding molecules.
- 2( L, L)y (L 21

Aour = (Ae) <2ar t gt r) (Eop + ES) (1.11)
where (Ae) is the electronic change that is considered in the transfer, a, and a, are
the radii of the reagents and donor shells those have a separation distance of r. €,y

and €, are the optical and static dielectric constant associated to the solvent.

e Harmonic oscillator model for the inner-sphere vibration

This model associates the complex of reagents and products as spheres under spring
force that tends to restore the equilibrium with a force proportional to the
displacement (Hooke law: F = kx).

This approach is applied in two previous values seen before: the reduced force f; in
the equation (1.10) and v,, in the equation (1.8).

Particular attention is given to the second parameter v,,, also called frequency factor.
It represents a frequency of vibration that the system acquires to destroy the
activated complex configuration assumed. It could be seen also as the frequency of
overcoming the activation barrier. Formally it is written as the sum of all the mode
harmonic frequencies v; that the system could assume:

2 _ ZUiZEi
v} = 2 (1.12)

1.7 Electrochemical Kinetics and Sensors

The chemical basis of the work of the electrochemical sensors is the redox process that
occurs between the target analyte and the device. A general redox process could be
summarized by the equation:

R -0 + ne” (1.13)

R is the reduced state, O is the oxidated state and ne™ considers the number of
electrons that are exchanged in the process.

13



The value of the redox potential is described by the Nernst equation:

E=E + X [&] (1.14)
nFr Iljajrea

The parameters in (1.14) are: E° is the standard potential, R is the gas universal
constant, T is the temperature, n is the number of electrons involved in the process, and
F is the Faraday constant. The activities of the reduced and oxidated species are
expressed by a,.q and a,,. Activities explain the behaviour of the ionic species in a
complex system measuring the deviation with respect to the ideality. It is a value
directly linked to the concentration of the species ¢ through the activity coefficient f :

a=fc

In this way, it is possible to rewrite the Nernst equation in a more common way:

E = E” + 2mn [CC’;] (1.15)

where Cox = Hi Ciox and Crea = Hi Cired-

This equation is fundamental in the understanding of the process that occurs in an
electrochemical sensor. Typically, this device is a system formed by three electrodes:

e  Working electrode (WE): the main electrode responsible for the reception of the
analyte through its active surface. Its material, or the material employed in its
modification, is responsible for the effectiveness of the reaction. For this
purpose, it is important to choose a good material that behaves in an
electrocatalytic way with the analyte.

e Reference electrode (RE): it is the electrode used to control the potential applied
to the working electrode. Considering that it is used as a reference it is important
to present good stability. The most employed electrode are the Standard
hydrogen electrode (SHE) and the silver/silver chloride (Ag/AgCl) one.

e Counter electrode (CE): it is responsible for the electron collection after the
oxidation of the analyte that occurs on the working surface. For this purpose, it
is usually employed a material that presents a good ohmic contact (metals such
as platinum or gold). Through it, the current that is present in the solution is
measured.

The system is linked to a Potentiostat to drive the redox reaction in the solution that in
normal conditions should be not spontaneous. With overpotential, it is meant the “extra”
potential that is applied to the system respects the standard potential of equilibrium of
the Nernst equation:

n=E—E° (1.16)
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This parameter depends on compositional factors such as the material, the solution and
the type of electrode employed. It is related to the internal energy organization of the
system. From an energetic level point of view, the application of a potential of an
electrode allows the shifting of the Fermi electron level of the electrode. the
overpotential is the potential value that occurs when the electron Fermi level of the
electrode coincides with one of the molecules in the solvent.

The over-potential related to the charge transfer is obtained through the Butler-Volmer
equation. This equation represents the link between the potential applied to the systems
and the current generated.

I = g (2l RT — el (- (1.17)
Obuik Rpulk

where i is the exchange current density [ A/m?], A is the active surface of the electrode

[ m?], a is the transfer coefficient, F is the Faraday constant, and 7 is the overpotential.

The parameters O and R are referred respectively to the concentrations of the oxidised

and reduced species. The subscript “el” denotes the concentration on the electrode

surface and “bulk” refers to the concentration in the bulk.

The mechanism summarized by the Butler-Volmer equation follows this process:

e The electroactive species is immersed in the solvent and under an electric field
they reach the electrode. In this step, the mechanism of mass transport and
motion in the fluid plays an important role in determining the type of reaction
that occurs.

e When the specie is approached to the electrode, the interaction and the electron
transfer happen.

The entire mechanism is then dominated by two effects that characterize it: mass
transport and electronic transfer. The mass transport could be assumed as the
combination of diffusion, migration, and convection of the species in the solvent. The
diffusion is the motion of material under a concentration gradient distribution. It is the
dominant process in an electrochemical cell, and it is described by Fick’s laws:

® = —DVC(x,t) (1.18)

5C(x.t)

= D VZC(x,t) (1.19)

C expresses the concentration of the analyte in the solvent and D is the diffusion
coefficient. The first Fick’s law (1.18) defines the movement of the analyte due to
differences in distribution and the second Fick’s law (1.19) describes the behaviour of
the concentration respect the time.
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If we neglect the mass transport, we can assume that the concentration of the analyte in
the solvent is homogeneous (0O, = Opyx and R, = Ry ) and it leads to the
simplification of the Butler-Volmer equation :

[ = i,A (e_“%? — e(l‘“)%) (1.20)
In the Butler-Volmer equation is present also another important concept in
electrochemistry: reversibility. It is associated with the losses and balance of the process
between the anodic and cathodic currents. A process completely reversible is the
idealized situation where the reactants are converted into products in a forward and
reverse way without any losses. If the system starts to be affected by chemical change
the process assumes the characteristics of a quasi-reversible process.

If the mechanism is irreversible, it means that the reaction is balanced completely in a
specific direction (cathodic or anodic) and the other component is negligible. The
degree of reversibility is associated with the dominant rate. In a reversible process, mass
transfer is the determining step because it describes the species that can move in
solution to guarantee the restoration of them. On the contrary, an irreversible process is
dominated by the electron transfer rate.

1.8 Cyclic Voltammetry and Laviron equation

The cyclic voltammetry (CV) is the most famous technique used to characterize the
electrochemical behaviour of determined species. It consists of a potential linear scan
applied to the working electrode. Fixed a specific range the potential is applied
cyclically to provide the electrochemical activation (meant as oxidation or reduction) of
the analyte in the solvent. The resultant current that flows through the cell is measured
with respect to the potential. It is a quantitative technique useful to estimate the
presence and the amount of electrochemical species. It gives information also on the
reversibility of the process and the behaviour of the molecules with the electrode.

The cyclic voltammetry provides a cartesian plot like the one presented in Figure 4.
From the shape of the CV is possible to extract important values such as the peak
current, the peak potentials, the half-wave potential and the peak width.
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Figure 4 — Cyclic Voltammetry of SmM of K,[Fe(CN)¢] in 0.IM KCI at scan rate of
100 mV/s

An important parameter that plays an important role is the scan rate v (V/s) which
determines the velocity of the potential change in time. It determines the behaviour of
the analyte in proximity to the working electrode surface.

The impact of the scan rate on the peak current is described by the Randles—Sevéik
equation:

i, = 0.4663nFAC "2
RT

Where n is the number of electrons exchanged in the redox reaction. From the equation,
it is possible to analyse the diffusion coefficient D and the effective area surface of the
working electrode A. The peak current, as expressed in the formula, increases with the
square root of the scan rate v. This is related to the fact that a high value of scan rate
does not allow the expansion of the diffusion layer and a large concentration gradient
occurs near the electrode surface. The Randles—Sevéik equation is valid only for
reversible processes because in its derivation it is assumed that the oxidation current

(1.21)

density and the reduction one are equal in modulus j,, = |jreql-

To calculate some important parameters like the electron transfer constant k or the
electron transfer coefficient a, in 1979 Laviron developed a theory to study the
electrochemical behaviour of electroactive species in a cell [59]. From this model, the
electron transfer coefficient a is obtained from the slope of the plots of the potential
peak position with respect to the logarithm of the scan rate. The slopes (m, is related to
the regression line of the cathodic peaks and m, to the anodic one) are considered equal
to:
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2.3RT

me = — = (1.22a)
2.3 RT
my = oo (1.22b)

Where n is the number of electrons exchanged in the redox process. Replacing the value
of the slopes and simplifying the equation, it is derived the equation:

q = —a (1.23)

Mg —Mc

The electron transfer rate k is calculated through the following equation

RT AE,
log(k) = alog(l — @) + (1 — a)loga — log (m) - ol = @k (2.3RT>

(1.24)

It is important to remark that the previous equations are valid only if is verified the
condition n AE,, > 200 mV.

1.9 DLVO Theory and Lennard-Jones Potential

To treat the behaviour of colloidal particles in a liquid medium Boris Derjaguin, Lev
Landau, Evert Verwey and Theodoor Overbeek formulated the so-called DLVO theory,
an acronym of their names. The concept focuses attention on the interaction and the
resulting stability of the aggregates [60]. They consider two main forces acting in the
system: The electrostatic force and the Van der Waals one. The first is the result of the
electrostatic interaction between charged particles that could lead to repulsion in the
case of particles of the same charge or attraction if the particles have opposite charges.

The Van der Waals theory of forces treats the interaction in intermolecular systems.
This type of force could be well explained by the Lennard-Jones potential in the DLVO
framework [61]. The mathematical model of Lennard-Jones explains the interaction
between two atoms or molecules in terms of repulsive and attractive forces and is
resumed in the formula:

V(r) = 4e [(3)12 - (5)6] (1.25)

where r is the generic particle distance, € is the depth of the potential well and o is the
particle distance configuration at which the potential is zero.

The model is called also the '12-6 law' from the expression of the formula that consists
of two terms:
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12
e The repulsive one: (%) , the term dominates when the two particles are very

close to each other and represents the repulsive force due to the overlap of the
electron clouds (due to the Pauli exclusion repulsion)

6
e The attractive one: (%) , it is the representation of the Van der Waals attraction

force that dominates at intermediate distances. It is related to dipole-dipole
interaction and London dispersion forces when the particles are not too close or
too far from each other.

The graphical representation of the potential force between two particles with respect to
their distance is shown in Figure 5.

Fir)

Figure 5 — Lennard Jones potential

A surfactant is a molecule that reduces the interfacial tension increasing the wettability
between a solid and a liquid. In a synthesis process, it could influence the stability of a
colloidal system playing a specific role in the DLVO framework. The surfactant could
be adsorbed onto the surface of colloidal particles by physisorption creating a sort of
shield in the structure [62]. This phenomenon leads to a reduction in Van der Waals
forces between particles preventing them from aggregating and precipitating in the
solution. In the graphical representation of the Lennard-Jones potential, the action of a
surfactant helps to reach the minimum of the potential, where the particles tend to
organize at the more stable distance configuration.

1.10 Project Aim

This project has as its main object the study of the electrochemical behaviour of
biological molecules such as paracetamol, dopamine, and uric acid. These molecules
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have a lot of attention due to their toxicity at high concentrations and due to their direct
link with disease diagnosis. This is the reason for the importance of developing
techniques and materials to improve performance and to find the best trade-off for each
application. Bismuth has been presented as a powerful material that is under study as an
electrocatalyst in electrochemical detection. Also, the role of the Polyethylene glycol
used as a surfactant in bismuth structure synthesis is studied. Validated from the
theoretical framework of DLVO, the change of geometry and improvement in
electrochemical detection are investigated.
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2 Materials and Methods

2.1 Synthesis

The starting point of the synthesis process is inspired by the work of Liu et al. [63].
Subnitrates bismuth composites were produced by a simple stirring process. The
precursor used was the bismuth (III) nitrate pentahydrate, Bi(NOs) - 5H,0, which was
dissolved in butanol (C4H;,0) with a ratio of 1:12, as it is shown in Table 1 —The
mixing was carried out using a sonication tip for 1 hour to reach a semi-homogeneous
suspension. The stirring procedure was composed of two alternating steps: 20 seconds
of mixing and 10 seconds of rest to avoid the temperature increase and unwanted
reactions.

A drying step followed in an oven at 150° until complete evaporation of the butanol.
At the end of the synthesis, the product obtained was HO — BiONO;.

Other products were synthetized adding different concentrations of polyethylene glycol
(PEG) in different weight ratios respect the Bi(NO3) - 5H,0 used.

All the materials were labelled BPX where ‘X’ refers to the PEG/Bismuth ratio used in
the synthesis.

Product Bi(NO3) - 5H,0 | Butanol PEG
BPO 5 mg 60 mL 0 mg
BP1 5 mg 60 mL 5 mg
BP2 5mg 60 mL 10 mg
BP4 5mg 60 mL 20 mg
BPS§ 5 mg 60 mL 40 mg

Table 1 — Material preparation for the synthesis

Before the mixing procedure with the sonication tip, all the materials were ground in a
mortar to obtain the finest possible powders to add to the butanol.

All the products in which PEG was used were washed several times in ethanol with the
use of a microcentrifuge to remove the excess of PEG.

The materials used in this project have been provided by Sigma Aldrich (US).
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2.2 Solution Preparation

The analytes used in this project are paracetamol, dopamine, and uric acid.
As the electrolyte used to study the sensing of the previous analytes was chosen the
Phosphate Buffer Saline (PBS) because of its ion concentration and pH regulation,
which is very similar to the human body condition.

Some tablets of PBS purchased by Sigma Aldrich were dissolved in deionised water
(DI) and then each analyte was added with the appropriate weight to obtain the desired
molarity.

Final molarity Weight PBS volume
SmM Paracetamol 37.79 mg 50 mL
5mM Dopamine 47.41 mg 50 mL
SmM Uric Acid 2522 mg 30 mL

Table 2 — Solution preparation

All the other concentrations were obtained through successive dilutions. The storage of
the solution after its preparation requires particular attention[64]. For the paracetamol
and UA solution storage, it is not evident the short-term degradation, and the solution
was kept in normal conditions at pH 7.4. Dopamine is a light-sensitive molecule, and
the neutral pH of the PBS induces the degradation effect of the solution. Several
publications have demonstrated the decomposition of the dopamine solution after
24/48h after the dilutions [65]. To avoid the risk of degradation, dopamine solutions
were stored in a fridge at 4°C covered by an aluminium foil.

2.3 Electrode Modification

Thanks to the help of screen-printing technologies, it is possible to realize a three-
electrode system embedded on a plastic or ceramic substrate. In Figure 6 - (a) it is
shown the screen-printed electrode (SPE) fabricated by Metrohm DropSens. The
schematic representation of the three-electrode system is presented in Figure 6 — (b).
The strip provided by Dropsens was used as an electrochemical cell at three electrodes:
the reference, the working and the counter one. The working electrode has a circular
surface (4mm of diameter) and it is made of carbon as the counter electrode, while the
reference electrode is made of Ag.
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Figure 6 — Three-electrode sensor: (a) SPE 110 by DropSens and (b) its schematic
structure

The strip was used as an efficient structure in sensing all the studied analytes.
Considering the aim of the research, the working electrode was modified to appreciate
the electrocatalytic work of all the Bismuth-based material studied. The modification of
the working electrode could be performed in different ways: electrodeposition, chemical
deposition and so on. The technique used in this case was drop-casting, a simple and
easily manageable procedure that involves the mechanical deposition of a solution drop
on the working electrode through the use of a mono-channel pipette.

Following the procedure used by Liu et al. [63] the solution employed was a mixture of
3 mg of bismuth-based powder added in 1 mL of deionized water. The solution was
mixed in a sonication bath for 30 minutes until a homogeneous suspension was reached.

Then 5 pL of the solution prepared was deposited on the working electrode and left
overnight to allow the evaporation of the water. During the procedure, particular
attention was paid to the deposition of the drop on the working avoiding the expansion
of the drop on the other two electrodes. In particular, the deposition on the counter
electrode of the bismuth structure could affect the collection of electrons during the CV.
It is not a remarkable problem such as the unwanted deposition of bismuth on the
reference electrode, that could affect the analysis of the position of the peak due to a
potential shift. This could be a problem in the electrokinetic study of the sensor but also
in the comparison with the others.

2.4 Electrochemical Measurement Setup

Each analyte (paracetamol, dopamine, uric acid) has been studied through the CV
technique.

The parameters employed in every analysis are shown in Table 3. For the
electrochemical study based on the Laviron theory, different voltammetry was
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performed with different scan rates between 50 mV/s and 250 mV/s with steps of 50
mV/s. For the comparison between the different electrodes, a common condition of 1
mM of analyte with a scan rate of 100 mV/s was employed.

ANALYTE Upper potential (V) Lower potential (V)
Paracetamol 0.9 -0.3
Dopamine 0.6 -0.1
Uric Acid 0.7 0

Table 3 — Potential ranges employed in Cyclic Voltammetry

In Figure 7 the cyclic voltammetry setup is shown with the SPE linked to the
potentiostat. The latter is an AUT302N.MBA.S and it is provided by Autolab Metrohm.
The end of the apparatus is represented by the Data Acquisition system to collect and
visualize in real-time the results of the measurements.

Figure 7 — Electrochemical measurement setup
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3 Material Characterization

3.1 Raman Spectroscopy

Raman spectroscopy is a powerful tool that allows to check the material composition
and to study the crystallography composition of the sample.

Raman spectrum
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Figure 8 — Raman spectrum BP0 sample

Figure 8 shows the BP0 Raman spectrum sample. It shows the presence of the nitrate

-1

group represented by the peak in 1046 cm™", confirmed also by the work of Mabrouk

et al. [66] that clear the specificity of that peak for the nitrate group NOs.

The other peak in 182 cm™! represents the stretch between the Bi — O bond of the
molecule as enlightened in [67] where Bismuth compounds are analysed. Also from
[42] it is possible to conclude that the structure obtained is a HO — BiONO; due to the
slight temperature increase of the stirring procedure, approximately 100° C. For all the
other samples it is difficult to perform the Raman analysis due to the presence of the
PEG in the compounds despite the washing. However, it is possible to conclude that the
presence of the PEG does not alter in a significant way the composition of the
compound that still may present a bismuth subnitrate structure.

3.2 IR Spectroscopy

Considering that through Raman spectroscopy it is not possible to study the
composition of the PEG-based synthesized material, an IR analysis is presented. With
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this analysis, it is possible to study preliminarily the composition of the samples and to
make assumptions about them.

IR Spectrum
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Figure 9 — IR spectrum of the samples

From Figure 9 it is possible to link each obtained peak to a vibrational bond of the
atomic composition of the samples. With the comparison between the BP0 (without the
use of the PEG during the synthesis) and the other samples, it is possible to understand
if the PEG is present in the composition. The peak at 3500 — 3200 cm ™! is related to
the HO bond on the surface of composites, that it is present in the BP0 spectrum as the
theories predict, but it is also present in the PEG-based composited that could confirm
the presence of the hydroxy group in the external molecule composition. The peak
between 1350 — 1250 cm ™! is corresponding to the strong absorption peak of NO3
and the small peak around 1000 cm ™! is related to the Bi-O bond.

Even though the PEG-based samples have been subjected to washing procedure, it is
possible that in the microstructure of the samples, some PEG compound remains in the
structure. It is validated by the fact that there is a small peak around 2900 ¢m ™1 related
to the C-H bond of the PEG, particularly in the BP4 structure. From the spectrum, it is
interesting to notice the peak around 1650 — 1500 cm™?
absent in the BP0 spectrum, and it increases passing from BP1 to BP4. From the
literature, it could be related to the N-O bond or the C-O bond. It could be assumed to

be a specific configuration of the molecular structure or still to the presence of the PEG

. This peak is completely

compounds present in the sample.
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3.3 Optical Microscopy

The use of optical microscopy allows to appreciate the morphology of the modified
electrode through the Bismuth-based samples. This analysis is not as accurate as a
scanning electron one, but it gives a rough idea of the modified surface structure of the
electrode at the microscopic level.

Figure 10 shows how the working electrode (area of 0.12 cm?) appears after the
modification. All the electrodes appear different because in the modification process,
the precision of the drop deposition is delicate. Some other conditions could affect the
appearance of the electrode, such as the solubility of the material in the water, the time
of evaporation after the drop-casting and the temperature.

Figure 10 — Optical microscope images of the modified working electrode: (a) BP0, (b)
BP1I, (c) BP2, (d) BP4
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With the use of the optical microscope, the image has been magnified as shown in
Figure 11. It is possible to appreciate the presence of the bismuth materials on the top of
the electrode and at first hypothesis, the BP4 working electrode presents a rougher
structure that could lead to a greater surface area. This is only the first analysis, that
could be validated only by SEM spectroscopy.

Figure 11 — Optical microscope magnification (100um bar) images of the modified
working electrode: (a) BP0, (b) BP1, (c) BP2, (d) BP4
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3.4 Scanning Electron Microscopy

A further study of the sample used to modify the electrodes is given by a Scanning
Electron Microscopy (SEM) analysis. An electron gun was used with an electron energy
of 5 keV. The collected images derive from the collected secondary electron to have a
better spatial resolution and highlight differences in the morphology of the
microstructures [68]. It is highlighted that for the measurement a Field Emission
Scanning Electron Microscope (FESEM) was employed. It is a particular type of SEM
that uses a sharp tip to generate a smaller and coherent electron beam which leads to
higher resolution also at the nanoscale.

ST 11175

i ((.:) N S . - m
Figure 12 — SEM images of the samples: (a) BP2 mag. 5k, (b) BP2 mag. 10k, (c) BP4
mag. 5k, (d) BP4 mag. 10k

The structure of BP2 presented in Figure 12-(a) is composed by micrometric rods with a
small amount of nanometric features on its surface that appear quite rough. Particularly
interesting is the SEM acquisition of the BP4 presented in Figure 12-(¢) and Figure 12-
(d). The surface appears complex in terms of morphology. A further magnification is
performed in order to appreciate better the smallest features of the structure and the
results are shown in Figure 13 — (b).
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(b)
Figure 13 — SEM images of the samples: (a) BP2 mag. 25k, (b) BP4 mag. 50k,

The presence of this rough surface could be related to the high stability due to PEG
during the synthesis process. The surface presents nanometric features that increase the
surface-to-volume ratio of the entire structure. This morphology could be related to an
improved electrocatalytic action that must be validated by an electrochemical analysis.

4 Results and Discussion

4.1 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a technique used to evaluate the
interfacial electron-transfer properties in an electrochemical cell. It involves the
application of a sinusoidal signal to generate a perturbation in the system. The AC
perturbation is applied to the working electrode over a determined range of frequencies.
The impedance is calculated from the ratio of the current generated by the process and
the voltage [69]. The main advantage of this technique is that it is not a destructive
method that keeps the system in the equilibrium state. It studied the charge transfer
resistance of all the SPEs by dropping 100 pL of 0.1 M PBS containing 5
mM Fe(CN)gon the surface of the electrodes. The bias potential was fixed at 200 mV,
and the alternating current voltage was 10 mV with a frequency in the range of [1071 —
105] Hz.

The generated result is the Nyquist plot, shown in Figure 14, where the real and the
imaginary part of the impedance are represented. The semicircle shapes obtained
provide information on the resistance values of the system.
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Figure 14 — Nyquist plot of the electrode EIS analysis

Figure 15 presents the sketch of circuital configurations of the system, where R, is the
resistance of the electrolyte, known as ‘uncompensated resistance’. At the interface
between the working electrode and the solution the electric double layer formed could
be considered as the parallel of capacitor C and resistor R;. The results obtained are
summarized in Table 4.

RE WE
ELECTRODE R; ()

_| BARE 569.6

c BP0 209.7

T REVY BP1 266.4

WA BP2 271.7

Hi BP4 3257

- - BPS 422.0

Figure 15 — Electric model at the
interfaces
Table 4 — Electrodes Interfaces Resistances

The uncompensated resistance is almost equal for all the electrodes and has the value of
121.2 Q while the value of the interface resistance R; feels the influence of the surface
modification of the electrode. Indeed, the bare electrode presents the highest resistance
of 569.63 Q and all the modified electrodes have smaller values due to the
electrocatalytic properties of the bismuth and a reduced resistivity respect to the carbon
surface of the working electrode. It is interesting to notice also that the value of the
interface resistance R; follows the amount of PEG used in the synthesis of the material.
It could be associated with some molecules of the surfactant still present in the
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microstructure. Those molecules act as a barrier at the interface and increase the value
of the resistance.

4.2 Cyclic Voltammetry — Paracetamol

Each analyte was studied through cyclic voltammetry analysis. The potentiostat was
linked to the screen-printed electrode (Dropsens 110 strip) to create all the connections
needed for the analysis. With the use of a micropipette 100 uL of solution is dropped on
the electrodes. Then different scan rates and concentration measurements were
performed to study the electrochemical kinetics of the sensors and their sensitivity.

4.2.1 Paracetamol — Kinetic Characterization

Paracetamol [PCM] goes under electrochemical oxidation by electrolytic etching of the
aromatic ring through a two-electron process [70]. The final product is the N-acetyl-p-
quinoneimine and the process is shown in Figure 16.

'

Figure 16 — PCM — Mechanism of electrochemical oxidation [Avogadro® optimization]

The electrochemical activity of paracetamol was validated by performing a cyclic
voltammetry with an unmodified SPE. It was compared with the behaviour of the
electrodes if a solution of only PBS was dropped on it as represented in Figure 17.
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Figure 17 — PCM — Cyclic Voltammetry of ImM paracetamol in 0.I1M PBS compared
with blank solution of PBS

As it is observed in the previous figure the presence of paracetamol in the solution is
related to the presence of oxidation and reduction peaks in the obtained plot, therefore it
is possible to study the behaviour of the peaks in different situations to characterize the
electrode. It is important to underline the fact that every voltammogram reported has
been baseline-corrected in order to avoid capacitive or parasitic current and to analyse
only the faradic one.

Each measurement was performed 3 times to obtain the standard deviation of the
results. It is important to remark that the process of cyclic oxidation and reduction of the
materials on the electrode could cause the formation of other molecules that could
remain detached on the surface and interfere with successive. For example, the process
of the oxidation of paracetamol in NAPQI could generate some molecule that remains
in contact with the working electrode and makes more difficult the reduction of NAPQI.
This is the reason that after every measurement each sensor is cleaned several times
with distilled water and let dry in air before the successive cyclic voltammetry.
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Figure 18 — PCM - Comparison between the bare electrode and the modified ones.
Concentration of paracetamol ImM in 0.1M PBS at scan rate of 100mV/s

In Figure 18 all the cyclic voltammetry measurements are presented showing the
comparison between the performance of the bare electrode with respect to the ones of
the modified sensors. The concentration of paracetamol is ImM in an electrolytic
solution of 0.1M PBS at a scan rate of 100 mV/s. The electrocatalytic behaviour of the
Bismuth is confirmed. All the peaks of the modified electrodes are higher and more
marked. This is due to the activity of the bismuth that plays the role of mediator in the
electron transfer between the paracetamol and the carbon working electrode. Also, the
modified electrode performance is related to the process of formation of the bismuth
aggregates. Indeed, the presence of PEG in the synthesis of material increased the
stability leading to an increase of the surface area of the obtained material. An increase
in the surface area is related to an increase in the active area that represents all the
possible “paths” for the electron to reach the electrode and perform the electron transfer.

In Table 5 the oxidation peak currents are presented. It shows that the value of the
current increases if the electrode is bismuth-modified and if more PEG was used in the
synthesis process.

ELECTRODE Lo (HA)
BARE 31.09 + 1.57
BPO 38.79 £ 1.77
BP1 40.83 £ 1.59
BP2 43.46 £2.83
BP4 45.16 £ 1.56

Table 5 — PCM - Oxidation Peak Currents
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The peak current is the first parameter analysed that represents the first validation of the
electrode performance. For a more complete and deeper analysis, the use of the Laviron
model is needed to find the electron transfer coefficient a and the kinetic constant rate k.

ELECTRODE AEp (mV) a D(cm?/s) Rate constant k
(ms™h)
BARE 446 + 31 0.46 £ 0.14 1.39-107¢ 0.69 £ 0.29
BP0 392+ 11 0.46 £ 0.06 2.03-107° 1.60 £ 0.40
BPI 379 £17 0.45 £0.08 2.13-107° 2.77+0.74
BP2 367+ 13 0.45+0.16 2.45-107° 536+ 0.66
BP4 354+ 18 0.44 £0.12 2.62-107° 5.72+0.67

Table 6 — PCM - Kinetic parameters of different SPEs

In Table 6 all the calculated parameters are shown. AEp represents the potential distance
between the two peaks in the voltammogram. The diffusion coefficient D is calculated
from the peak current and inverting the Randles-Sevcik equation. The transfer
coefficient is evaluated by plotting the position potential of the peaks with respect to the
logarithm of the scan rate. By using the Laviron model and the equation (1.24), the rate
constant is calculated.

It is interesting to notice that the PEG-synthesized materials have an impact on the
electrochemical properties. Indeed, the increasing use of the PEG in the process is
related to a decrease of AEp and o and an increase of D and k. Particularly interesting is
the last one, the rate constant k which determines how an electrochemical process is fast
and effective. The measurements have shown that the modified electrodes employed
present 7-8 times higher values of the rate constant with respect to the bare electrode.

To check the freely diffusing RedOx species interaction with the SPE different
measurements were performed by checking the scan rate. It is varied from 50mV/s to
250 mV/s and according to the Randles-Sevcik equation the peak current increases with
the square of the scan rate as shown in Figure 19 for the bare electrode.

The same procedure was performed for all the other modified SPEs to appreciate the
behaviour of the sensor for different scan rates. The results obtained are shown in
Figure 20 for BPO, Figure 21 for BP1, Figure 22 for BP2, and Figure 23 for BP4.

Linear regression current equations and their regression coefficients are shown in Table
7 and linear regression peak potential equation in Table 8.
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Figure 19 - (a) Cyclic voltammetry for the detection of ImM of paracetamol in 0.IM
PBS with a Bare electrode, change in the scan rate from 50 mV/s to 250 mV/s, (b)
dependence of the positions of the potential peaks respect the logarithm of scan rate, (c)
dependence of the current anodic and cathodic peaks respect the square root of the
scan rate
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Figure 20 - (a) Cyclic voltammetry for the detection of ImM of paracetamol in 0.1M
PBS with a BP0 electrode, change in the scan rate from 50 mV/s to 250 mV/s, (b)
dependence of the positions of the potential peaks respect the logarithm of scan rate, (c)
dependence of the current anodic and cathodic peaks respect the square root of the
scan rate
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Figure 21 - (a) Cyclic voltammetry for the detection of ImM of paracetamol in 0.IM
PBS with a BPI electrode, change in the scan rate from 50 mV/s to 250 mV/s, (b)
dependence of the positions of the potential peaks respect the logarithm of scan rate, (c)
dependence of the current anodic and cathodic peaks respect the square root of the

scan rate
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Figure 22 - (a) Cyclic voltammetry for the detection of ImM of paracetamol in 0.IM
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Figure 23 - (a) Cyclic voltammetry for the detection of ImM of paracetamol in 0.1M
PBS with a BP4 electrode, change in the scan rate from 50 mV/s to 250 mV/s, (b)
dependence of the positions of the potential peaks respect the logarithm of scan rate, (c)
dependence of the current anodic and cathodic peaks respect the square root of the

scan rate

ELECTRODE Lyq (nA) R? Lyc(uA) R?
BARE 2.39vv + 8.96 0.996 -2.10vv +2.90 0.999
BP0 3.33Vv +7.95 0.999 2.50v +4.22 0.999
BP1 3.13vv +9.65 0.998 -2.80/v +2.30 0.999
BP2 411Jv+5.21 0.999 -2.90/v + 4.49 0.999
BP4 4.65\v + 3.05 0.999 -2.30n/v + 8.80 0.993

Table 7 — PCM - Linear regression current equation respects the scan rate and
regression coefficients of all the studied SPEs

ELECTRODE AEp (mV) R?
BARE 52.4-In(v) +262.7 0.993
BP0 513+ In(v) +120.2 0.995
BP1 56.1-In(v) +118.9 0.994
BP2 69.1-In(v) +62.0 0.998
BP4 61.8 - In(v) +61.5 0.994

Table 8§ — PCM - Linear regression equation of the peak potential respect the logarithm
of the scan rate and regression coefficient of all the studied SPEs
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4.2.2 Paracetamol - Sensitivity and Detection

All the measured parameters and the kinetic studies performed on the SPEs confirmed
that the electrochemical detection of paracetamol is a quasi-reversible mechanism, and
the developed sensors have the potential for amperometric detection use.
To characterize the performance of the modified SPEs it is necessary to study the
behaviour at different analyte concentrations. The scan rate is fixed to 100 mV/s and the
four values of analyte in 0.1M of PBS are considered (0.5mM, 1mM, 2mM, 3mM). To
characterize the response of the sensor the oxidation peak current is taken as the
reference value. The obtained values depend on the concentration of the analyte and the
result is the calibration curve in Figure 24.
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Figure 24 — PCM - Sensitivity curves of different SPEs calculated at different
paracetamol concentrations with a scan rate of 100mV/s

It i1s important to introduce two definitions very useful and widely used in the sensor
field. The sensitivity S[uA/mM] is considered as the slope of the plot in Figure 24 and it
is related to the change of signal with respect to the variation of the analyte
concentration. The Limit of Detection (LOD) is the point at which the analysis is
feasible, the minimum amount of signal that is distinguished by noise. Analytically the
LOD is calculated as:

LOD = 3? (1.26)
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where o is the standard deviation of the baseline signal and S is the sensitivity
previously obtained. The cyclic voltammograms for the different analyte concentrations
are presented in Figure 25 for all the sensors studied and the obtained results are
reported in Table 9 and Table 10.

ELECTRODE Sensitivity(uA/mM) LOD(uM) RSD
BARE 27.68 +0.30 3.28 +0.06 1.08%
BP0 35.08 +0.44 3.42+0.06 1.25%
BP1 36.46 +0.36 2.10+0.09 0.99%
BP2 38.50+0.54 3.48 +0.08 1.40%
BP4 42.82+0.48 1.14 £ 0.08 1,12%

Table 9 — PCM - Sensitivity and limit of detection

ELECTRODE Lyq (nA) R?
BARE 27.68 ¢ +3.82 0.999
BP0 35.08 - ¢ +4.03 0.999
BPI 36.46-c +3.16 0.999
BP2 38.50 ¢ +6.20 0.998
BP4 42.82-c +3.84 0.999

Table 10 — PCM - Linear regression current line respects to concentration

The obtained results highlight the electrocatalytic effect of the bismuth compounds.
Their deposition on the working electrode increases the sensitivity of the sensor. Also in
the sensitivity analysis, the improvement is related to the amount of PEG used in the
synthesis process of the microstructures. The value of the sensitivity increases from BP0
to BP4 and it could be related to the presence of more favourable sites for the
interaction between the working electrode surface and the analyte, see SEM analysis in
Section 3.4.
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Figure 25 — PCM - Cyclic Voltammograms for different paracetamol concentrations at
scan rate of 100 mV/s of the sensor (a) Bare, (b) BP0, (c) BP1, (d) BP2, (e¢) BP4
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4.3 Cyclic Voltammetry — Dopamine

The same procedure of characterization was done for the detection of Dopamine [DA].
Also, in this case five sensors were studied (Bare — BPO — BP1 — BP2 — BP4) to
determine how the bismuth-based materials change the electrodes performance. The
theory used for the determination of all the relevant parameters is based always on the
Randles-Sevich equation and the Laviron model.

4.3.1 Dopamine — Kinetic Characterization

The electrochemical oxidation of the dopamine is a 2-electron process like the
paracetamol. The mechanism is represented in Figure 26 and involves the production of
dopaminoquinone [71].

Figure 26 — DA - Mechanism of electrochemical oxidation [Avogadro® optimization]

The first comparison performed is between the electrolytic solution of only 0.1M PBS
and the same solution with a concentration of 1mM of dopamine at a scan rate of 100
mV/s. The results are shown in Figure 27, where it is possible to see the presence of the
anodic peak and the smaller cathodic one. The electrochemical oxidation of dopamine is
a quasi-reversible process, the oxidation peak is greater respect the reduction one
because the process is not equally balanced.

The comparison of the sensors performance is highlighted by the detection of a
concentration of ImM of dopamine in 0.1M PBS with a scan rate of 100 mV/s. Figure
28 shows the electrocatalytic effect of the Bismuth in dopamine detection. There is a
great difference in the oxidation current peak if the electrode is modified and an
interesting difference if the PEG was used in bismuth-based materials synthesis. A
strong improvement is also present in the potential position of the peak. AE), is
considered a benchmark of how an electrochemical process is favourable and Figure 28
shows that its value is reduced for the modified electrodes.
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Figure 27 — DA - Cyclic voltammetry with and without dopamine in 0.1M PBS
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Figure 28 — DA - Comparison between the bare electrode and the modified ones.
Concentration of dopamine of ImM in 0.1M PBS at scan rate of 100mV/s

From the cyclic voltammograms of dopamine, it is possible to notice that its
electroactivity is different with respect to paracetamol. In the case of the PCM, the
peaks present a marker feature, indicating a simple process of approaching the molecule
with the electrode surface through the electrolyte. The electroactivity of dopamine
seems more a capacitive process, in the sense that the diffuse layer between the two
phases could present charge accumulation related to a particular positioning of the
dopamine molecules. This is a hypothesis that could require advanced study to be
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validated but it seems a valid standpoint. In any case due to the presence of a capacitive
process more evident in the dopamine analysis, particular attention to the search peak is
needed in order to compare only the faradaic current related to the process.

ELECTRODE Lo (1A)
BARE 9.84 +0.52
BPO 14.41+0.77
BP1 17.92+0.89
BP2 18.33 £ 0.65
BP4 19.99 +0.79

Table 11 — DA - Anodic peak current of different electrodes.

Table 12 summarizes the kinetic parameters calculated through the Laviron theory
presented in Section 1. The charge transfer coefficient a is reduced for the modified

electrodes and the kinetic rate constant increases from 3.93 + 0.40 ms~?! for the bare
electrode to 24.14 + 4.63 for the electrode modified with BP4 material.

ELECTRODE AEp (mV) a D(cm?/s) Rate constant k
(ms™)
BARE 376 + 14 0.47+0.12 1.16 - 1077 3.93£0.40
BP0 321+11 0.41+0.13 2.44-1077 13.27+3.38
BP1 295+ 15 0.39+0.13 3.83-1077 21.92 £4.48
BP2 295 +£22 0.38+0.11 4.04-1077 21.07+1.13
BP4 296 +24 0.38+0.15 4.28-1077 24.14 + 4.63

Table 12 — DA - Kinetic parameters of different SPEs

In Figure 29 cyclic voltammetry analyses performed on each electrode are presented.
The scan rate was varied in the range between 50 mV/s and 300 mV/s with a step of 50
mV/s. The concentration of dopamine is fixed at ImM and the behaviour of the anodic
peak with respect to the scan rate is evaluated.

ELECTRODE AEp (mV) R?
BARE 222 In(v) +267.5 0.993
BP0 17.7 - In(v) +235.1 0.993
BPI 235 In(v) +180.3 0.996
BP2 342 - In(v) +127.8 0.993
BP4 372 In(v) + 116.7 0.998

Table 13 — DA - Linear regression equation of the peak potential respect the logarithm
of the scan rate and regression coefficient of all the studied SPEs
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Figure 29 — Cyclic voltammetry for the detection of ImM of dopamine in 0.1M PBS,
change in the scan rate from 50 mV/s to 250 mV/s for the (a) Bare, (b) BP0, (c) BPI, (d)

BP2, (e) BP4
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From the behaviour of the peak currents respect the variation of the scan rate, it is
possible to evaluate the interaction mechanism of the analyte. In the case of the PCM
previously studied, the peak current increases with the square root of the scan rate
because it is diffusion-controlled. In the case of the DA it is proven the linearity of the
peak with the scan rate in Figure 30, this behaviour demonstrates that the process is
adsorption controlled. This result is in agreement with the work of Venton et al. on
dopamine electrochemical detection [72].
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Figure 30 — DA - Dependence of the current anodic and cathodic peaks respect the scan
rate for the (a) Bare, (b) BP0, (c) BP1, (d) BP2, (e) BP4

ELECTRODE La(HA) R? Lyc (1A) R?
BARE (4.5x1072)v+53 | 0.983 (-8.8«107%)v—-1.2 | 0.997
BP0 (6.9x1072)v+7.0 |0.982 (-9.6 «107%)v—-2.2 | 0.988
BP1 (7.7¢107%) v+ 8.9 | 0.967 (-11.4x107%)v-0.2 | 0.987
BP2 (6.5+1072)v+10.4 | 0.963 (-9.9¥1072)v—3.3 | 0.995
BP4 (5.3*107%) v+ 12.0 | 0.960 (-10.8+107%)v—-2.9 | 0.993

Table 14 — DA - Linear regression current equation respects the scan rate and
regression coefficients of all the studied SPEs
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4.3.2 Dopamine — Sensitivity and Detection

The dopamine sensors need to be characterized from the sensitivity point of view. To
construct the calibration curves of each sensor, cyclic voltammetry analyses for five
dopamine concentrations (0.1mM, 0.5mM, ImM, 2.5mM, SmM) were performed. The
scan rate was fixed at 100 mV/s for each measurement and the height of the oxidation
peak was taken. The value of the peak obtained is represented with respect to the
dopamine concentration in Figure 31, where the calibration curves were obtained.
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Figure 31 — DA - Sensitivity curves of different SPEs calculated at different dopamine
concentrations with a scan rate of 100mV/s

For each sensor, the sensitivity is calculated as the slope of the respective calibration
curve and the limit of detection is calculated by considering the formula (1.26). The
results of the calculations are listed in Table 15.

Bare electrode has a sensitivity of 9.71 + 1.23 uA/mM with a LOD of 8.47 + 2.64 uM.
All the modified electrodes present a greatly increased sensitivity. Among them, the
higher value is related to the electrode modified with BP4 material that has a value of
16.67 £ 1.31 uA/mM, quite double with respect to the bare electrode one.
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ELECTRODE Sensitivity(uA/mM) LOD(uM) RSD
BARE 9.71+1.23 8.47+2.64 12.7%
BPO 14.43 £ 0.56 9.89+1.11 3.9%
BP1 15.41+0.59 533+0.85 3.8%
BP2 16.62 +0.83 2.18£0.63 4.9%
BP4 16.67 + 1.31 2.38+1.21 7.8%

Table 15 — DA - Sensitivity and limit of detection

According to the theory, the value of the LOD should decrease for highly sensitive
sensors, but it does not happen in the case of BPO which presents a LOD of 9.89 = 1.11
uM. 1t is related to the fact that the value of the LOD is quite delicate because it
depends on the standard deviation of the blank measurement, which is an analytical
parameter. Instead, the electrodes modified with BP1, BP2, and BP4 seem to follow the
theory prediction with lower values with respect to the bare one.

Table 16 — DA - Linear regression current line respects to concentration

ELECTRODE Ly (uA) R?
BARE 9.71-¢ +0.41 0.994
BP0 14.43-¢c +0.58 0.995
BP1 1541-c +1.74 0.997
BP2 16.62 - ¢ +0.95 0.999
BP4 16.67 - ¢ +1.56 0.999
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Figure 32 — DA - Cyclic Voltammograms for different dopamine concentrations at scan
rate of 100 mV/s of the sensor (a) Bare, (b) BP0, (c) BP1, (d) BP2, (e) BP4
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4.4 Cyclic Voltammetry - Uric Acid

4.4.1 Uric Acid — Kinetic Characterization

Electrochemical detection is a technique that could involve also irreversible processes.
It is the case of Uric Acid (UA) detection, where the application of a specific potential
induces the irreversible oxidation of the molecule.

C

Figure 33 — UA - Mechanism of electrochemical oxidation [Avogadro® optimization]

The electrochemical oxidation of the uric acid is a multistep process that ends with the
rupture of the aromatic ring. It is a 2-electron process that initially produces a diamine
molecule. Considering the instability of the diamine, it hydrates two times passing
through the form of imine-alcohol and uric acid-4,5-diol. The last step is the
decomposition of the molecule in neutral pH which produces an allantoin molecule and
a CO, molecule [73] [74].

The formation of the new compound does not allow the restoration of the molecule that
remains unchanged, and it is impossible to induce the reduction. The cyclic
voltammetry obtained with the bare electrode is shown in Figure 34 where only the
anodic peak is present.

Figure 35 shows the comparison between the cyclic voltammetry of the bare electrode
and the ones obtained with the modified electrodes (BP0 and BP1). As in the case of the
previous analytes, the bismuth compounds present good electrocatalytic properties
increasing the oxidation peak current (see Table 17).
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Figure 34 — UA - Cyclic Voltammetry with and without ImM uric acid in 0.1M PBS at
scan rate of 100mV/s

ELECTRODE Lyq (UA)
BARE 11.11£0.35
BP0 1331 +0.45
BP1 13.42 = 0.46

Table 17 — UA - Oxidation Peak Current
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Figure 35 — UA - Comparison between the bare electrode and the modified ones.
Concentration of uric acid of ImM in 0.IM PBS at scan rate of 100mV/s
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4.4.2 Uric Acid - Sensitivity and Detection

The performances of the SPEs as sensors are studied by changing the analyte
concentration to construct the calibration plots (see Figure 36). From the plots, it is
possible to notice the effect of the bismuth compound action. The value of the
sensitivity, resumed in Table 18, passes from a value of 7.14 £ 0.23 uA/mM for the
bare electrode to 9.37 = 0.29 uA/mM for the modified BPO.
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Figure 36 — UA - Sensitivity curves of different SPEs calculated at different uric acid
concentrations with a scan rate of 100mV/s

ELECTRODE Sensitivity (uA/mM) LOD(uM) RSD
BARE 7.14+£0.23 2.53+0.09 3.2%
BP0 9.37+0.29 3.31£0.10 3.1%
BP1 9.59+0.14 3.21£0.09 1.5%

Table 18 — UA - Sensitivity and limit of detection

Particular attention in this analysis was given to the washing electrode procedure.
Considering that the electrochemical oxidation of the uric acid is an irreversible process
that produces several compounds that remain in the solution. It is possible to mention
the CO, molecules in the last step and protons in the early stage of the process. After a
measurement, the solution is acidified in the region close to the electrode and some
compounds could remain attached to the surface. To guarantee a good reproducibility of
the conditions the electrode was washed 3 times with DI water and between two
measurements a cyclic voltammetry of blank solution was performed.
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ELECTRODE Lo (uA) R?
BARE 7.14 - c +3.86 0.999
BP0 9.37-c+3.52 0.998
BP1 9.59 - ¢ +3.41 0.998

Table 19 — UA - Linear regression current line respect to concentration
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Figure 37 — Cyclic Voltammograms for different uric acid concentrations at scan rate
of 100 mV/s of the sensor (a) Bare, (b) BP0, (c) BP1
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5 Conclusions

This study makes evidence of the electroactivity of several analytes as paracetamol,
dopamine, and uric acid. The electrochemical technique employed was Cyclic
voltammetry which allows the study of the interaction between the molecules and the
electrode surface. A screen-printed electrode developed by DropSens was employed and
the study of the analyte was made in phosphate buffer solution, a neutral pH electrolyte.
It was definitively proven the diffusion-limited effect of paracetamol, the adsorption-
controlled effect of dopamine and the irreversible process that occurs in the
electrochemical oxidation of uric acid. Also, the electrocatalytic effect of bismuth
microstructures was tested. Bismuth materials were synthesized with the use of a tip-
sonicator with different concentrations of polyethylene glycol used as a surfactant. Four
bismuth oxynitrates were prepared: BPO, BP1, BP2, and BP4 where the number in the
name indicates the PEG/Bismuth ratio employed. SPEs were modified with the previous
materials to study the effect of the use of PEG on the electrochemical behaviour of the
new sensors for the previous analytes. The development of new SPEs has been done by
modifying the working electrode with drop-casting technique of water-based bismuth
solutions. The first study of the resistance of the electrodes was done by
Electrochemical Impedance Spectroscopy. The measurement confirms the reduction of
the interface resistance for the bismuth-modified electrode, which goes from 569.9 Q
for the bare electrode to a range of [209.7 — 325.7] Q for the modified ones.

The kinetic characterization of the sensors was studied by performing cyclic
voltammetry at different scan rates in the range of 50 mV/s and 250 mV/s of ImM of
the analyte. According to the Laviron theory, kinetic rate constant k and electron
transfer coefficient a were calculated. It was proven that the use of the PEG during the
material synthesis allows the development of improved electrocatalytic structures. In the
paracetamol analysis, the kinetic rate constant passes from 0.69 + 0.29 ms~! for the
bare electrode, to 1.60 + 0.40 ms~? for the BP0, and 5.72 + 0.67 ms~! for the BP4. In
the dopamine analysis, similar results were obtained: the rate constant increased from
3.93 + 0.40 ms~! for the bare electrode to 24.14 + 4.63 ms~? for the BP4 modified.

Cyclic voltammetry was performed also to characterize the sensors in terms of
sensitivity and limit of detection. Several measurements were done by changing the
concentration of the analyte in the solution and the variation of the anodic peak current
was investigated. It was observed a linear response for all electrodes. In the case of
paracetamol, the mean sensitivity of the bare electrode was 27.68 = 0.30 pA/mM with a
LOD of 3.28 + 0.06 uM. In terms of sensitivity, all the modified electrodes presented
increased values, where the highest value (42.82 + 0.48 pA/mM) was the one of the
BP4 modified electrode. In the dopamine analysis, the sensitivity passes from a value of
9.71 £ 1.23 pA/mM for the bare electrode to 14.43 + 0.56 pA/mM for the BP0 and
16.67 £ 1.31 pA/mM for the BP4.
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Also in the uric acid analysis, the electrocatalytic effect of the bismuth was proven. The
mean sensitivity for the bare electrode in the study of uric acid was 7.14 £ 0.23 pA/mM.
This value increases to 9.37 = 0.29 pA/mM in the case of BP0 performance and 9.59 +
0.14 pA/mM for BP1. These results confirm the electroactivities of the analytes studied
and the electrocatalytic behaviour of the oxynitrates bismuth structures. This opens the
way to a deeper understanding of the synthesis process of bismuth composites and its
potential in the development of new sensors.
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