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I. INTRODUCTION

Electrochemistry is a multidisciplinary science that deals with the study of the
relationship between electrical energy and chemical changes. Chemical reactions that involve the
input or generation of electric currents are called electrochemical reactions. This complex field
has numerous applications in our daily lives. A notable example is in the manufacture of
batteries and accumulators, the heart of many modern devices such as phones, laptops and
electric cars. Electrochemistry allows the transformation of chemical energy into electrical
energy, facilitating the operation of these devices. In addition, electrochemistry has a big impact
on the environment, being essential in the treatment, analysis and purification of water, in order
to remove pollutants and toxic substances. In the medical field, applications of electrochemistry
have an important role in the diagnosis and monitoring of diseases through the use of
electrochemical sensors (eg: sensors for glucose or cholesterol).

Electrochemical sensors and biosensors play a crucial role in environmental monitoring,
industrial processes, and medical diagnostics, ensuring precise and rapid identification of
significant substances. This field has known rapid advancement, since electrochemical sensors
through the use of nanotechnology, are able to identify analytes at very low concentration in
different samples. These sensors provide notable benefits such as simple and rapid analysis,
often eliminating the need for extensive preliminary sample treatment. By 2023, more than
100,000 research reports on electrochemical sensors are registered in the "Web of Science"
database, highlighting the growing importance and interest in the scientific community.

Based on these premises, the overal goal of the doctoral thesis was the design,
development and optimization of new electrochemical methods and sensors for the determination
and quantification of specific analytes, which would offer a reliable alternative to classical
methods.

Thesis structure4
The doctoral thesis entitled "Electrochemical sensors with biomedical applications” is
structured in four distinct parts, summarizing six chapters.
Part | - includes the motivation behind the choice of the research topic, emphasizing its

importance, novelty, challenges and state of the art, making a connection between the research



topic and the international and national concerns of the research community. In addition, a
concise presentation of the content of the work is provided, highlighting the results obtained.
Part Il - focuses on a detailed theoretical study, which discusses the theoretical and conceptual
fundamentals essential for understanding the principles of electrochemical cell operating and
the main techniques used in electrochemical analysis .

e Chapter I1.1 provides an insight into the structure and components of the
electrochemical cell, as well as the electrochemical processes and mechanisms of
electronic transfer at the electrode/liquid interface. The electrochemical techniques used
in the experimental part: cyclic voltammetry, differential pulse voltammetry and
amperometry are presented in detail.

Part 111 — is structured in three chapters (Chapters I11.2-111.4) and includes original contributions
regarding the development, optimization and characterization of new electrochemical methods
and sensors for the determination and characterization of some biomarkers of interest, namely
cholesterol, piperine and nitrite.

e Chapter 111.2 deals with the development and optimization of an innovative
electrochemical method for the determination of cholesterol in acidic medium, using the
Liebermann-Buchard reaction adapted for electrochemical conditions.

e Chapter 111.3 includes the electrochemical analysis of two natural alkaloids, piperine
and capsaicin, using voltammetric techniques in combination with different chemical
tests, with the aim of a deeper understanding of their redox behavior and antioxidant
activity. The redox behavior of the studied alkaloids was compared with that of some
known antioxidants, namely ascorbic acid, protocatechuic acid, syringic acid and
tyrosine, using them as a control group. The evaluation of the antioxidant properties
using electrochemical techniques was carried out by using four specific tests: (i) DPPH
free radical scavenging; (ii) TEMPO scavenging; (iii) Fe** reducing power; (iv) H20;
scavenging.

e Chapter I11.4 studies the deposition of AuNPs on two-dimensional materials (2DM)
used as a substrate: Graphene and MoS,. The differences obtained in the electrodeposited
particles were highlighted and evaluated against the oxidation of nitrite (NO, ).

e Part IV includes the specific and general conclusions drawn from the results obtained

during the experimental studies



The results obtained and presented in the doctoral thesis “Electrochemical sensors with
biomedical applications” have so far been the subject of two scientific papers published in ISI
rated journals and four communications (oral and poster) at international and national scientific

events.

I11. Personal contributions

I11.1. Electrochemical determination of Cholesterol

This chapter contains the development and optimization of a simple and robust
electrochemical method for the determination and quantification of serum cholesterol, using the
Liebermann-Burchard (LB) reaction in an innovative way for electrochemical conditions and

thus offering a reliable alternative to colorimetric methods.

Preliminary Cyclic Voltammetry Tests — Redox behavior of cholesterol

The electrochemical behavior of cholesterol was studied in a mixture of chloroform-
tetrabutylammonium perchlorate (TBAP), acetic anhydride and concentrated H,SQO,, using cyclic
voltammetry. The representative current-potential curve for the LB mixture in the presence of
cholesterol shows an increase in the anodic current at potentials higher than 1.4 V, indicating the
possible oxidation of cholesterol (Figure 1.A.b). As a control experiment, we performed cyclic
voltammetry for the mixture of Liebermann-Burchard reagents in the absence of cholesterol,

without an increase in the oxidation current being observed (figure 1.A.a).
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Figure 1. (A) Cyclic voltammetry of the mixture: 2 mL Chloroform-TBAP, 1 mL acetic anhydride and 40
ML concentrated H,SO,: (@) in the absence and (b) presence of 0.64 mM cholesterol, using the GC



electrode. (B) Color variation of the LB solution with cholesterol in the electrochemical cell when a
potential is applied.

Normally, the LB reaction is quite slowly (aprox. 30 min). but when this reaction is placed
in the electrochemical environment and coupled with the application of a potential, the reaction
is greatly accelerated, and this is easily visible due to the instantly shift of color to green [1,2]
(figure 1.B) when the 1.4 V threshold is reached.

Amperometric tests

In order to understand the reaction mechanism, we investigated the amperometric
response obtained for the oxidation of cholesterol in the Lieberman—Burchard mixture containing
TBAP as electrolyte, under a constant potential of 1.5 V. In the amperometric experiment, the
baseline is recorded for the mixture of chloroform-TBAP, acetic anhydride and concentrated
H>SO4, and when cholesterol is added, the oxidation current increases rapidly (figure 2.A).
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Figure 2. (A) Amperometric response for 0.64 mM cholesterol added to the mixture of 2 ml chloroform-
TBAP, 1 ml acetic anhydride and 40 pL concentrated H,SO,); (B). Amperometric response for 40 pL of
concentrated H,SO, added to the mixture of 2 mL chloroform-TBAP, 1 mL acetic anhydride, and 0.64

mM cholesterol.

Since the oxidation of cholesterol under strongly acidic conditions involves more than an
electrochemical mechanism, we explored the detection of cholesterol by a reverse approach,
adding the reagents in a different order. In this case, the oxidation current increases relatively
slowly, reaching a constant response after about 100 s (figure 2.B). As expected, the color
change of the solution was slower. The slow evolution of the reaction (the slow increase of the
oxidation current and the slow color variation) indicates a difficult electronic transfer thus

demonstrating that the electrochemical mechanism is preceded by a chemical one. The chemical



reaction between acetic anhydride and sulfuric acid (R 1) appears to be of critical importance to
the electrochemical reaction [3].

H,SO,4 + Ac,0O = AcOH + AcO-SO,0H =» HOSO,-CH,-COOH (R 1)

Acetylsulfuric acid Sulfoacetic acid

Sulfoacetic acid reacts with cholesterol, this being the first step in cholesterol
derivatization (chemical mechanism), thus forming cholesta-dienes [1, 4, 5]. The latter are then
involved in electronic transfer with the electrode surface under the influence of the applied
potential (electrochemical mechanism).

Influence of Applied Potential

Six different values of applied potentials 0.8, 1.0, 1.2, 1.4, 1.5 and 1.6 V were tested in
the present study for the oxidation of a certain concentration of cholesterol (0,64 mM). The
recorded signal increases with the value of the applied potential, and the maximum value of the
current was recorded for the potential of 1.6 V. Because the current response was not very stable
and the noise was quite significant at 1.6 V potential, we settled on 1.5 V to be used for further

experiments.

Influence of Acid Concentration

In this study, we tested the amperometric response obtained for the oxidation of 1 mM
cholesterol, varying the volume of concentrated H,SO, in the Lieberman—Burchard reaction
mixture. The higher the concentration of the acid involved in the reaction, the higher the
response, but addition of 200 uL acid resulted in the instability of response current, probably due
to the gradual degradation of products causing passivation of the electrode surface. The results
are satisfactory for 100 pL of H,SO4 which was used in further experiments.

Calibration curve

In order to determine the sensitivity of the method and the range of linearity of the
amperometric response, the oxidation current was studied for different concentrations of
cholesterol in the LB mixture, under the previously optimized conditions and shown in figure
3.A. We tested cholesterol standard solutions with concentrations between 0.025 and 7 mM,

applying a potential of 1.5 V. The developed method shows the sensitivity of 14.959 uA/mM



calculated from the calibration curve (figure 3.B.) and a detection limit of 19.78 nM cholesterol,

with a linear response in the range 0.025-3 mM (R?=0.99).
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Figura 3. (A) Amperometric response for different concentrations of cholesterol, applying a constant
potential of 1.5 V. (B) Calibration curve of amperometric response.

Interferences

To evaluate the selectivity of the method, a number of compounds that can coexist with
cholesterol in biological samples, such as ascorbic acid, uric acid, KCI, NaCl and glucose, were
tested both individually and together with cholesterol using the working conditions previously
optimized. The compounds tested in this study do not interfere with cholesterol oxidation.

Therefore, this method has a high degree of specificity.

Repeatability of the Method was evaluated by repeating consecutive amperometric
measurements of the same cholesterol concentration or repeating them on different days (table
1). The developed method was shown d to have a suitable level of precision and the analytical
performance towards cholesterol, with a good sensitivity of determination.

Table 1. Repeatability of cholesterol electrochemical determination.

Mean Response

Current (HA) RSD

Assays

triplicate consecutive
Intra-assay precision  determinations of the ame 10.56 1.97%
concentration
10 determinations

Inter-assay precision from different days

10.37 4.07%




Cholesterol detection in blood samples

Analytical validation of the electrochemical method was accomplished compared with
data obtained from an accredited laboratory (Top Medical Grup, lasi, Romania), from the same
subjects involved in the study. The results shown in table 2 demonstrate that cholesterol
concentration in serum determined using the optimized electrochemical method agreed well with
the data provided by the medical laboratory tests, revealing that the developed method was
accurate. Moreover, also from Table 2 it can be seen that the extraction method used is more
efficient when a volume of 200 pL serum is used compared to 100 pL serum. Metoda dezvoltata
este simpla, rapida si ar putea fi adaptatda pentru a fi utilizata in analizele de rutind. The

developed method was simple, fast and could be adapted to use in routine analyses.

Table 2. The results obtained by analyzing the serum samples by the developed electrochemical method

and compared with the data provided by the medical laboratory.

Cholesterol concentration (mg/dL) Difference (A-

Sample number Electrochemical method (A) L ablz)/lrzdti)cri: (B) B)/B*100
; o S
: e we gy
: o s
i st 57
- 27599 2134 02
: e w1 5a
;g g;igg 223.54 géé

a = sample obtained from 100 puL serum
b = sample obtained from 200 pL serum

111.2. Antioxidants analysis using electrochemical techniques

This chapter presents the electrochemical analysis of the two natural alkaloids, piperine

and capsaicin, using voltammetric techniques coupled with different chemical tests to better



understand their redox behavior and antioxidant activity. The redox behavior of the studied
alkaloids was compared with that of some known antioxidants, used as control, namely: ascorbic

acid, syringic acid, protocatechuic acid and tyrosine.

The electrochemical behavior of piperine and capsaicin compared to that of control
antioxidants

Determination of the oxidation potentials of the compounds studied in this thesis
(piperine, capsaicin compared to the control antioxidants) is the first step in the evaluation of
antioxidant activity of a molecule. A low value of the oxidation potential reflects the propensity
of a given molecule to donate electrons and can therefore be considered to exhibit strong
antioxidant (antiradical) activity. For many phenolic antioxidants, the reaction involves the
transformation of a phenol moiety to a quinone, a typical feature for the oxidation process taking
place in the 300-700 mV region. Figures 4. A and B show the voltammograms obtained for the
control antioxidants, ascorbic and syringic acid, which are oxidized in a single step forming the
corresponding quinones, at relatively low positive potentials in an acidic environment. The
potential value is influenced by the number of hydroxyl groups present in their structure [6].

Figure 4.C shows the capsaicin voltammogram for two repetitive cycles. Initially,
capsaicin undergoes an irreversible oxidation at 0.45 V, donating two electrons, with the
formation of ortho-benzoquinone and methanol as byproducts. During the cathodic scan, the
formed benzoquinone is reduced to ortho-hydroxyphenol (catechol) generating the reduction
peak at 0.2 V [7]. During the second cycle, catechol is re-oxidized to ortho-benzoquinone,
generating a second anodic peak at 0.26 V, simultaneously with the decrease of the one at 0.45
V.
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Figure 4. Cyclic voltammograms of 0.5 mM (A) ascorbic acid, (B) syringic acid, (C) capsaicin, and (D)

piperine in 0.1 M HCIQ,, and the oxidation reactions.

The electrooxidation of piperine involves a three-step electronic transfer process.
Initially, at 0.65 V, the formation of piperine diol is initiated, succeeded by its subsequent
oxidation into a dionic compound at 0.95 V. Next, the oxidation of the resulted diionic
compound leads to the breaking of the bond between two carbon atoms with the formation of
two carboxylic acids (1.14 V) [157]. Sweeping the potential in the opposite direction, a reduction
reaction takes place, followed by dimerization and passivation of the electrode surface, as
suggested by the sharp decrease of the peaks at repeated scans (cycle two - dotted line) (figure
4.D).

The relatively low oxidation potential of ascorbic acid demonstrates that this is the most
easily oxidized compound among the six studied compounds and should have a significant
antioxidative activity compared to the others. At the opposite pole is tyrosine with the highest
oxidation potential value and the lowest number of —OH groups. However, the number of
phenolic —OH groups present in the structure of a molecule is not always the only factor that
determines its antioxidant activity. The positions of phenolic —OH groups, the presence of other
functional groups such as double bonds and their conjugation also play an important role in the

antioxidant activity.



The in vitro antioxidant ability of piperine and capsaicin was evaluated by four tests
widely employed in assessing the antioxidant activity of bioactive compounds, namely: DPPHe,
TEMPO, hydroxyl radicals scavenging and Fe*" reducing power assays. Ascorbic, syringic,

protocatechuic acids along with tyrosine have been used for comparison as control antioxidants.

Electrochemical study of 1,1-diphenyl-2-picryl-hydrazyl (DPPHe¢) scavenging activity

The remaining redox activity of the DPPHe radical following the interaction with an
antioxidant [8] is determined electrochemically after their incubation for 45 minutes.

Figure 5.A reports the electrochemical study of initial electrooxidation of DPPHe. (black
line) and piperine (blue line) compared to remaining peaks after their incubation in HCIO, (red
line). The decrease of all the peaks after mixture incubation indicates the partial consumption of
DPPHe.
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Figure 5. (4) Cyclic voltammetry of 0.5 mM DPPH* (black), 0.5 mM piperine (blue) and the mixture: 0.5
mM DPPH* + 0.5 mM piperine (ved). (B) Cyclic voltammetry of 0.5 mM DPPH« (black) and of the
mixture: 0.5 mM DPPHe* + 0.25 mM piperine (blue); 0.5 mM DPPH< + 0.5 mM piperine (ved) and 0.5
mM DPPH+ + 1 mM piperine (green).

Figure 5.B supports this finding by showing how the oxidation peak of DPPHe decreases
for higher concentrations of piperine, as the radical is progressively involved in the reaction with
the piperine.

The DPPH method was also used to evaluate the antioxidant activity of capsaicin. Figure
6.A shows the well-defined peaks of DPPHe (black line) and capsaicin (blue line) compared to
the response obtained for their mixture after incubation for 45 minutes (red line). Capsaicin

shows very well defined redox peaks, which are significantly reduced after incubation with



DPPHe, accompanied by the complete disappearance of DPPHe peaks, as a results of the radical-

scavenging process.
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Figure 6. (4) Cyclic voltammetry of 0.5 mM DPPH* (black), 0.5 mM capsaicin (blue) and the mixture:
0.5 mM DPPHe + 0.5 mM capsaicin (red. (B) Cyclic voltammetry of 0.5 mM DPPH* (black) and the
mixture: 0.5 mM DPPHe* + 0.25 mM capsaicin (blue); 0.5 mM DPPHe* + 0.5 mM capsaicin (red) and 0.5
mM DPPH+* + 1 mM capsaicin (green).

As in the case of piperine, the variation of the DPPHe peak was studied for several
concentrations of capsaicin. In the image inserted in figure 6.B, it can be seen how DPPH-
oxidation takes place at lower potential values, and the height of the peak is influenced by the
concentration of capsaicin.

To confirm the effect of the studied antioxidants (piperine and capsaicin) on DPPHe, the
same test was performed under similar conditions using the control antioxidants (ascorbic acid,
protocatechuic acid — figure 7. A and B). It was found that in all the cases the oxidation peak of
DPPHe decreases or even disappears after incubation with the antioxidant, and the DPPHe

radical scavenging activity is related to the nature and structure of phenolics compounds.
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Figura 7. Cyclic voltammetry of 0.5 mM DPPH-* (black), 0.5 mM antioxidant (blue) and the
mixture 0.5 mM DPPH* + 0.5 mM antioxidant (red; figure (A) for ascorbic acid and (B) for
protocatechuic acid, in 0.1 M HCIO,.

In this experiment, it was shown that even molecules that do not contain hydroxyl groups
(piperine) possess the ability to neutralize free radicals, depending on their structure and the

arrangement of double bonds [9].

Electrochemical study of 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPOQO) scavenging
activity

The electrochemical investigation into the ability of piperine and the control antioxidants
to neutralize the TEMPO radical was studied in 0.1 M HCIO, aqueous solutions, using the

differential pulse voltammetry (DPV) technique.

E/V E/V
-7.00E-05 T T T T -7.00E-05 T T r T
-0.2 V] 0.2 0.4 0.6 -0.2 o 0.2 0.4 0.6
-8.00E-05 | -8.00E-05 -
-9.00E-05 - <« “9-00E-05 -
<< -~
N =
-1.00E-04 - -1.00E-04 -
-1.10E-04 -1.10E-04 -
-1.20E-04 -1.20E-04

Figure 8. (A) DPV for 2 mM TEMPO after incubation with 0 mM (a), 0.25 mM (b), 0.5 mM (c)
and 1 mM piperine (d); (B) DPV for 2 mM TEMPO after incubation with 0 mM (a), 0.25 mM (b), 0.5 mM
(c) and 1 mM ascorbic acid (d).



With the DPV technique, the antioxidant effectiveness of piperine can be evaluated by its
ability to scavenge the free radical species and figure 8.A shows the DPV of 2 mM TEMPO (line
a) and after incubation with different concentrations of piperine (lines b, ¢ and d). The anodic
peak of TEMPO decreases when increasing the concentration of piperine [10-12]. Similar effect
was obtained with the control antioxidants when incubated with TEMPO and figure 8.B shows
the comparable case of ascorbic acid: the higher the concentration of ascorbic acid, the smaller
the TEMPO peak.

Measurements with TEMPO revealed that piperine might possess the same antioxidant
properties similar to the control studied antioxidants. The results proved consistent with those
provided by DPPH method.

Electrochemical reduction of the ferric ion (Fe**)

Based on the electrochemical behavior of the studied compounds, this chapter proposes
to monitor the interactions between the Fe** ion and an antioxidant using cyclic voltammetry, in
order to follow the possible changes of the redox peaks specific to the Fe**/Fe?* transition [13].

Figure 9.A shows the individual voltammograms of each reactant: Ks;Fe(CN)g - black line
and piperine - blue line, compared to the response obtained for their mixture - red line. When the
mixture is evaluated, a decrease of redox peaks typical for Fe**/Fe** process is noticed, due to
the interaction with piperine and thus suggesting the reducing capacity of piperine. Meantime,
piperine is partially oxidized during the interaction with Fe®*, and consequently, its

electrochemical oxidation is slower as indicated by the shift of anodic peaks to higher potentials.
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Figure 9. (A) Cyclic voltammetry of 0.5 mM KsFe(CN)g (black), 0.5 mM piperine (blue) and the mixture
of 0.5 mM K3Fe(CN)e + 0.5 mM piperine (red);. (B) Cyclic voltammetry of 0.5 mM Ks;Fe(CN)s (black),
0.5 mM tyrosine (blue) and mixture 0.5 mM K3Fe(CN)g + 0.5 mM tyrosine (red);



The same behavior on Fe**/Fe** transfer was also observed for the tested control
antioxidants. The case of tyrosine is shown for comparison (figure 9.B). The effect of tyrosine is
similar to that of piperine, demonstrating its ability to reduce the Fe®* ion, respectively their
antioxidant activity.

Electrochemical reduction of hydrogen peroxide

Anodic oxidation of hydrogen peroxide is widely used for studying the reactivity of
molecules, evaluating the antioxidant capacity of different compounds, investigating oxidative
effects on biomolecules, etc. [14-16]. Figure 10.A shows the CV curves obtained for an initial
concentration of the OHe radical (line a) and after the addition of different concentrations of
piperine (lines b, ¢, d and e). The addition of the antioxidant causes decrese of the H,O, anodic
peak, suggesting a decrease of its concentration due to the interaction with the antioxidant and
the decrease is proportional with the antioxidant concentration.

Figure 10.B shows the curves of the OHe radical after the addition of different
concentrations of capsaicin. The obtained results indicate the same consumption of H,O, by
capsaicin. The same effect was also observed for syringic acid used as a control (figure 10.C),

demonstrating the antioxidant capacity of the studied compounds.
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Figure 10. Cyclic voltammetry for 5 mM H,0, (a) and different concentrations of (A) piperine, (B)
capsaicin and (C) syringic acid: 0.125 mM (b), 0.25 mM (c), 0.375 mM (d) and 0.75 mM (e), in 0.1 M
KCI.

I11.3. Comparative electrodeposition of gold nanoparticles on two-dimensional

materials. Applications for nitrite detection.

This chapter presents a comparative analysis of Au nanoparticles electrodeposited on
different 2D materials used as substrates (Gr and MoS,) or co-deposited with the metallic 2D
material MoS,. The electrocatalytic activity of the gold nanoparticles obtained in these
configurations was evaluated against the oxidation of nitrite (NO, ) in order to obtain a sensitive

electrochemical sensor for the determination of this analyte.

Electrodeposition of AuUNPs on different 2D materials

AUNPs electrodeposition on different 2D materials was performed by Cyclic
Voltammetry (figure 11). This involves the formation of nuclei through the direct reduction of
metal cations at the electrode’s surface from an electrolyte solution by applying an appropriate
potential and the growth of particles on the surface of the formed nuclei, controlling the time and
the applied potential. In the inset figure from figure 11, we can see the reduction peaks
characteristic of the reduction process of gold ions (Au®*") to metallic gold (Au®) according to
reaction R1 [17, 18]. These cathodic peaks appear in the potential range between 0.39 V - 0.47
V, depending on the nature of the material used as a substrate on the electrode.

AuCl, (aq) + 3" > Au(s) + 4CI (R1)
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Figure 11. Cyclic voltammetry for 10 mM HAuCl, on different substrates: unmodified SPE (yellow line),
Gr/SPE (black line), MoS,/SPE (blue line), co-deposition of HAuCl, 10 mM +MoS; 2 mg/mL (red line).

In the case of AuNPs co-deposition with MoS;, the presence of MoS, lamellae in the
electrolyte solution provides a larger contact surface with Au®* ions, facilitating the nucleation

process [19, 20]. The modified electrodes resulting from the three configurations were denoted:

AUNPs/Gr/SPE, AuNPs/MoS,/SPE and MoS,-AuNPs/SPE.

Morphological characterization of the modified electrodes
Figure 12 compares the SEM image of the unmodified SPE gold electrode (figure 12.A)

and the image of the electrode with AuNPs electrodeposited directly on it (figure 12.B), used as a

control.
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Figure 12. SEM images for A) bare SPE and B) AUNPs/SPE electrode.

Figure 13.A, B and C highlight the presence of lamellar layered structures of MoS, and
respectively, of graphene, with varying sizes from tens of nanometers to several micrometers,



which are stacked together increasing the porosity of the surfaces. These layered structures
provide a larger surface area with more favorable sites for the nucleation and growth of gold

nanoparticles.
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Figure 13. SEM images for the electrode A) AuUNPs/Gr/SPE, B) AUNPs/MoS,/S
AuNPs/SPE.

The SEM analysis highlights the efficiency of the electrodeposition process and the
preference of gold nucleation and growth for certain attachment sites.

Electrochemical characterization of AuNPs electrodeposited on different substrates
The electrochemical activity of AuNPs electrodeposited in the three configurations denoted:

AUNPs/Gr/SPE, AuUNPs/MoS,/SPE and MoS,-AuNPs/SPE, was evaluated using cyclic
voltammetry in 0.1 M H,SO, electrolyte and compared with the activity of AuNPs
electrodeposited directly on the unmodified gold electrode (SPE), used as a control (figure 14).
The voltammograms show the anodic peaks specific to the oxidation process of electrodeposited
gold nanoparticles according to reactions (R 2) and (R 3) ref [21-23]:

Au-(HyO)a9s —>Au-OH+H" +¢° R2)

Au-OH —> Au=O+H'+¢ (R3)
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Figure 14. The voltammetric response of AUNPS/SPE (yellow line), AUNPS/Gr/SPE (black line),
AUNPs/MoS,/SPE (blue line) and MoS,-AuNPs/SPE (red line) in 0.1 M H,SO,.

The differences in the height of the anodic peaks indicate an enhanced electronic transfer in
the case of gold nanoparticles co-deposited with MoS; (MoS,-AuNPs/SPE) compared to gold
nanoparticles electrodeposited on Gr or MoS,, due to a larger number of gold particles co-

deposited with MoS, on the electrode surface, a result also confirmed by the SEM images.

Oxidation of nitrites using the electrodes resulting from the electrodeposition of AUNPs on
different substrates

The electrocatalytic activity of the chemically modified electrodes obtained
(AUNPs/Gr/SPE, AuNPs/MoS,/SPE and MoS,-AuNPs/SPE) was studied by cyclic voltammetry
against nitrite oxidation. Figure 15 shows the recorded voltammograms for 0.2 mM NaNO,
solution in 0.1 M H,SO, using the three configurations for modified electrode and compared to
the response obtained on the 2D material-free gold particle electrode (AuNPs/SPE) used as

control.
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Figure 15. The voltammetric response for 0.2 mM NaNO, at chemically modified electrodes: AUNPs/SPE
(yellow line), AUNPs/Gr/SPE (black line), AUNPs/MoS,/SPE (blue line) and MoS,-AuNPs/SPE (red line)
in 0.1 M H,SO,.

The electrocatalytic activity of gold nanoparticles co-deposited with MoS; is superior
compared to that of AuNPs electrodeposited either on the unmodified electrode or on the 2D
materials (Gr and MoS,), which is in agreement with previous data demosntrationg a higher
number of AuUNP when codeposited with MoS,. Therefore, only the MoS,-AuNPs/SPE
configuration was further used to optimize the electrocatalytic detection of nitrite in order to

develop a sensitive electrochemical sensor.

Optimization of nitrite detection - Influence of the applied potential

The influence of the applied potential was studied on MoS,-AuNPs/SPE in order to
improve the performance of the sensor, aiming to achieve a great sensitivity in the determination
of nitrite. To investigate this relationship, we conducted a study where four different values of
the applied potential (0.5; 0.6; 0.7 and 0.8 V) have been tested and the obtained oxidation current
for a certain nitrite concentration was recorded. According to the obtained results, the signal
recorded for 0.1 mM nitrite increases proportionally with the increase of the applied potential
value until reaching the threshold of 0.7 V, after which at a higher potential (0.8 V) the recorded
signal decreases. Therefore the potential of 0.7 V was used as the optimum applied potential in

the following experiments.



Optimization of nitrate detection - Influence of acid concentration

Using the optimal applied potential of 0.7 V, we investigated the influence of H,SO,
concentration on the electrochemical oxidation reaction of nitrite (NO;) on the MoS,-
AUNPs/SPE electrode. The amperometric response obtained for the oxidation of 0.1 mM nitrite
was recorded using different concentrations of the acid used as electrolyte. It was observed that
the analytical signal increases with the concentration of the electrolyte up to 0.25 M. Therefore,
this concentration of sulfuric acid was used in the following experiments for the electrochemical

determination of nitrite.

Calibration curve

To evaluate the analytical performance of electrodes chemically modified with AuNPs
and 2D materials for the determination of nitrite, their calibration was performed by
amperometry, measuring the analytical signal (current) for successive additions of nitrite (NO3)
in a 0.25 M H,SO, solution, applying a constant potential of 0.7 V, under continuous stirring.
Figure 16.A shows the nitrite oxidation current recorded over time for the MoS,-AuNPs/SPE
electrode (curve b) and compared with the signal recorded for AUNPS/SPE (curve a) used as a
control. In both cases, for each addition of nitrite in the electrochemical cell, the oxidation

current increases rapidly in 2-3 seconds until it reaches a stable value.
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Figure 16. (A) Amperometric response for successive additions of nitrite, applied potential 0.7 V. (B)
Calibration curve: a) AUNPS/SPE si b) MoS,-AuNPs/SPE.



Table 3. Analytical parameters for the determination of nitrite extracted from the calibration

curves.
The chemically Linear Range Sensitivity Limit of
modified electrode (uM) (LA/uM) detection (uM)
AUNPs/SPE 20-1300 0,071 0,34
MoS,-AuNPs/SPE 0,5-600 0,131 0,16
Interferences

In order to evaluate the selectivity of the MoS,-AuNPs/SPE electrode to nitrite, several
substances that commonly coexist with nitrite ion (NO3) in real samples and could possibly be
oxidized at the applied potential for nitrite detection have been tested, such as KCI, MgCQOs,
CaCl,, NaNO3, MgSO,, glucose, and NaCl. It was experimentally demonstrated that the changes
caused by the addition of these interferents are negligible, indicating a highly selective detection
of NaNO; using the optimized MoS,-AuNPs/SPE electrodes.



IV. GENERAL CONCLUSIONS

The results obtained in the framework of doctoral thesis "Electrochemical sensors with
biomedical applications™ lead to a series of general conclusions, summing up data from each
chapter of the personal contributions, as follows:

Chapter 111.1 Electrochemical determination of Cholesterol

In this chapter, electrochemical techniques combined with the Liebermann-Buchard
reaction were explored as an innovative and simple approach for the quantitative determination
of cholesterol, with high sensitivity and selectivity. The developed electrochemical method
represented a reliable and robust alternative to conventional colorimetric or chromatographic
methods, which are more expensive and require specialized personnel.

To enhance the efficiency of cholesterol oxidation through electrochemical methods, a
comprehensive assessment of reaction mechanisms, optimal applied potential, acid volume, and
possible interferences was conducted within the conditions of Liebermann-Burchard mixture.
The developed method is sensitive and selective, demonstrating that other biological compounds
do not interfere in the cholesterol response and shows good reproducibility. The optimized
method was successfully applied in determining the cholesterol content in real samples, and
validated with results obtained by a certified spectrophotometric method.

Chapter 111.2 Analysis of antioxidants using electrochemical techniques

In this chapter, the applicability of electrochemical technigques to evaluate the antioxidant
properties of piperine and capsaicin was explored. The study showed that electrochemical
methods, in combination with free radical neutralization tests, can be used to evaluate the redox
behavior and possible antioxidant properties of these compounds. Comparing the redox behavior
of piperine and capsaicin with that of some known control antioxidants, the obtained results
attest the fact that both piperine and capsaicin can function as antioxidants.

The experiments carried out in order to investigate the possible antioxidant properties of
the studied compounds, led to a series of conclusions that highlight several determining factors
for the antioxidant activity: (i) the configuration and the total number of hydroxyl groups; (ii)
redox potential and electron transfer capacity; (iii) the presence or absence of an unsaturated
bond. The obtained results also revealed that the number of phenolic -OH groups present in the



structure of the molecule is not the only factor influencing the antioxidant activity. Piperine,
although does not have -OH groups in its structure, shows a similar activity to the antioxidants
already known and used as references in this study. The position of the phenolic -OH groups and
the presence of other functional groups, such as double bonds and conjugations, also play a
significant role in determining antioxidant activity.

Chapter 1V.3 Comparative electrodeposition of gold nanoparticles on two-
dimensional materials. Applications for nitrite detection.

In this chapter, a comparative analysis of gold nanoparticles electrodeposited on two
different 2D materials (Gr and MoS;) was carried out using two working protocols. Through the
electrodeposition of AuNPs on Gr and MoS; and co-deposition of AuNPs with the 2D metallic
material MoS,, obtaining three electrode configurations denoted: AuNPs/Gr/SPE,
AUNPs/MoS,/SPE and MoS,-AuNPs/SPE.

Electrodeposition of gold nanoparticles in the 3 configurations was successfully achieved
using cyclic voltammetry. Al the resulting voltammograms show the reduction peaks
characteristic for the nucleation process = the transformation of gold ions (Au**) into metallic
gold (Au®). Moreover the differences between the potential of these peaks highlighted the
influence given by the nature of the material deposited as a substrate on the electrode.

The morphological and electrochemical analysis demonstrated the efficiency of the
electrodeposition process and the preference of AuNPs for certain attachment sites depending on
the nature of the material used as a substrate and the deposition method used.

The resulting chemically modified electrodes were tested for nitrite oxidation. The
oxidation peak of nitrite appears at a low potential, approximately 0.5 V. The electrocatalytic
activity of gold nanoparticles co-deposited with MoS, is superior compared to that of gold
nanoparticles deposited either on the bare electrode or on 2D materials (Gr and MoS,) used as
substrate. As a result, only this configuration (MoS,-AuNPs /SPE) was optimized regarding the
development of a sensitive and selective electrochemical sensor for the determination of nitrite.

The developed electrochemical sensor is sensitive enough to determine small
concentrations of nitrite and selective enough, demonstrating that other biological compounds do

not interfere in the nitrite response.
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