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Abstract

Pedrozo Pefiafiel, Marlin Jeannette; Aucélio, Ricardo Queiroz (advisor).
Development of electro-analytical methods using sensors modified
with nanomaterials for determination of primaquine, INHHQ,
thiomersal and creatinine. Rio de Janeiro, 2020. 169p. Tese de
Doutorado- Departamento de Quimica, Pontificia Universidade Catolica
do Rio de Janeiro.

The goal of this work was the development of electro-analytical methods
using electrodes modified with carbon-based nanomaterials for determination of
analytes of biological (creatinine) and pharmacological interest (primaquine,

INHHQ, thiomersal).

The determination of primaquine (antimalarial) and INHHQ (potential drug
for treatment of neurodegenerative diseases) was proposed using glassy carbon
(GC) electrode modified with multi-walled carbon nanotubes (MWCNTS) that
promoted significant improvement in faradaic current and better peak resolution
obtained using square-wave voltammetry (SWV) in Britton-Robinson (BR) buffer
0.02 mol L%; pH 7.00 and KCI (0.25 mol L1). Although several methods to quantify
primaquine are reported, many of these depend on procedure considered complex
and laborious, therefore, the proposed GC modification using MWCNTS is
comparatively easy, leading to a robust modification that produce repetitive results
also providing amplification of the electrochemical signal due to the increased
active area and improved electron-transfer rate. The GC/MWCNTSs also provided,
when working on a proper pH, higher resolution in detecting the different

electrochemical steps involved in the redox process of primaquine. The electrode
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enabled limit of detection (LOD) of 28 nmol L for primaquine and, when
associated with a simple developed procedure, relying of liquid-liquid extraction
(LLE) and thin-layer chromatography (TLC), it was achieved the selectivity and
the capability to determine the lower levels expected in urine samples. In the case
of INHHQ, a method for quantification by SWV was reported for the first time. In
addition to the use of GC/MWCNTSs electrode, a previous TLC procedure, enabled
the selectivity required to determine INHHQ in brain tissue from Wistar rats. The
LOD was 0.85 pmol L and the linear dynamic range covered two orders of

magnitude (10 to 10° mol L?).

Graphene quantum dots (GQDs) was chosen to chemically modify
electrodes used to determine thiomersal and creatinine. GQDs are nanometric
fragments of graphene (present in dispersions as monolayer, few layer or
multilayer) where electron transport is confined in their dimensions. GQDs are
carbon-based structure that are bio-compatible and present low toxicity. The
research presents a new approach for the determination of thimerosal (preservative
in vaccines and cosmetics) in influenza vaccines using GQDs as a modifier of the
GC electrode and exploring the synergistic effect between GQDs, visible radiation
and the applied potential difference. This system promotes thiomersal oxidation,
producing a significant increase in response (Hg/Hg?" redox pair) in terms of
current intensity using SWV and BR buffer (0.02 mol L*; pH 4.00 with KCl at 0.25
mol L1). The LOD was 0.85 pmol L™ with linear dynamic range covering three
orders of magnitude (10 to 10 mol L1). For creatinine, a biomarker for the renal
dysfunction, a GQDs-copper composite was used to modify a gold electrode.
Determination of creatinine was made using SWV (BR buffer 0.02 mol L; pH 4.00

with KCI at 0.25 mol L™). The method relied on the decreasing of the Cu?*/Cu
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oxidation peak in the presence of creatinine, enabling LOD of 50 nmol L* and
linear dynamic range covering three orders of magnitude (10 to 10 mol L?). The
SWV response of creatinine was attributed to the formation of creatinine-Cu?*
complex being reasonably selective towards this analyte. All procedures developed
by voltammetry were adequately compared with reference methods, being

statistically compatible.

Keywords

Voltammetry; Eletrochemical sensors; Graphene quantum dots; Carbon

nanotubes; Drugs.
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Resumo

Pedrozo Pefafiel, Marlin Jeannette; Aucélio, Ricardo Queiroz.
Desenvolvimento de métodos eletro-analiticos usando sensores
modificados com nanomateriais para determinacdo de primaquina,
INHHQ, tiomersal e creatinina. Rio de Janeiro, 2020. 169p. Tese de
Doutorado, Departamento de Quimica, Pontificia Universidade Catolica do
Rio de Janeiro.

O objetivo deste trabalho foi o desenvolvimento de métodos eletro-
analiticos utilizando eletrodos modificados com nanomateriais a base de carbono
para determinacdo de analitos de interesse bioldgico (creatinina) e farmacoldgico

(primaquina, INHHQ, tiomersal).

A determinacdo de primaquina (antimalarico) e de INHHQ (potencial
medicamento para o tratamento de doencas neurodegenerativas) foi proposta
usando eletrodo de carbono vitreo (GC) modificado com nanotubos de carbono de
paredes multiplas (MWCNTSs) o qual promoveu uma melhora significativa na
corrente faradaica e na resolugdo de pico obtida usando voltametria de onda
quadrada (SWV) em tamp&o Britton-Robinson (BR) 0.02 mol L; pH 7.00 e KCI
(0.25 mol L1). Embora varios métodos para quantificar primaquina estejam
reportados, muitos deles dependem de procedimentos considerados complexos e
trabalhosos, portanto, a modificagdo proposta de GC usando MWCNTs é
comparativamente fécil, levando a uma modificacdo robusta que produz resultados
repetitivos, fornecendo também amplificagdo do sinal eletroquimico devido a area
ativa aumentada e a taxa de transferéncia eletrénica aprimorada. Os GC/MWCNTSs
tambeém forneceram, ao trabalhar em um pH adequado, maior resolucéo na detecgdo

das diferentes etapas eletroquimicas envolvidas no processo redox da primaquina.
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O eletrodo permitiu o limite de detec¢do (LOD) de 28 nmol L para a primaquina
e, quando associado a um procedimento simples baseado na extracdo liquido-
liquido (LLE) e cromatografia em camada fina (TLC), foi alcancada a seletividade
e a capacidade de determinar os niveis mais baixos esperados em amostras de urina.
No caso do INHHQ, um método para quantificacdo por SWV foi relatado pela
primeira vez. Além do uso do eletrodo GC/MWCNTSs um prévio procedimento de
TLC, permitiu a seletividade necessaria para determinar o INHHQ no tecido
cerebral de ratos Wistar. O LOD foi de 0.85 umol L e a faixa dindmica linear

cobriu duas ordens de magnitude (10 a 10°> mol L™Y).

Os pontos quanticos de grafeno (GQDs) foram escolhidos para modificar
guimicamente os eletrodos utilizados para determinar tiomersal e creatinina. GQDs
sdo fragmentos nanométricos de grafeno (presentes em dispersbes como
monocamada, poucas camadas ou multicamadas) onde o transporte de elétrons é
confinado em suas dimens6es. GQDs sdo estruturas baseadas em carbono que séo
biocompativeis e apresentam baixa toxicidade. A pesquisa apresenta uma nova
abordagem para a determinacdo de tiomersal (conservante em vacinas e
cosméticos) em vacinas contra influenza usando GQDs como modificador do
eletrodo de GC e explorando o efeito sinérgico entre GQDs, radiacdo visivel e a
diferenca de potencial aplicado. Este sistema promove a oxidacdo do tiomersal,
produzindo um aumento significativo na resposta (par redox Hg/Hg?*) em termos
de intensidade de corrente usando SWV e tampdo BR (0.02 mol L*; pH 4.00 com
KCl a 0.25 mol L). O LOD foi de 0.85 umol L e a faixa dindmica linear cobriu
trés ordens de grandeza (10 a 10* mol L). Para a creatinina (um biomarcador
para a disfuncéo renal), um composto de GQDs-cobre foi usado para modificar um

eletrodo de ouro. A determinagdo da creatinina foi realizada utilizando SWV
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(tamp&o BR 0.02 mol L%; pH 4.00 com KCl a 0.25 mol L). O método contou com
a diminuic&o do pico de oxidagdo Cu/Cu?" na presenca de creatinina, permitindo
LOD de 50 nmol L e faixa dinamica linear, cobrindo trés ordens de magnitude
(10 a 10* mol L™). A resposta SWV da creatinina foi atribuida & formagio do
complexo creatinina-Cu?*, sendo razoavelmente seletiva em relagio a este analito.
Todos os procedimentos desenvolvidos por voltametria foram adequadamente

comparados com métodos de referéncia, sendo estatisticamente compativeis.

Palavras-chave

Voltametria; Sensores eletroquimicos; Pontos quanticos de grafeno;

Nanotubos de carbono; Farmacos.
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at pH 11 and 100 mV s? scan rate. (C) TLC Rr values of
INHHQ and related compounds.

Figure 6.1.Thiomersal structure (sodium
ethylmercurithiosalicylate).

Figure 6.2. (A) Photoluminescence spectrum emission
GQDs in aqueous dispersion (excitation at 357 nm). (B)
Raman spectra of GQDs. (C) Scanning transmission
electronic microscopy image of GQDs. (D) Size distribution
of GQDs in aqueous dispersion obtained by DLS with insert
showing é&-potential of GQDs in aqueous dispersion in
function of pH.

Figure 6.3. Cyclic voltammograms of thiomersal (at 3.5 x 10
4 mol L) using a) GC/GQDs electrode and bare b) GC
electrode: Peak 1 at +189 mV; peak 2 at +1004 mV; peak 3
at —33 mV. BR buffer pH 4.0 (0.02 mol L1; KCI 0.25 mol L)
and 100 mV s scan rate.

Figure 6.4. Cyclic voltammogram of the blank solution using
the GC/GQDs electrode. BR buffer (0.02 mol LY; pH 4.0 in
KCI 0.25 mol L't) and 100 mV st scan rate.
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Figure 6.5. (A) Mechanism oxidation of thiomersal reported
by da Silva et al. [113] (B) Redox process concerning
ethylmercury

Figure 6.6. Cyclic voltammograms using GC/GQDs
electrode. (A) Hg?* (2 x 10 mol L. (B) Thiosalicylic acid
(3 x 10 mol L?). (C) Dithiobenzoic acid (3 x 10 mol L?).
BR buffer pH 4.0 (0.02 mol L1; KCI 0.25 mol L'*) and 100 mV
s scan rate.

Figure 6.7. (A) Contact angle image of the surface of glassy
carbon electrode modified with GQDs dispersed in water and
in 1,4-dioxane. (B) Histogram of the electrochemical
response of thiomersal (n = 4) using GC electrode modified
with GQDs obtained by hydro-exfoliation in water and then
dispersed in either 1,4-dioxane and in water. (C) Peak
current (at +189 mV) in function of the amount of GQDs,
produced by hydro-exfoliation of different masses of citric
acid, deposited onto the GC. (D) Cyclic voltammograms of
thiomersal at different pH. a) pH 2, Ep = +184.1 mV, b) pH 3,
Ep = +184.3 mV, c) pH 4, Ep = +189.0 mV, d) pH 5, Ep =
+177.1 mV, e) pH 6, Ep = +175.6 mV, f) pH 7, Ep = +174.3
mV, g) pH 8, Ep = +169.8 mV, h) pH 9, Ep = +169.4 mV, i) pH
10, no signal. BR buffer 0.02 mol L-Y/KCI 0.25 mol L* (scan
rate at 100 mV s?).

Figure 6.8. (A) Cyclic voltammograms of thiomersal (at 2 x
104 mol L 1) using the GC/GQDs electrode at different scan
rates (10 to 900 mV s™). (B) peak current (Ip) in function of
square root of the scan rate (v2) with R? = 0.990. (C) Cyclic
voltammogram of thiomersal performed within the limited
potential range between —200 and +600 mV. (D) Ip1/lps3 ratio
in function of the scanning rate for the redox pair (peak 1 and
3) obtained in CV. Experiments made with BR buffer pH 4.0
(0.02 mol LY/ KCI 0.25 mol L),

Figure 6.9. SWV response from thiomersal (2 x 10 mol L -
1) using GC/GQDs electrode. (A) Measurements made (a)
in the dark and (b) under exposition to visible radiation. (B)
Measurements made (@) in the dark, (b) in the dark after 20
cyclic voltammetric cycles and (c) under exposition to visible
radiation after 20 cyclic voltammetric cycles. (C)
Comparative of analytical signals obtained by SWV using
different experimental conditions. BR Buffer 0.02 mol L (pH
4.0) with KCI 0.25 mol L*; SWV scanning rate at 100 mV st
and CV cycles at 100 mV s from +300 mV.

Figure 6.10. Square-wave voltammetric signal measured
under sample irradiation using different number of previous
voltammetric cycles.
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Figure 6.11. Absorption time profiles and concentrations of
measured mercury cold vapor obtained from solutions added
to the reaction cell (SnCl2 20 %) coupled to the cold vapor-
AAS system: a) BR buffer solution (7 ng L); b) thiomersal in
BR buffer solution (12 ng L?); c) thiomersal in BR buffer
solution after voltammetric cycles and SWV using bare GC
electrode (17 ng L1); d) thiomersal in buffer solution after
voltammetric cycles and SWV using GC/GQDs electrode in
the dark (58 ng L1); e) thiomersal in buffer solution after
voltammetric cycles and SWV using GC/GQDs electrode
and exposition to visible radiation (112 ng L™1).

Figure 6.12. (A) SWV of thiomersal using GC/GQDs
electrode: a) 0, b) 4x106, ¢) 8x10F, d) 1.2x10°®, e) 1.6x10°5,
f) 2x10°, g) 2.4x10°, h) 2.8x107, i) 3.2x10° mol L%, and (B)
analytical curve: lp = (6.47+ 0.23) x10° Cihiomersal + (11.1 *
4.4) (R?=0.991).

Figure 7.1. Creatinine structure (2-Amino-1-methyl-5H-
imidazol-4-one).

Figure 7.2. (A) Photoluminescence emission GQDs and
GQDs-Cu (excitation at 337 nm). (B) Raman spectra of
GQDs and GQDs-Cu. (C) STEM image of GQDs, (D) STEM
image of GQDs-Cu. (E) Size distribution obtained by DLS for
GQDs and {-potential of GQDs in function of pH. (F) Size
distribution obtained by GQDs-Cu and -potential of GQDs-
Cu in function of pH.

Figure 7.3. (A) XPS general survey spectra of GQDs-Cu. (B)
High resolution C 1s peaks with a and b corresponding to C-
C sp? e sp®, and COOH groups, respectively. (C) High
resolution Cu 2p peaks with profile corresponding to
copper(l) oxide or Cu metal.

Figure 7.4. Cyclic voltammograms using Au/Nafion-GQDs-
Cu electrode for a solution without creatinine (grey) and with
creatinine (black). Experimental conditions: BR buffer (0.02
mol L'Y; pH 4.0 in KCI 0.25 mol Lt) and 100 mV st scan rate.
Creatinine at 4 x 10°° mol L .

Figure 7.5. Cyclic voltammograms using the Au/Nafion-
GQDs-Cu electrode and sequential additions of creatinine.
(a) blank, (b) creatinine addition. Experimental conditions:
BR buffer (0.02 mol L%; pH 4.0 in KCI 0.25 mol L't) and 100
mV s scan rate.

Figure 7.6. (A) Cyclic voltammograms using the Au/Nafion-
GQDs-Cu electrode and sequential additions of creatinine.
(a) blank, (b) creatinine addition. (B) Study of proportion of
Nafion: GQDs-Cu dispersion. Experimental conditions: BR
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buffer (0.02 mol Lt; pH 4.0 in KCI 0.25 mol L) and 100 mV
s scan rate.

Figure 7.7. (A) Cyclic voltammograms of creatinine at
different scan rates (10 to 800 mV s*), using Au/Nafion-
GQDs-Cu electrode. Experimental conditions: BR Buffer pH
4.0; 0.02 mol L in KCI 0.25 mol L1, Solution containing 4 x
10° mol L * of creatinine. (B) Peak current (I,) measured at
Ep = +350 mV in function of the scan rate.

Figure 7.8. Voltammetric responses using SWV) and the
Au/Nafion-GQDs-Cu electrode. (A) without addition of
creatinine at different pH values. (B) at pH 3 without (a) and
with (b) creatinine. (C) at pH 4 without (a) and with (b)
creatinine. (D) at pH 5 without (a) and with (b) creatinine. (E)
at pH 6 without (a) and with (b) creatinine. (F) at pH 7 without
(a) and with (b) creatinine. BR Buffer 0.02 mol Lt with KCI
0.25 mol L with creatinine addition (4 x 10° ml L1).

Figure 7.9. Effect of Nafion-GQDs-Cu on the Au electrode
surface in terms of the relative current produced in absence
and in the presence of creatinine. Experimental conditions:
BR Buffer pH 4.0; 0.02 mol L* in KCI 0.25 mol L.

Figure 7.10. (A) Square-wave voltammetric responses of
creatinine using Au/Nafion-GQDs-Cu electrode (peak
current at Ep = +415 mV). (B) Blank (in grey) and linear
responses for creatinine (in black): (a) Lower concentration
range (5 x 10® to 1 x 10® mol L* ) and (b) higher
concentration range (5 x 10° to 4.5 x 10 mol L?) with
|p0/|p(cre) = (656 + 016) X 103 Ccreatinine + (148 + 003) and RZ
= 0.990. Experimental conditions: BR Buffer pH 4.0; 0.02
mol Lt in KCI 0.25 mol L.
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1
Introduction

1.1
Contextualization of work

Considering the great versatility, sensitivity, and precision provided by
electrochemical techniques, the development of methods based on voltammetry is
attractive for the pharmaceutical and biomedical areas. The choice of the sensor is
fundamental to enable a sensitive analytical response, reproduction of measured

signals and selective response in function of the applied potential.

Nanomaterials have become essential in designing electrochemical sensors
because of their electrocatalytic properties, large surface area, and high-speed
electron transport. The development of electro-analytical methods using sensors
modified with nanomaterials may provide advantages to analytical detection when
compared to traditional electrodes and chemical modified electrodes. Carbon-based
nanomaterials, such as carbon nanotubes (CNTs) and graphene quantum dots
(GQDs), show remarkable properties after functionalization or as composites, being

flexible to design sensors for specific applications.

Primaquine is a drug used to treat malaria caused by Plasmodium vivax and
Plasmodium ovale (parasitic single-celled microorganisms). This drug may be also
used to treat Pneumocystis pneumonia that often affects people with HIV.

Primaquine is prescribed with care because of its strong side effects. Since
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primaquine is photo-chemically unstable, forming a myriad of products, the toxicity

of the drug may be related to some of their photo-derivatives.

INHHQ (8-hydroxyquinoline-2-carboxaldehyde isonicotinoyl hydrazine) is
a potential drug for the treatment of neurodegenerative diseases. Alzheimer’s
patients commonly have developed extracellular senile plaques, composed of
aggregates of the amyloid-£ peptide (Af), and intracellular neurofibrillary tangles,
primarily consisting of hyperphosphorylated tau protein. Some studies indicate that
the interaction of amyloid- £ peptide with metals, such as copper and zinc, may be
involved in the oxidative stress and processes leading to peptide oligomerization
and aggregation because these ions have been found in amyloid plaques. INHHQ
has demonstrated in recent works as it was capable of blocking the interactions of

Zn?* and Cu?* with the Ag protein.

The determination of primaquine and INHHQ was proposed using glassy
carbon electrode (GC) modified with multi-walled carbon nanotubes (MWCNTS)
that promoted significant improvement in faradaic current and better peak
resolution obtained using square-wave voltammetry (SWV). A method for the
quantification of INHHQ by SWV is reported for the first time in this work. On the
other hand, several methods to quantify primaquine are reported, but, many of these
depend on procedure considered complex and laborious, therefore, the proposed
GC modification using MWCNTSs is comparatively easy leading to a robust
modification that produces repetitive results also providing amplification of the
electrochemical signal due to the increased active area and producing in very

sensitive method.
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Thiomersal is an organomercury derivative widely used in topical
pharmaceutical preparations and as a preservative in vaccines and cosmetics.
Thiomersal structure comprises 49.55 % (w/w) of mercury and its degradation
produces thiosalicylic acid, dithiobenzoic acid, and ethylmercury. Despite the fact
that thiomersal is a very effective preservative, its inclusion in vaccines is
controversial as some studies indicate the presence of mercury seriously affects

health.

Creatinine is a decomposition product from creatine phosphate in muscles.
Creatinine is excreted at a relatively constant rate that has been shown to be
proportional to the individual’s muscle mass. It is removed from circulation by
glomerular filtration and excreted in the urine. Creatinine levels in blood and urine
can be used as an important biomarker for the diagnosis of renal, thyroid and muscle

malfunctions.

Graphene quantum dots (GQDs) were chosen to chemically modify
electrodes used to determine thiomersal and creatinine and, in the case of
thiomersal, exploring the synergistic effect between GQDs, visible radiation and
the applied potential difference. The electroanalysis has great advantages such as
easy portability, low costs of implementation and maintenance of the equipment
used and the use of nanomaterials as electrode modifiers leads to low limits of
detection in the range of ug L and ng L, in addition to reducing the cost, the
analysis time and increasing the selectivity of the electro-analytical methods
presented in this work. The present thesis is the first of this research group that

relies on the use of electrochemical sensors based on nanomaterials.
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1.2
Thesis structure

This thesis is structured in eight chapters. In Chapter 1, contextualization
and the objectives of the work are presented. In chapter 2, a bibliographical review
is made to present some of the nanomaterials used as electrode modifiers. In
addition, a short review of theoretical fundaments on the employed electro-

analytical techniques is shown.

Chapter 3 contains detailed information on instrumentation and materials
used in this work and procedures for preparing solutions, MWCNT dispersion,
preparation of graphene quantum dots dispersed in aqueous solutions and
preparation of the modified electrodes. The detailed procedures involving the

development of the analytical methods are also presented.

The results are presented in four chapters (4, 5, 6 and 7) each of them
refering to a work previously published in a scientific journal or a manuscript
submitted for publication. A short introduction on each of the analytes, the full
description of the results and a partial conclusion regarding each chapter is also

presented.

Chapter 4 is referred to the square-wave voltammetry (SWV) determination
of primaquine using MWCNTSs on glassy carbon electrode. In addition, the method

validation and application in fortified urine samples is shown.

In Chapter 5 the results concerning the determination of INHHQ using
MWCNTSs on glassy carbon electrode by SWV is presented. The application of this

method in Wistar rats’ brains fortified with INHHQ also is presented.
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The development of the SWV based analytical method for the determination
of thiomersal in influenza vaccines using GQDs as a modifier of the GC electrode
is presented in the Chapter 6, showing the synergistic effect between GQDs, visible
radiation and the applied potential difference in providing a strong measured signal

to be used for quantitative purposes in vaccine samples.

In Chapter 7 the results concerning the determination by SWV of creatinine
using gold electrode modified with a composite made of Nafion and GQDs

modified with copper is presented, showing their application in urine samples.

In all the chapters referring to results, the studies of optimization of different
experimental conditions, the analytical figures of merit and a study of potential
interferences on the analytical signal also are presented. Finally, in Chapter 8 the

overall conclusion of the thesis is made, as well as directions for future works.

1.3
Objectives

1.3.1
General objective

The proposal of this thesis was the development of voltammetric methods
using sensors modified with nanomaterials (MWCNTs and GQDs) for the

determination of primaquine, INHHQ), thiomersal, and creatinine.
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Specific objectives

Adjust conditions for dispersion of multi-walled carbon
nanotubes (MWCNTS) and for the preparation of graphene
quantum dots (GQDs) and graphene quantum dots functionalized

with copper (GQDs-Cu);

Characterization of the nanomaterials by spectroscopic and

microscopic techniques;

Selection of the base electrode for chemical modification and

evaluate methods of chemical modification of electrodes;

Study conditions that provide adequate electrochemical responses

for the determination of analytes;

Investigate the interaction of the sensors with analytes and the

redox processes;

Adjust instrumental parameters to obtain the best possible

analytical response;

Study of selectivity in terms of possible interferences that may

exist in samples of interest;

Obtain the analytical figures of merit of the developed methods;

Apply the proposed methods in real and/or simulated/fortified

samples to determine the analytes;
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Study strategies to eliminate interferents imposed by sample

matrices;

Compare the performance of the developed methods with

traditional methods reported in the literature.
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2
Theoretical fundaments

2.1
Chemically modified electrodes

An electrochemical sensor contains two major components being one the
recognition element that enables the selective response to a particular analyte or a
group of analytes, thus minimizing interferences from other sample components.
The other main component is the transducer or the detector device that produces a
signal [1]. In this context, the electrode materials play a critical role in the
construction of high-performance electrochemical sensing platforms for detecting

target molecules through various analytical principles [2].

The term Chemically Modified Electrodes (CMEs) was introduced in
electrochemical by Murray et al. in 1975 [3] to designate electrodes with chemically
active species, conveniently immobilized on their surfaces. Such a modification can
alter the reactivity and selectivity of the electrode (substrate), favoring it for various
purposes and applications [2,4] . For instance, CMEs can be used in the detection
of natural markers for the diagnosis of diseases and in the monitoring and control

of drugs [5].

In general, electrodes are evaluated both on their ability to detect the target
in complex media (selectivity), and to detect very small amounts of it (sensitivity).
Thus, to justify the use of CMEs the selectivity and sensitivity of an electro-

analytical method should increase markedly [6].
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The preparation and use of CMEs have expanded considerably helping
electroanalysis to stood out as one of the most active areas in analytical chemistry.
However, CMEs have been used for other non-analytical purposes, including in
electrocatalysis, in membrane permeation, in electroorganic synthesis and in
photoelectrochemistry [7]. The preparation of a CMEs is, ideally, determined by
the desired analytical characteristics of the sensor. The choice of material for the
base electrode, whose surface will undergo modification, is a very important step
in preparing a CMEs and must be suitable for the approach of immobilization.
Conventional materials include gold, platinum, glassy carbon and carbon paste,
being reticulated glassy carbon, carbon fibers, conductive plastic material and

conductive glasses among the less common substrates [6].

The most important methods used for the introduction of a modifying agent
on the base electrode consist of direct irreversible adsorption, covalent bonding to
specific sites on the electrode surface, coating with polymeric films or even the
preparation of electrodes based on carbon paste mixed with a modifier sparingly
soluble in water [8]. Adsorption or chemisorption consists of dissolving the
modifying agent in an appropriate solvent and exposing the electrode surface, in
general by immersion, to this solution. It also involves placing this solution with
the aid of a micro-pipette, on the electrode surface, with subsequent evaporation of
the solvent (creating an ink). Graphite and glassy carbon electrodes are mostly used
for this type of modification [9]. Carbon electrodes have a particular ability to
chemisorb reagents that have extended n-electron systems, such as aromatic organic
compounds. Such adsorption is due to the strong interaction between the basal plane
of the carbon electrode and the w-electron system of the aromatic molecule. The

adsorption technique is widely used, given its simplicity and efficiency in many
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cases. However, it has the disadvantage of producing as much as one monolayer of
the immobilized modifier, which generally limits the linear response range.
Desorption of the modifier in the medium during its use may also occur, resulting

in loss of reproducibility and reduction of the CMEs useful life [8].

Another way to immobilize the modifying agent is through covalent
bonding, in which the modifier is covalently attached to the electrode substrate, for
instance by silanization involving organosilanes and the oxides present on the
electrode surface. Most metallic electrodes, when oxidized in an acid medium, are
covered with a thin layer of oxide that can be silanized and later reacted with
another molecule, containing an appropriate functional group. Silane then acts as a
bridge to fix a specific functional groups to the electrode surface. As the carbon-
based electrodes have functional group containing oxygen, the modification of
carbon-based electrodes is based on manipulating the reactivity of their oxygenated
functional groups, against reagents such as amines, thionyl chloride, organosilanes
and others [9]. Electrodes modified via covalent bond are more stable compared to
those obtained by the other methods, however, such type of modification is more
difficult to make and, as the adsorption modification, it tends to generate one

monolayer of the immobilized modifier [9].

The polymer film coating technique consists on covering the electrode
surface with polymeric films that are conductive or permeable to both the
supporting electrolyte and the species of interest. Unlike the modification by
adsorption or covalent bonding, the modification with polymeric membranes allows
the immobilization of many layers of the active species on the modified surface,

which results in the amplification of the electrochemical response. Polymeric films
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coating has been used in chemically modified electrodes and employed to the
development of sensors to protect the electrode surface from impurities, to block
interferers [10], to immobilize biocomponents [11], to incorporate mediators and to

provide biocompatibility [12].

These polymeric films are classified into four classes: conductive, non-
conductive, ion-exchange and composite membranes. Conductive polymeric films
are used to increase the speed of electron transfer. Non-conductive polymers are
often used for their permesselective characteristics. Generally, polymeric ion-
exchange films have an active redox component, which is a counterion of a
polyonic film such as polyvinylpyridine or Nafion. Composite materials are formed
by combining two or more phases of different nature [8]. Each phase maintains its
individual characteristics, but the mixture may have new physical, chemical or
biological characteristics. This technique is suitable for modifying powder-based

carbon electrodes such as carbon paste and graphite-epoxy electrodes.

2.2
Electrochemical sensor based on nanomaterials

Nowadays, nanomaterials are one of the essential materials in designing
electrochemical sensors and biosensors. Carbon nanomaterials including
nanoparticles, nanowires, and nanotubes, owing to their peculiar physical and
chemical properties, are particularly interesting in the design of modified electrodes
for electrochemical sensing [13]. Graphene is the basic structure of all graphitic
materials, is a two-dimensional (2-D) sheet of carbon atoms in a hexagonal
configuration with atoms bonded by sp? bonds. The electron configuration is the

reason for the extraordinary properties of graphene, which include high mechanical
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strength, high elasticity and thermal conductivity [14] besides the very large surface

area [15].

221
Carbon nanotubes

The carbon nanotubes (CNT) consist of a graphene sheet rolled up to form
a tube with remarkable electronic, chemical and mechanical properties [16]. CNT
are particularly attractive for electrochemistry due to easily promote electron
transfer between the electroactive species and the electrode surface as a result of
their unique long and tubular geometry. The use of CNT as electrode modifiers can
lead to a decrease of the overpotential, a decrease in response time, enhanced
electrocatalytic activity, and an increase in available active surface area in
comparison with conventional carbon electrodes [1]. The electrocatalytic effect of
CNTs has been attributed to the activity of edge-plane-like graphite sites at the CNT
ends, and it can be further increased by the functionalization of CNTs. CNTs also
reduce the fouling of the electrode, which can greatly improve the reusability of

such sensors [1].

CNT can be divided into single-wall carbon nanotubes (SWCNTSs) and
multi-wall carbon nanotubes (MWCNTSs). A single-walled carbon nanotube
(SWCNTSs) can be formed by rolling a graphene sheet into a cylinder and a multi-
walled nanotube (MWCNTS) is composed of concentric graphene cylinders with
an interlayer spacing of 0.34 nm [17,18]. MWCNTSs have attracted considerable
attention in the field of material science for electrode modification due to improving

the sensitivity and anti-interference properties of electrodes.
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2.2.1.1
Analytical sensors based on the use of carbon nanotubes

The electrocatalytic effect of CNTs has been attributed to the activity of
edge-plane-like graphite sites at the CNT extremes [19]. It has been demonstrated
that the electrocatalytic activity of MWCNTSs strongly depended on the CNTs
synthesis and on the dispersing agent used to immobilize them on the electrode

surface [20].

Literature has reported modified electrodes obtained by the incorporation of
a small volume of a CNTs dispersion onto a glassy carbon substrate [21][22][23]
but modification is most usually carried out by coating or preparing CNTs-binder
composites. Fayemi et al. reported the electrochemical response of serotonin using
MWCNTSs doped with metal oxide nanoparticles (of nickel, zinc or iron) coated
glassy carbon. The dynamic linear range, using SWV, was between 0.005 umol L
! to 62.8 umol L with limit of detection (LOD) 118, 129 and 166 nmol L for
GCE/MWCNT-NIO, GCE/MWCNT-ZnO and GCE/MWCNT-Fe3Os4 sensors
respectively. The developed sensors were found to be stable and selective towards
serotonin in urine samples [24]. Sipa et al. modified a glassy carbon electrode with
B—cyclodextrins and MWCNTs and applied for the square-wave adsorptive
stripping voltammetric determination of the pesticide dichlorophen. A linear
response was achieved in the concentration range from 0.05 pmol L™ to 2.9 umol
L™t The LOD of 0.014 pmol L was achieved with quantitative analysis river
water samples [25]. Hudari et al. developed a voltammetric sensor based on a GC
electrode modified with MWCNTSs for the simultaneous determination of the
diuretics hydrochlorothiazide and triamterene with oxidation observed at,

respectively, 1.01 and 1.17 V, allowing up to 10-fold improvement intensity
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compared to the unmodified electrode, enabling LOD in the nmol level. The
electrode was applied in the analysis of hemodialysis samples [26]. Santos et al.
developed a composite electrode based on MWCNTSs and a polyurethane resin. The
device was used for the determination of hydroquinone in a cosmetic formulation
by differential pulse voltammetry with a linear dynamic range from 0.05 to 1.12
mmol L and a LOD of 12 umol L* [27]. Dogan-Topal et al. investigated the
voltammetric oxidation of valganciclovir hydrochloride, an antiviral drug, using
GC electrode modified with MWCNTs by cyclic and differential pulse
voltammetry. The results revealed that the oxidation of analyte is irreversible and
pH-dependent process in an adsorption-controlled mechanism. The results show
that the oxidation signal was remarkably enhanced providing linear response in the
concentration range from 7.5 nmol L™ to 1.0 umol L with the LOD of 1.5 nmol L°
1[28].

2.2.2
Quantum dots

Quantum dots (QDs) are monocrystalline colloidal semiconductors that
have sizes typically in the range 1-12 nanometer (nm) in diameter [29]. The
properties of the QDs depend largely on their size behaving differently from bulk
solids due to quantum confinement effects [30]. Quantum confinements are
responsible for the notable optoelectronic properties exhibited by QDs, including
high emission quantum yields, size-tunable emission profiles, and narrow spectral

bands [29].

Most literature on using QDs have focused on their use in microelectronics
and opto-electrochemistry, however, some researchers have shown the potential of

QDs as highly sensitive fluorescent biomarkers and bio-chemical probes. It has also


DBD
PUC-Rio - Certificação Digital Nº 1612182/CA


PUC-Rio- CertificacaoDigital N° 1612182/CA

37

been shown the surface modification of QDs can increase their luminescent

quantum vyields [30].

The QDs are divided into Carbon Nano Dots (CNDs), Polymer Dots (PDs),
and Carbon Quantum Dots (CQDs). Carbon Quantum Dots (CQDs) possess
abundant atoms of oxygen and nitrogen in functional groups in their structures, such
as carboxyl, hydroxyl, aldehyde, and amino groups [31]. CQDs have strong
photoluminescence but, lower quantum yields, when compared to inorganic QDs.
The size of CQDs, the chemical surface groups and doping with other elements

modify their photoluminescence [32,33].

Graphene quantum dots (GQDS) is categorized as one of the subdivisions
of CQDs. GQDs are nanometric fragments of graphene where electron transport is
confined in their dimensions. GQDs present special optical and catalytic properties,
due to quantum confinement, that can be accessed in the visible range of the
electromagnetic spectrum. GQDs have sizes typically smaller than 100 nm [34,35]
but typicaly varying from 10 nm to 60 nm [36], depending on the preparation
method and conditions used [31]. While graphene does not have a band-gap,
graphene quantum dots are semiconductors, thus presenting band-gap, not
necessarily size-dependent as inorganic QDs but leading to peculiar properties that

can be explored in terms of technological applications.

2221
Production of graphene quantum dots

Different methods have been proposed for the preparation of GQDs and they
can generally be classified into top-down and bottom-up methods. Top-down

methods include cutting large graphene-based materials in nanometric systems,
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while bottom-up approaches involve the preparation of GQDs from organic

molecules as carbon source.

In top-down methods, a suitable carbon precursor is decomposed into small-
sized GQDs via chemical, electrochemical, and physical approaches. Carbonic
compound such as graphene oxide (GO), carbon fibers (CFs) or graphite was
cutting down through acidic exfoliation and oxidation, beam irradiation, ultrasonic-
assisted synthesis, electrochemical oxidation, and other techniques [37]. The first
stage of acid oxidation includes chemical exfoliation of carbon source by inorganic
acids. Production of GQDs by the top-down method has some advantages as
starting materials are abundant and cheap raw carbon materials also due to the
simple preparation allowing mass production. However, quality of nanomaterials

tends to be poor.

Dong et al. prepared an electrochemical sensor for determination of tyrosine
enantiomers using GQDs and B-cyclodextrin composites. For this, they used natural
graphite submitted to acid treatment (H.SO4/HNO3) and chemical exfoliation [38].
Nirala et al. presented the electrochemical synthesis of nearly uniform size (about
5 nm) graphene quantum dots from wood charcoal, applying them as a peroxidase
enzyme mimetic [39]. Zhuo et al. presented an ultrasonic route for the fabrication
of GQDs that exhibit an excitation-independent downconversion and upconversion
photoluminescent behavior [40]. Jiang et al. prepared luminescent GQDs by a
photo-Fenton reaction and subsequent hydrothermal process using graphene oxide
sheets as the precursor. These GQDs were of sizes ranging from 2.3 to 6.4 nm and
emitted intense green luminescence in water [41]. Liu et al. presented a chemical

exfoliation route for the synthesis of GQDs using graphite as precursor to produce
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homogeneous GQDs in organic solvents such as N-methyel-pyrrolidone, N,N-
dimethylformamide and dimethyl sulfoxide. The produced GQDs had diameters of

less than 4 nm with the blue emission [42].

A bottom-up approach is used to link elements together to form larger
subsystems. In bottom-up strategy, GQDs could be prepared via a series of
chemical reactions, starting from small organic molecules, through several
techniques like hydrothermal expholiation, pyrolysis, microwave-assisted
processes, step-wise organic synthesis, and by cage-opening of C60 and of silica
nanospheres [37]. Bottom-up methods offer opportunities to get a high degree of
control over the size, shape, and morphology. However, these methods require

complicated multi steps and the sizes of the GQDs are usually very small [37].

Solvothermal synthesis involves the use of a solvent under moderate to high
pressure (usually between 1 atm and 10,000 atm) and temperature between 100°C
and 1000°C, that facilitates the interaction of precursors during synthesis. If water
is used as solvent, the method is called hydrothermal synthesis. Bayat et al.
synthesized green-photoluminescent single layer graphene quantum dots with
deionized water and glucose as precursor using a hydrothermal method [43].
Pyrolysis methods also belongs to bottom-up strategy being cost-effective and
allowing size control of the product. A variety of small organic molecules can be
selected as starting materials in such apprach. Dong et al. developed a synthetic
method by carbonizing citric acid and dispersing the carbonized products into
alkaline solutions [44] while Wu et al. used L-glutamic acid [45]. Microwave
heating technique is also used in the synthesis of nanomaterials. Through

controlling the specific microwave parameters such as temperature (and
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temperature ramp), pressure and choice of solvents can be prepared the desired
nanomaterial. For example, Zheng et al. presented an ammonia-driven microwave-
assisted synthesis of high-quality nitrogen-doped graphene quantum dots (NGQDs)
at room temperature and atmospheric pressure. The as-synthesized NGQDs
consisted of one to three graphene monolayers exhibited highly crystalline quality
[46].

2.2.2.2

Analytical approaches through the use of graphene quantum dots as
modifiers in electro-analytical sensors

Most of literature concerning the use of GQDs in analytical chemistry has
been focused on optical probes in photoluminescence-based applications.
Nevertheless, applications in designing electrochemical sensors have been reported
owing to its easy functionalization, large surface area, accessible edges and highly
efficient electron transport. Roushani et al. produced an electrochemical sensor
based on graphene quantum dots/riboflavin modified GC electrode for the
amperometric detection of persulfate (S20s%). LOD of 0.2 umol L? and linear
concentration range from 1 pmol L to 1 mmol L* were achieved [47]. Pang et al.
determined dopamine by differential pulse voltammetry using a mixture of GQDs
and Nafion as a modifier of a GC electrode. Nafion was used as an anchoring agent
to increase the robustness of GQDs on the electrode surface enabling sensor
stability and response reproducibility. The response toward dopamine exhibited

linear range of 5 nmol L to 200 mmol L and a LOD of 0.45 nmol L [48].

Dong et al. developed an electrochemical sensor using composites of GQDs
and B-cyclodextrins functionalized glassy carbon electrode for determination and

recognition of tyrosine enantiomers (biomarker of depression) in blood serum
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samples. Cyclic voltammetry was used for quantification. The LOD of L-Tyrosine
and D-Tyrosine were 6.0 nmol L and 100 nmol L™ respectively [38]. Ting et al.
conjugated GQDs and gold nanoparticles (AuNPs) for electrochemical detection of
Hg?* and Cu?* with GC used as base electrode. LOD of 0.02 nmol L for Hg?* and
0.05 nmol L for Cu?" were achieved using anodic stripping voltammetry [49].
Arvand and Hemmati fabricated a nanocomposite based on GQDs and Fe3O4
nanoparticles to functionalize multi-walled carbon nanotubes that was used to
modify GC substrate. The electrocatalytic properties of the modified electrode
toward the oxidation of progesterone were studied. The peak current for
progesterone varies linearly in two ranges, the first from 0.01 to 0.5 umol L™ and
the second from 0.5 to 3.0 umol L. The method was applied for the analysis of
progesterone in human serum samples [50]. Cai et al. reported a polyaniline
functionalized GQDs composite to modify GC, fabricating an electrochemical
sensor for the determination of calycosin in the samples of traditional Chinese
medicine. Differential pulse voltammetry technique was used and the proposed
sensor exhibited a detection range of 11.0 to 352 umol L* with a LOD of 9.8 pmol

L1 [51].

2.3
Electrochemical techniques

2.3.1
Cyclic voltammetry

Cyclic voltammetry (CV) is a simple and direct method for measuring the
formal potential of a half reaction when both oxidized and reduced forms are stable

during the time required to obtain the voltammogram (current-potential curve). CV
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offers quick information about the thermodynamics of redox processes, the kinetics
of heterogeneous electron transfer reactions and chemical reactions coupled to

adsorptive processes [52].

In CV, a potential is applied at a constant rate, producing a linear potential
variation as a function of time, starting from an initial potential value, until reaching
a final one, when the potential sweep is reversed until the starting potential is
reached again. These two scan steps produce a cycle that may be repeated as many
times as necessary. As the current, measured during the process, is plotted in

function of the applied potential, the so-called cyclic voltammogram is obtained.

The type of voltamogram generated depends on the type of redox
mechanism that the compound undergoes on the electrode, which makes CV a
valuable tool for mechanistic studies. The oxidation and reduction processes of the
target chemical species occur at the working electrode and produce, in a reversible
redox system, features represented by the anodic peak current (lpa) that occur at a
maximum anodic peak potential (Epa) and the cathodic peak current (lpc) that occur
at a maximum anodic peak potential (Epc). The peak current values (Ip) depend upon
different parameters indicated in Eq. 1, where n is the number of electrons involved
in the process, A is the electrode area (cm?), D is the diffusion coefficient (cm? s?)
and C is the concentration of the species in solution (mol L), v is the scanning

speed (v s?).

I, = (2.686 x 10°) n*? ACDY? y1/2 (Eq. 1)

Through the use of Eq. 1, it is also possible to calculate the electrode area

of the working electrode. Through linearity between the peak current and the square
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root of the scan rate, information about the nature of the involved electrochemical
process is found. When electron transfer at the electrode surface is slow compared
to mass transport, the process is termed “electrochemically irreversible”. Slow
electrode kinetics necessitate significantly more negative applied potentials for

appreciable current to flow [53].

A process is defined as electrochemically reversible when the rate of the
electron transfer is higher than the rate of the mass transport. For a reversible
reaction the peak current varies linearly with the square root of the scan rate.
Processes occurring in the transition zone between reversible and irreversible
behaviour are called quasi-reversible [54]. For a diffusion-controlled mass
transport, the linear relationship is established between the value of current peak
(cathodic or anodic) and the square root of the potential scan velocity. In systems

with mass transport controlled by adsorption, such a relationship is not linear.

2.3.2

Square-wave voltammetry

Square-wave voltammetry (SWV) is an electrochemical technique suitable
for mechanistic study of electrode processes and electrokinetic measurements. It is
considered as one of the most advanced voltammetric techniques, representing the
advantages of pulse techniques (high sensitivity), cyclic voltammetry (elucidation
of the electrode mechanisms) and impedance techniques (kinetic information of

very fast electrode processes) [55].

Another great advantage of this technique is the speed of data acquisition.

Frequencies from 1 to 100 square-wave cycles per second allow the use of
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extremely fast potential sweep speeds. While in differential pulse voltammetry the
scanning speed varies from 1 to 10 mV s?, in SWV this speed varies from 100 to
1000 mV s, this decreases the analysis time (from 3 - 5 minutes to 3 -10 seconds)

without loss of peak resolution.

SWV is a technique in which the acquisition of the current resulting from
the redox process comes from the overlapping of a square-shaped pulse over a
potential linear ramp, forming a ladder with a characteristic pulse amplitude (a),
scan increment (AEs) and duration (t). In Fig. 2.1 the form of application of the
potential in square-wave voltammetry is presented. The frequency of the square-
wave, in Hz, is equal to 1/t. Current measurement is performed at two points along
the square-wave pulse. The first measurement (position 1 in Fig. 2.1) is at the end
of the direct pulse (direct scanning) and the second measurement (position 2 in Fig.

2.1) is made in the reverse direction of the scanning [56].

SWYV possesses high analytical sensitivity and speed of measurements. The
excitation signal, that is, potential modulation in the course of the voltammetric
measurement, enables the electrode reaction to be driven in both oxidative and
reductive directions repeatable at each step of the staircase potential, thus providing
an insight into the mechanistic aspects of the studied electrode reaction [57]. SWV
Is suited to analyse reversible or quasireversible electrode processes and electrode
processes coupled with fast chemical reactions. In SWV, an irreversible system is
characterized by a linear relationship between the peak current (l,) and the
frequency (f) of the pulses. While a linear relationship between Ep and the logarithm
of the frequency (log f) is found. In reversible systems, the linear relationship occurs

when the peak current is monitored as a function of the square-root of f. In quasi-
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reversible redox systems, no linear behavior is found in the relationship between I,
and frequency of pulse. The SWV mathematical models also can be used to
calculate important parameters such as the number of electrons involved in the

redox process.

AEs
;7_\. N
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a
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O
g T ™
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Figure 2.1. lllustration of a potential application in SWV, where: a is the pulse

width; AEs is the scan increment and < is the time. Source: Adapted from [56,55].
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Materials and methods

3.1
Instrumentation

Electrochemical studies for primaquine e INHHQ were performed ona BAS
CV 50W analyzer (USA) operating in the voltammetric square-wave and cyclic
voltammetric modes and electrochemical experiments for thiomersal and creatinine
were made using a potentiostat u-AUTOLAB Type 111 (Metrohm, The Netherlands)

operating in SWV and CV modes.

The electrochemical cell (15 mL volume) is made of Pyrex glass with a
Teflon cap with four hole-positions (Fig. 3.1) to place the purging gas and the three
electrodes; the auxiliary electrode (Pt wire), a reference electrode
(Ag|AgCI(KClsap)) and the working electrode. The working electrodes used were:

i) Glassy carbon electrode (GCE), ii) Gold electrode (Au electrode).

Figure 3.1. Electrochemical cell: (A) Platinum auxiliary electrode; (R) Reference
electrode of Ag|AQClsar); (W) Working electrode.
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For the determination of thiomersal, it was used the laboratory-made
photochemical reactor consisted of six commercial fluorescent lamps (6 W each,
emitting in the visible spectral range) set on the internal wall of a PVC tube (20 cm
diameter x 30 cm width) fixed onto a wood box, as a base that contain a magnetic
stirrer which promotes mass transport within the electrochemical cell. A scheme of
the experimental set-up used for the determination of thiomersal is presented in Fig.

3.2.

Photochemical reactor

< |

— Lamps

Electrochemical
cell

' Magnetic
stirrer
I N ®

Potentiostat

—

Figure 3.2. Schematic of the set-up used for the photo-reactor coupled to the

electrochemical system.

Mercury measurements were made by atomic absorption spectrometry
(AAS) using a mercury cold vapor dedicated system with a multi-path length cell
(multipass-cold vapor-AAS), model RA-915 (LUMEX, Russia), equipped with
Zeeman background correction and connected to an RP-92 accessory for chemical
reduction in aqueous solution. HPLC was an Agilent 1200 series system (Agilent,
Japan) with a G1315C model diode-array type absorption photometric detector and

an auto-sampler. Total Organic Carbon measurements were made on a carbon
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analyzer model TOC-VCPN (Shimadzu, Japan). Photoluminescence measurements
were made on a model LS 55 luminescence spectrometer (Perkin-Elmer) (600 nm
min*! scan rate, 10.0 nm spectral bandpass and 1 cm optical path length quartz

cuvettes).

Images from the GQDs and GQDs-Cu were made using a field emission
scanning electron microscope (JEOL, model JSM-7800F, Japan) operated in the
scanning transmission electron microscopy (STEM) mode at 30kV. Raman
spectroscopy was performed using a confocal Raman microscope (WITec Alpha
300R, Germany) equipped with an electron multiplying charge coupled device
detector and an air cooled solid-state laser. Raman measurements were obtained
using a 532 nm laser source, a monochromator with a 600 line/mm grating and
1 mW of laser radiation power. Dynamic light scattering (DLS) and zeta-potential
measurements were made on a nanoparticle analizer model SZ-100 (Horiba, Japan).
Zeta potential measurement were made using an acrylic electrochemical cell
containing a flat carbon electrode (6 mm thickness) and DLS measurements were
obtained using glass cuvettes with 1 cm optical path length. The contact angle
measurements were made using drop shape analyzer- Kruss Advance. X-
ray photoelectron spectroscopy analysis was performed in ultrahigh vacuum (~10
® mbar) using a surface analysis chamber equipped with a VG Thermo Alpha 110
hemispherical analyser and using non-monocromatized Al-K, line as the x-ray

source.

The pH measurements were made on a pHmeter model mPA 210
(Tecnopon, Brazil) with a glass membrane electrode conjugated with a Ag|AgCl

(KCl(sat)) reference electrode. Sonication was performed by the use of an
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ultrasonic bath (9 L, NSC 2800 model, Unique, Brazil). The introduction of
standard and samples in voltammetric analizes were made using a manual
micropipete (from Brand, Germany) with adjustable volumes from 10 to 100 pL

and from 100 to 1000 puL.

3.2

Reagents and materials

Ultrapure water (18.2 MQ cm) was obtained from the Milli-Q gradient A10
ultra-purifier  (Milipore, USA). Primaquine diphosphate, 8-hydroxy-2-
quinolinecarboxaldehyde, isoniazid, thiomersal, thiosalicylic acid,
2,2 dithiodibenzoic acid, creatinine, Nafion solution (5% v/v) and MWCNTSs (110-
170 nm diameter and 5-9 um length) were from Sigma- Aldrich (USA).
Ethylmercury was from Brooks Rand Instruments (USA). Acetonitrile (HPLC
grade) was obtained from J.T. Baker (USA). Citric acid, Sodium hydroxide (98.0%,
m/m), acetic acid (65.0% m/v), boric acid (99.8% m/m), phosphoric acid (85.0%,
m/v), potassium chloride and sodium acetate were obtained from Merck
(Germany). The 1,4-Dioxane was from Tedia (USA). Nitric acid, dimethyl
sulfoxide, methanol, chloroform, Tin chloride (SnCl;) and ammonium hydroxide
were purchased from Vetec (Brazil). Aluminum oxide (1.0 pm) was obtained from
Fortel, Brazil. Nitrogen gas (99.999%) was supplied from Linde-gases (Brazil).
Thinlayer chromatography (TLC) plates (60 F254) were purchased from Merck.
PTFE syringe filters (0.45 um) were from Whatman (UK). Dialysis membrane
(retained molecular weight of 3.5 kDa) was from Spectrum Laboratories Inc.

(USA).
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3.3

Preparation of supporting electrolyte

The supporting electrolyte consisted of a mixture of the Britton-Robinson
(BR) buffer solution (final concentration in the cell of 0.02 mol L™) and KCI
solution (0.25 mol L final concentration in the cell). BR buffer stock solution were
prepared by mixing acetic acid, boric acid and phosphoric acid and adjusting pH

with aliquots of NaOH (1 mol L?).

3.4

Preparation of nanomaterials used as electrode modifiers

3.4.1

Preparation of graphene quantum dots

The GQDs were produced by the pyrolysis and hydro-exfoliation of citric
acid (2 g). First, 2 g of citric acid was placed into a 5 mL beaker and heated to about
240 °C using a heating plate. As citric acid melted (with color changing from
colorless to pale yellow and then to brown) within 2 to 5 min, the hot molten
material was added into 25 mL of ultrapure water, at room-temperature, in order to
obtain (after filtering on a 0.22 um syringe filter) a clear pale yellow aqueous
dispersion that was further dialyzed, for 24 h, in order to obtain the so called GQDs
aqueous synthesis dispersion. GQDs dispersions were also prepared by adding the
molten material into HCI (0.1 mol L ") and NaOH (0.25 mol L ") aqueous solutions

at room-temperature.
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3.4.2

Preparation of graphene quantum dots modified with Cu(NO3)2

Graphene quantum dots modified with Cu(NO3), (GQDs-Cu) were
produced by the pyrolysis of citric acid with a small amount of Cu(NO3z)2-3H20.
First, 0.6 g of citric acid was placed into a 5 mL beaker and heated to about 240 °C
using a heating plate. As citric acid became molten (with color changing from
colorless to pale yellow and then to light brown) within 2 to 5 min, 0.09 g
Cu(NO3z)2-3H,0 was added to the molten and mixed using a glass stick. After about
4 min, the hot melted mixture (dark-brown molten) was added into 20 mL of
ultrapure water, at room-temperature, in order to obtain (after filtering on a 0.22

pum syringe filter) a clear pale aqueous dispersion.

3.4.3

Synthesis of Cu(OH)2

The synthesis of Cu(OH)2 was carried out, adding dropwise NaOH 1 mol L
! to Cu(NOs3)2, 0.1 mol L2, until pH 10 is obtained (at room temperature constant
stirring and). Then, it was filtered and washed with ethanol (10 mL) and water (10

mL) to remove impurities.

35
Modifications of the different electrodes for the determination of the

analytes

351
Dispersion of MWCNTs and its use as modifier for the determination
of primaquine and INHHQ
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MWCNTSs dispersion was prepared by mixing 3 mg of the nanomaterial in
1 mL of 1,4-dioxane and, after vortex agitation, the mixture was placed in an

ultrasonic bath (20 min) and then stored at room-temperature.

Prior to modification, GC surface was polished using 1.0 um alumina paste
(abrasive powder wet with water) and then washed with water. Modification
consisted on adding 10 uL of the MWCNTSs dispersion (previously homogenized
in an ultrasonic bath for 20 min) onto the GC (Fig. 3.3). After evaporation of 1,4-
dioxane (using an infrared lamp) a homogeneous layer of the nanoparticle was

obtained [58].

T
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Figure 3. 3. General methodology for the modification of electrodes with

nanomaterials.

GC electrode areas were estimated by cyclic voltammetric measurements of
a solution of [Fe(CN)s]>~ (1.0x10~3 mol L™?) in a KCI (0.5 mol L) aqueous
solution (Fig. 3.4A). The scanning rate was varied from 10 to 100 mV s and a
relationship between peak current (I,) and the square root of the scan velocity (v/?)

was constructed. Using the diffusion coefficient (D) of [Fe(CN)s]*™ (6.32x107° cm?
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s 1) and considering 1 mol of electrons per 1 mol of species involved in the redox
process, the concentration of the electroactive species (C*) was 1.0x107® mol cm™3.
Substituting these values in the equation Ip/ v? = (2.686x10%) n®2 AC*D? and
using the slope obtained from the curve of Ipa versus v? (Fig. 3.4C), the active
electrode area (A) found for the bare GC electrode was 0.063 cm? and the one for

the GC/MWCNTS electrode was 0.27 cm? or 4.3 times larger.
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Figure 3.4. (A) Cyclic voltammograms of 1.0 mmol L Ks[Fe(CN)g] in 0.5 mol L
1 KNO; solution at the (a) bare unmodified GC electrode and (b) MWCNT-
modified GC electrode at 100 mV s, (B) Cyclic voltammograms of 1.0 mmol L*
Ks[Fe(CN)g] in 0.5 mol L™ KNOj3 solution at MWCNT-modified GC electrode at
sweep rates: (a) 10 (b) 30 (c) 50 (d) 70 (e) 100 mV s, (C) lpa Versus square root of

sweep rate.

3.5.2
Modification of the glassy carbon electrode (GCE) with GQDs for
determination of thiomersal

The GQDs aqueous synthesis dispersion (25 mL) was evaporated to about
200 pL, then 2 mL of 1,4-dioxane was added and the mixture was briefly vortex
agitated. After ultrasonic agitation, for 20 min, the dispersion was stored at room
temperature. The GC electrode surface was polished with alumina then, washed
with ultra-pure water prior to modification. Modification consisted on adding 10
uL of the GQDs dispersed in dioxane (previously homogenized in an ultrasonic

bath for 20 min) onto the GC surface (Fig. 3.3). The 1,4 dioxane rapidly evaporated,
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at room temperature, allowing the formation of a homogeneous layer of GQDs on

the electrode surface.

3.5.3
Modification of the gold electrode with GQDs-Cu for determination of
creatinine

The gold electrode surface was polished with 1.0 pum aluminum oxide
suspension then with 1.0 um diamond polish slurry, finally washed with ultra-pure
water prior to modification. The GQDs-Cu aqueous original dispersion (20 mL)
was evaporated until about 2 mL, then an aliquot of 100 pL was mixed with 100
pL of a Nafion solution (5% m/v) and the mixture was vortex agitated. After
ultrasonic agitation, for 25 min, 1 uL of this dispersion was placed onto the gold

electrode (Fig. 3.3) and it was dried using an infrared lamp (5 min).

3.6
Preparation of samples, voltammetric measurements and other
procedures

3.6.1
Procedures for primaquine

3.6.1.1
Standard solutions, voltammetric measurements for primaquine
determination

Primaquine diphosphate standard solutions were prepared (1.0 x 1072 mol
Lt and 1.0x10* mol L™?) by direct dissolution in water. For the treatment of urine
samples, in order to reduce protein content, a volume of 60 mL of human fresh
urine, fortified with primaquine diphosphate, was mixed with 10 mL of
methanol/acetonitrile (50/50% v/v). After vortex mixing (5 min) and centrifugation

(15 min at 1000 RFC) urine sample supernatant was collected.
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Diagnostic studies of the redox process for determination of primaquine
were performed using CV with a scanning speed varying from 100 to 1200 mV s*
in the potential range from -900 mV to +1200 mV. The supporting electrolyte used
was BR Buffer; 0.02 mol L™ in KCI 0.25 mol L in the pH range from 3 to 10.
SWV was employed to study the redox process and to perform determination of
primaquine. Quantification was performed by measuring peak height after scanning
from 0 to +1000 mV at 30 Hz using 20 mV step potential and 40 mV pulse

amplitude.

3.6.1.2
Liquid-liquid extraction and thin-layer chromatography for
determination of primaquine

For the liquid-liquid extraction and thin-layer chromatography, in an amber-
glass separation funnel (250.00 mL), the urine supernatant (50.00 mL) was mixed
with water (50 mL) and the pH adjusted to about 9 (with NaOH solution).
Primaquine was extracted three times with 10 mL of chloroform with aliquots
combined in one single volume. Chloroform was evaporated on a hot plate (60 °C)
and the residue was re-dissolved with 1 mL of water with pH adjusted to about 4
(by adding HCI solution). From this solution, aliquots of 10 uL were spotted on the
TLC plates (10 spots per plate) allowing spots to dry at room-temperature. Plates
were placed into a developing tank containing a mobile phase constituted by 98
parts methanol and 2 parts of ammonia solution (15 mol L™Y). After separation of
primaquine, the areas of the TLC plate containing the analyte spots (Rf=0.4 £ 0.5
cm) were removed and the analyte was extracted with 3 mL of water at pH 4 (under
20 min of ultrasonic agitation). The mixture was filtered in a syringe filter, then, 3

mL water was passed through the filter to wash it. These solutions were collected
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in the same vial and evaporated (in a glycerin-bath at 70 °C) until a dry residue was
obtained. The residue was re-dissolved in water (1.00 mL) and transferred to the

electrochemical cell, in order to perform voltammetric measurements.

3.6.1.3
High-performance liquid chromatographic analysis of primaquine

Analyzes by HPLC were made based on literature [59] using isocratic
elution and mobile phase consisting of sodium acetate buffer (0.01 moL L™%; pH
5.6) and acetonitrile at 45/55% v/v. The two components of the mobile phase were
previously filtered and then degassed in an ultrasonic bath. Chromatography was
performed at 1.0 mL min~?, at 27 °C, and the introduced sample volume was 20 pL.
The retention time of primaquine was 3.6 min. Analytical curves were constructed

using three replicates and absorciometric detection at 265 nm.

3.6.2
Procedures for INHHQ

3.6.2.1
Standard solutions, voltammetric measurements procedures for
INHHQ determination

The INHHQ and precursors standard solutions were prepared at
concentration levels equal to 1.0 x 1072 mol L™ and 1.0 x 10™* mol L™t in dimethyl
sulfoxide. The brains of certified pathogen-free male Wistar rats were used in the
analytical measurements. The rat brains were donated by the LABSO-Bio after
declaring that the performed experiments were approved by the University Ethics
Committee and from appropriate committees from the collaborating universities
(Protocol CEUA/036/2013) in conformity with the Ethical Principles in Animal

Experimentation adopted by the Brazilian Science Society and with the Guide of
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the North American Society of Neuroscience and Behavior for the care and the use

of laboratory animals.

CV was performed to characterize the redox process of INHHQ by the
variation of scan rate from 100 to 1000 mV st across a potential range between -
1200 mV and +1200 mV. The supporting electrolyte used was BR Buffer (0.02 mol
L) in KCI 0.25 mol L in the pH range from 3 to 12. SWV was employed to
characterize the redox process and to carry out the quantitative determination of the
INHHQ analyte. The quantitative determination was performed by the
measurement of the peak height through the use of anodic scanning from 0 to 1000

mV at a frequency of 30 Hz, a 20 mV step potential and a 40 mV pulse amplitude.

3.6.2.2
Rats’ brain samples treatment and thin-layer chromatography for
determination of INHHQ

A mass of 0.1 g of a lyophilized rat brain sample was suspended in 2 mL of
dimethyl sulfoxide and were fortified at INHHQ concentrations equal to 5.0 x 107
mol L™ and 9.0 x 107 mol L. After a vigorous vortex mixing procedure for 10
min and centrifugation for 15 min at 1008 RFC, the supernatant was separated from

the solid pellet at the bottom of the centrifuge tube.

Aliquots equal to 200 pL of supernatant were spotted upon the TLC plates
that were allowed to dry at room temperature. Next, the plates were placed into a
developing tank containing a mobile phase composed of a mixture of
methanol/phosphate buffer (0.001 mol L™ pH 7.0) at 30/70% (v/v). Following the
separation, the area of the TLC plate containing the INHHQ spot centered at R¢
equal to 0.82 was characterized by the use of iodine vapor. A similar procedure was

employed to identify chromatographic spots of precursors, related compounds and
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the rat brain matrix. The silica plate around the INHHQ was removed and the
analyte was subsequently extracted by 300 pL of dimethyl sulfoxide and 3.0 mL of
Britton-Robinson buffer (pH 11; 0.02 mol L™) in 0.25 mol L™ KCI by the use of
20 min of ultrasonic agitation. The mixture was passed through a syringe filter,
followed by 2.0 mL of Britton-Robinson buffer (pH 11; 0.02 mol L™) in 0.25 mol
Lt KCI to wash the filter. A volume of 5 mL of the filtered solution was collected
and added to the electrochemical cell in order to carry out the voltammetric

measurements.

3.6.2.3
High-performance liquid chromatographic analysis of INHHQ

The HPLC analysis was performed based on the work of Cukierman et al.
[60] with some changes in the method by the use of isocratic elution of a mobile
phase composed of a mixture of methanol/ phosphate buffer (pH 7.5; 0.001) mol L
1 70/30% (v/v) and at a flow rate of 1 mL min™. The liquid chromatography was
performed at a flow rate of 0.8 mL min* at 35 °C. The introduced sample volume
was equal to 20 pL. Under these conditions, the retention time for the INHHQ
analyte was 4.6 min. The analytical curve was constructed by the introduction of
20 pL of INHHQ standard solutions at concentrations from 5.0x10~" mol L (146.1
ug L) to 5.0x107° mol L (14.6 mg L1) using three replicate measurements and

absorciometric detection at a wavelength of 290 nm.

3.6.3
Procedures for thiomersal
3.6.3.1

Standard solutions, voltammetric measurements, mercury cold vapor
atomic absorption measurements.
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Thiomersal and ethylmercury were prepared (1.0x1072 mol L™ and
1.0x10% mol L™) by direct dissolution in water. Thiosalicylic acid and
2,2 dithiodibenzoic acid solutions were preparated in methanol. The influenza
vaccine with thiomersal, GC Flu Multi (Split virion, inactivated) Green Cross, was
obtained from the Colombian public health system, and contained originally 0.01
% m/v (100 pg mL1) of thiomersal according to the vaccine instruction. The
influenza vaccines (FluQuadri®), used in the Brazilian public health system, was
fortified with thiomersal at 2.47 x10~* mol L™ (97.1 ng mL™). Each vaccine sample
was diluted in ultrapure water prior to the addition of the electro-analytical

analytical cell.

The redox process of thiomersal was studied using CV with a scanning
velocity varying from 10 to 900 mV s in the #1500 mV potential range. The
supporting electrolyte used was BR Buffer (0.02 mol L) in KCI 0.25 mol L*
within the pH range from 2 to 10. SWV was employed to study the redox process
and to perform quantitative determination of thiomersal. Quantification was
performed by measuring peak height, at +158 mV, using anodic scanning within

+1500 mV at 25 Hz using 20 mV step potential and 40 mV pulse amplitude.

3.6.3.2
Analytical procedure for determination of Hg by multipass-cold
vapor-AAS

3.6.3.2.1
Mercury cold vapor atomic absorption measurements

The cold vapor multipass-AAS system was used to measure the mercury
formed during the electrochemical process. In order to do this, samples collected

from the electrochemical cell (5 mL) were diluted 1000 times and aliquots (10 mL)


DBD
PUC-Rio - Certificação Digital Nº 1612182/CA


PUC-Rio- CertificacaoDigital N° 1612182/CA

60

were transferred to the bubbler of the cold vapor-AAS system (containing 2 mL
SnCl2 (20% v/v) to perform chemical reduction and the absorbance measurement

of the mercury cold vapor produced form the reduction of Hg?*.

3.6.3.2.2
Vaccine analysis by mercury cold vapor atomic absorption

Vaccine analysis by multipass-cold vapor-AAS were made based on
literature [61]. Sample solutions (100 pL) were transferred to glass test tubes
containing 10.0 mL of a H202 (1%) solution (with pH previously adjusted to 4.5),
also containing 17 puL of the dispersion of GQDs. The test tube content was
transferred to a glass reaction cell containing 2 mL of a SnCl, aqueous solution
(20% v/v) in order to provide a rapid reduction to Hg, that was transferred, by an
air flow passing though the solution, to the multipass-cold vapor-AAS system

operating in a continuous acquisition mode.

3.6.4
Procedures for creatinine

3.6.4.1
Standard solutions, voltammetric measurements and HPLC procedure
for creatinine determination

The creatinine standard solutions were prepared at concentration levels
equal to 1.0x10~3 mol L™* and 1.0x10° mol L™ in water. For the treatment of urine
samples, in order to reduce protein content, a volume of 60 mL of human fresh
urine was treated to reduce protein content by adding 10 mL of
methanol/acetonitrile (50/50% v/v). After vortex mixing (5 min) and centrifugation
(15 min at 1000 RFC). urine sample supernatant was collected. Other urine samples

were fortified with creatinine.
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In the case of creatinine, CV were made with a scanning velocity from 10
to 900 mV s? in the £1000 mV potential range. The supporting electrolyte used
was BR Buffer; 0.02 mol L™ in KCI 0.25 mol L in the pH range from 3 to 7. SWV
was employed to study the redox process and to perform quantitative determination
of creatinine. Quantification was performed by measuring peak height, at the
potential Ep = +415 mV, using anodic scanning from -1000 to +1000 mV at 20 Hz

using 10 mV step potential and 20 mV pulse amplitude.

3.6.4.2
High-performance liquid chromatographic analysis of creatinine

Analyzes by HPLC were made based on literature [62] using isocratic
elution of a mobile phase consisting of a mixture of water/acetate buffer (pH 4.2;
0.1 mol L) 60/40% v/v. Chromatography was performed at a flow rate of 0.8 mL
min?, at 25 °C, and the introduced sample volume was 20 pL. Under these
conditions, the retention time of creatinine was 2.4 min. Analytical curve was
constructed by introducing 20 pL of the standard solutions of creatinine from 1 x
10 mol L ™! (113.1 pg L) to 1x10* mol L™3(11.3 mg L™2) using three replicates

and absorciometric detection at 220 nm.
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Square-wave voltammetric determination of primaquine in
urine using a multi-walled carbon nanotube modified
electrode

Paper published in Microchemical Journal, 2019, 150, 104201.
DOI: 10.1016/j.microc.2019.104201.

4.1
Primaquine and analytical methods for its determination

Malaria is endemic in tropical and subtropical regions and it was responsible
for, at least, half a million deaths in 2016 [63]. The disease is caused by parasitic
single-celled microorganisms belonging to the Plasmodium group, and transmitted
to humans by infected Anopheles mosquitoes [64]. These parasites travel to the liver

where they mature and reproduce.

Primaquine (Fig. 4.1) is used to treat malaria caused by Plasmodium vivax
and Plasmodium ovale [65] probably acting at the DNA level [66]. This drug may
be used to treat Pneumocystis pneumonia that often affects people with HIV [67].
Primaquine is prescribed with care because of its short therapeutic window and
strong side effects [68]. Since primaquine is photo-chemically unstable, forming a
myriad of products, the toxicity of the drug may be related to some of the photo-

derivatives [69].

CH;,
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Figure 4.1. Structure of primaquine (8- [4-amino-1-methyl butylamino)] - 6-

methoxyquinoline).
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The procedure indicated by the Pharmacopoeia for the determination of
primaquine in pharmaceutical formulations involves potentiometric titration with
perchloric acid [70]. Reverse-phase high performance liquid chromatography
(HPLC) with the direct absorciometric detection of primaquine has been preferably
used for pharmaceuticals [70,71]. The use chromogenic agents such as 2,6-
dichloroguinone chlorimide or 1,2-naphthoquinone-4-sulfonate have been reported
to enable stronger absorbance in the visible range and spectrophotometric
determinations at the mg L™* range with very short linear ranges [72]. Fluorimetric
methods were also developed after derivatization with fluorescamine (397/480 nm),
enabling limit of quantification (LOQ) of 150 pg L' [73]. Primaquine is
metabolized forming several species but the major ones are carboxyprimaquine and
glucuronide conjugates [74]. Primaquine, in its original form, was detected, at the
ug L7t level, in blood of patients submitted to multiple oral dose treatment [75]. In
urine, a small percent of the drug is still in the original form at the ng L™ level [76].
HPLC with absorciometric detection has been employed to monitor primaquine and
its derivatives in blood of people infected with malaria [77], also in rabbit plasma
[78], at concentrations down to 20 ug L after liquid-liquid extraction (LLE) and
pre-concentration [78]. Concerning the determination of lower levels (residues of
drug), solid phase extraction and HPLC with mass spectrometry have been used to
determine primaquine in human whole blood [79] and in blood plasma [80] at pg

L levels.

Electrochemical methods have been developed for quantification of
primaquine. For instance, HPLC with amperometric detection enabled

determinations in calf plasma with limit of detection (LOD) of 10 ug mL* [81].
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Differential pulse voltammetry (DPV) and square-wave voltammetry (SWV) were
used to determine primaquine in commercial tablets using a glassy carbon (GC)
electrode (buffer at pH 4.0), enabling LOD of 4.2 mg L™ (DPV) and 1.8 mg L
(SWV) [65]. The determination of primaquine was also made by DPV with a carbon
paste electrode modified with Cu(OH). nanowires, enabling LOD of 250 pg L™
(buffer at pH 5.5) [82]. SWV with a GC electrode, modified with gold nanourchins,
allowed LOQ of 3.3 nmol L™ (1.5 pg L™?) for primaquine, which was used for the
analysis of urine diluted in buffer (pH 7.2) [83]. Finally, a molecularly imprinted
polymer-based electrochemical sensor, using functionalized fullerene as a
nanomediator, 2,4,6 trisacrylamido-1,3,5-triazine as a functional monomer and
primaquine diphosphate as template, was proposed for selective determinations in
human blood plasma and urine (LOD at 1 nmol L™ or 0.45 ug L) [84]. In Table
4.1, a list of electro-analytical methods is shown, comparing type of analyzed

samples and key figure of merits.

The present work, an electro-analytical method for primaquine was
developed using a GC modified with multi-walled carbon nanotubes (MWCNTS)
that promoted significant improvement in faradaic current (obtained using SWV)
as well as better peak resolution. MWCNTS are enormously interesting due to their
structure and properties, such as large specific surface area, high electrical
conductivity and the ability to promote the electron-transfer reactions [85,86]. A
procedure based on the combined use of LLE and thin-layer chromatography (TLC)
enabled selectivity and pre-concentration factor for the detection of primaquine in

human urine sample.
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Sample Technique? Electrode Range Limit of detection® Ref.
Pharmaceutical 1.8 ug mL*
] SWV GCE 3x10°t0 1x102 mol L? [65]
formulation (6.9 x10° mol L?)
Pharmaceutical 4.2 pg mL?
_ DPV GCE 3x107 to 1x10 mol L [65]
formulation 1.6 x105mol L
Cu(OH); nano-
Pharmaceutical wire modified 0.25 ug mL?
_ DPV [82]
formulation carbon paste 2.2x10°t0 2.3x105mol L (9.6x107 mol L)
electrode
Urine, )
) Au-nanourchins
pharmaceutical DPV o 1x108 to1x10°¢ mol L™ 3.5x10mol L [83]
) modified GCE
formulation
Urine, .
. Au-nanourchins
pharmaceutical SWV B 1x107° to1x10°mol L™ 0.9 x10°mol L™ [83]
] modified GCE
formulation
Blood Vinylic-C60
DPV . 4.2x10°t0 8.2x107 mol L 1.2 x10mol L™! [84]
Plasma modified PGE
] Vinylic-C60
Urine DPV . 3.4x10°to 7.9x107"mol L 1.2 x10°mol L? [84]
modified PGE
Pharmaceutical Vinylic-C60
) DPV . 4.8x10° to 8.0x107 mol L* 1.2 x10°mol L? [84]
formulation modified PGE
) This
Urine SWv GCE/MWCNTs | 5.0x107to 5.0x10% mol L* 28 x10mol L? .
wor

aDPV, differential pulse voltammetry; SWV, square-wave voltammetry; GCE, glassy carbon
electrode; PGE, pyrolytic graphite electrode.
bSome original LOD and LOQ values were converted in mol L™,

4.2

Results and discussion

421

Electrochemical studies

The electrochemical behavior of primaquine on GC has been previously

studied and reported in literature [65,87,88]. At low concentrations, oxidation of

primaquine has been investigated by CV and only one irreversible anodic peak,
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within +550 to +700 mV range, depending on the pH, was observed with no
cathodic peak in the reversed scan [65]. The process was found to be controlled by
diffusion, involving transfer of two-electrons [87,88]. Peak potential (Ep) of the
oxidation process shifted linearly towards less negative values at more acidic
conditions (2 < pH < 4) with involvement of hydrogen ions in electrode reaction
[88]. At this more acidic range, a new less intense redox process
(oxidation/reduction pair) is reported at less positive potentials and attributed to the
formation of a product from the main oxidation process. In an intermediary pH
range (4.5 < pH <9.0), the main oxidation peak potential becomes pH independent,
as the electrochemical process occurs with no pre-protonation, showing that the
neutral form of primaquine is more easily oxidized than the deprotonated form [88].
Above pH 9.0, the shifting towards lesser negative potentials is observed
[65,87,88]. It was concluded that the oxidation of primaquine in aqueous solution
involves the quinolinic ring, since aliphatic amines are oxidized at very positive
potentials. In addition, E, becomes independent upon pH in the range limited to
values that clearly corresponds to the pKay (about 4), related to the acid-base
equilibrium between the protonated form of the quinolinic ring, and to the pKa

(about 9) related to the quinolone/quinolinate pair.

Initial electrochemical studies were made comparing the primaquine
oxidation peak observed using bare GC and the GC with the surface modified with
MWCNTs whose scanning electron microscopy is shown in Fig. 4.2A. The
experiment was made at pH 7.0 (BR buffer at 0.02 mol L™/KCI 0.25 mol L) with
the CV scanning within a broad interval (between —1200 and +1200 mV). In such
conditions, the 1, of the oxidation peak (Ep, at +551 mV), achieved using the

GC/MWCNTSs electrode, was about 7 times more intense than the one (Ep at +631
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mV) observed using the bare GC (Fig. 4.2B). By using the GC/MWCNTSs electrode,
the redox pair, observed at less positive potential by La Scalea et al. only at pH 4.0
[87,88], became apparent even at pH 7.0. It is also observed a decreasing in Ip
during a second voltammetric cycle, minimizing reposition of the analyte in the
electrode-solution interface by convective mass transport, which is in agreement
with the irreversible character of the process (Fig. 4.2C). It is known that the
presence of the MWCNTs largely improved electrode area, also increasing

electrontransfer rate and promoting electrocatalytic activity [17].

A study was made to adjust the amount of MWCNTSs to be added to the
surface of the GC (from 15 pg to 90 ug). It was observed that as the amount of
MWCNTSs increased the analyte signal (Ip measured at +551 mV) also increased
(Fig. 4.2D) with no further shift in Ep. However, it was decided to use 30 ug (by
means of 10 uL of a 3 mg mL " MWCNTSs dispersion) since drying of the electrode
was faster and better mechanical stability of the modification onto de GC surface

was obtained.

Cyclic voltammograms (Fig. 4.3) were also made at three different pH
values (4.0, 7.0 and 9.0) and, in all cases, the electrochemical processes were more
intense in the GC-MWCNTSs when compared to the ones observed using bare GC.
The complexity of the electrochemical processes can be also better observed using
the GC/MWCNTSs (better resolution) allowing even the main process, occurring in
the more positive range (above +400 mV), to appear as a more than one-step event
(except at pH 9.0, in which coalescence of peaks occurs). The study concerning the
main oxidation peak (Fig. 4.4A) indicated that Ep does not significantly change in

function of the pH in the shorter range from pH 6.0 to 9.0.
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Figure 4.2. (A) Scanning electron microscopy of MWCNTSs onto GC. (B) CV
response from primaquine: (a) GC/MWCNTSs electrode and (b) bare GC electrode.
(C) CV response from primaquine using GC/MWCNTSs electrode: (a) 1% scan, (b)
2" scan at 100 mV s*. (D) Study of the amount of MWCNTS onto the surface of
GC. Experimental conditions: Britton-Robinson Buffer 0.02 mol L with KCI 0.25
mol L™t and pH 7.0.

As the Ep (from the CV experiment) remained constant in the range from
pH 6.0 and 9.0 (indicating robust condition for signal measurement), the chosen
condition for the analytical studies using the GC/MWCNTSs was pH 7.0. In such
condition, cyclic voltammogram presented two oxidation peaks (anodic scan) with
the less intense one (peak 1) with at about +78 mV (E,1) and the main peak (peak
2) at +551 mV (Ep2). As the scan was reversed (cathodic scan), a reduction peak

(Eps at —108 mV) was found (peak 3) establishing a redox pair with peak 1 (Fig.
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4.4B). As a second voltammogram was made from —1200 to +1200 mV, with
minimized convective transport, a significantly reduction of the intensity of all

peaks (especially peak 1) was observed (Fig. 4.2C).
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Figure 4.3. CV response from primaquine (2 x 10* mol L ) using (a)
GC/MWCNTSs electrode and (b) bare GC electrode at: (A) pH 4.0 (B) pH 7.0 and
(C) pH 9.0. BR Buffer 0.02 mol L* with KCI 0.25 mol L and 100 mV s scan
rate.

It was verified that the redox pair (peaks 1 and peak 3) is dependent upon

each other as shown by the experiment made in a limited potential range (—1200 to

+100 mV) that still produces this specific electrochemical process (Fig. 4.4B). In
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contrast with literature, the result may indicate that the redox pair is not necessarily
due to a product of the oxidation that occurs at higher potentials. The peak potential
of peak 2 (Ep2) varied to more positive values as the scanning rate (v), obtained by
CV, increased from 20 to 1000 mV s* (Fig. 4.4C), confirming the irreversible
oxidation and suggesting a chemical reaction coupled to the electrochemical
process. The experiment also indicated two linear regions when I, was plotted in
function of the square root of v (Fig. 4.4D): one at lower scanning rates (R? = 0.979
from 20 to 100 mV s 1) and another at higher scanning rates (R? = 0.995 from 200
to 1000 mV s™). In addition, the relationship between log(l2) and the log (v) has a
linear tendency (R? = 0.90). These results combined indicate that a mixed diffusion-

adsorption controlled processes are taking place [89].

Square-wave voltammograms for primaquine using the GC/MWCNTSs
electrode confirms a more complex redox process at more acidic pH, with a less
positive redox event (at +160 mV) and a main electrochemical peak occurring at
higher positive potential (at +620 mV). At higher pH values, the only relevant peak
observed using SWV is the one at the more positive potential (+577 mV at pH 7.0
and +607 mV at pH 9.0) as seen in Fig. 4.5A. The relationship between Ip2 and the
applied frequency (f) in SVW was found to be linear (R? = 0.996), which confirms
that the oxidation that occurs at more positive potential is irreversible (Fig. 4.5B).
Irreversible reactions are characterized by the linear relationship (R?> = 0.996)

between E, and the log (f) [89] (Fig. 4.5C).
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Figure 4.4. (A) Plot of Ep (main oxidation peak) versus pH using the GC/MWCNTSs
electrode. (B) Redox pair at lower potential range (peak 1/peak 3). (C) Ep as a
function of scan rate. (D) lpas a function of v'/2: (a) Lower rates: (R = 0.979 from
20 to 100 mV s1) and (b) higher rates (R? = 0.995 from 200 to 1000 mV s?). BR
Buffer 0.02 mol L with KCI 0.25 mol L. Primaquine at 2 x 10 mol L 1.

4.2.2
Optimization of measurement conditions

A systematic study was made to obtain best experimental and instrumental
conditions for the determination of primaquine using SWV with the GC/MWCNT
electrode, taking into account the critical parameters that affect the intensity,
stability and reproducibility of the main oxidation peak (I at +577 mV). The
supporting electrolyte consisted of BR buffer (pH 7.0; 0.02 mol L ™) and KCI (0.25

mol L™1). The signal intensity steadily increased as the pulse amplitude was varied
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(from 30 to 100 mV) with 40 mV selected due to the better relationship between
peak sharpness and intensity. Pulse frequency of 30 Hz was a compromise between
Ip and peak width within the 5 to 200 Hz range studied. The potential step was
directly proportional to I, up to 20 mV, remaining constant after 30 mV. Pre-
concentration of primaquine on the working electrode was attempted by applying
different lower potentials, for 30 s, before scanning the potential towards +1000

mV but no increasing of I, was observed.
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Potential (mV)
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0.9 12 15 18
log 7(Hz)

Figure 4.5. SWV studies for primaquine (1 x 10 mol L ) using MWCNTSs. (A)
voltammograms at: a) pH 4.0, b) pH 7.0 and c¢) pH 9.0. (B) Ip in function of f for
main oxidation peak (R? = 0.996); C) E; in function of the log f (R = 0.996). BR
Buffer 0.02 mol L* with KCI 0.25 mol L.
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4.2.3
Analytical characteristics

The analytical curve was constructed by sequential addition of increasing
concentration of analyte into the electrochemical cell (Fig. 4.6A and B). The linear
dynamic range of primaquine on GC/MWCNTSs was in the range from 0.1 to 5.0
umol L2, In order to compare the performance of the GC/MWCNTS electrode (Ip
at +577 mV), a set of square-wave voltammograms and the analytical curve was
also obtained by using the bare GC electrode (I, at +660 mV) as seen in Fig. 4.6C
and D. The sensitivity using the GC/MWCNTs electrode (2.08 A L mol™?) was
almost 24 times higher than the one obtained using the bare GC electrode (0.089 A
L mol™), which is an increasing factor five times larger than the one based only
upon surface active area, indicating that an electro-catalytic process is probably

taking place onto the surface of the MWCNTS.

Instrumental LOD and LOQ were calculated respectively as 3sb m™* and
10sb m™2, where sh is the standard deviation (n=10) of the 1, measured for the lowest
concentration of the analytical curve and m is the sensitivity of the curve. For the
GC/MWCNTs electrode, the instrumental LOD was 28 nmol L™ (7.26 ug L) and
the instrumental LOQ was 93 nmol Lt (24.1 ug L™?) of primaquine. As a
comparison, the instrumental LOD and LOQ values obtained using the bare GC
electrode were respectively 1.6 umol L™ (0.41 mg L) and 5.4 pmol L™t (1.4 mg

LY,

Precision was evaluated as the coefficient of variation of I, obtained from
10 consecutive SWV scans, at a given analyte concentration, using the same

GC/MWCNTSs electrode. Prior to each scanning, mechanical stirring of solution
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was made to replenish the solution—electrode interface. Precision at 1x10 ¢ mol L™

(0.25 pg mL™1) was 4.2% while at 1x10~° mol L™ (2.59 ng mL™) it was 3.8%.

The stability of MWCNTSs was evaluated by obtaining 20 repetitive cyclic
voltammograms of 200 pmol L™* of primaquine, using the same modified electrode.
The measured average peak currents for primaquine were 47.6 pA with the relative
standard deviation of 2%, indicating that MWCNTs modification onto the GC

electrode surface is stable after several measurements.

12

B

L, (14)
e B2 ¢
>
k%%
L (nA)

400 0 400 80 1200 O 1 2 3 4 5
Potential (mV) concentration of Primaquine (10 mol L)

D

400 0 400 800 1200 0 3 6 9 12 15

Potential (mV) concentration of Primaquine (x10° mol L1)

Figure 4.6. (A) SWV of primaquine using GC/MWCNTSs electrode: a) 0, b) 5x10°
7,¢) 1x10°%, d) 1.5x10®, e) 2x10°%, f) 2.5x10°%, g) 3x10®, h) 3.5x10°8, i) 4x107, )
4.5x10%, k) 5x10°° mol L and (B) Analytical curve: Ip (LA) = (2.08 + 0.04) x10°
Coprimaguine + (1.19 = 0.10) (R? = 0.999). (C) SWV response of primaquine using bare
GC: a) 0, b) 3x10, ¢) 6x107°, d) 9x10°, e) 1.2x10*, f) 1.5x10*, g) 1.3x10* mol
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LL. (D) Analytical curve: I, (UA)= (8.92 + 0.50) x10* Cprimaquine + (7.11% 0.25) (R?
= 0.984). BR buffer 0.04 mol L™ with KCI 0.5 mol L™ at pH 7.0.

4.2.4
Strategy for the application of the method in the analysis of urine

Studies were conducted to evaluate the potential interference imposed by
some of the urine components in the electro-analytical signal of primaquine.
Interference was evaluated by the ratio between the signal from a solution
containing only the analyte and the signal measured from a solution containing the
analyte and a substance typical of urine matrix, in this case, the analyte

concentration was the same in both solutions (4x107® mol L™ or 1.04 ug mL™?).

These lanayte/Ianatyte + urine componenty Values near unity did not indicate
interference. Values below unity indicated the increasing of the measured signal
due to the contribution from the other urine component. These tests were carried
out at two different analyte:urine component molar ratios (1:1 and 1:2).
Measurements were performed in triplicate and the calculations were based on the

peak height.

Urea, uric acid, phenylanine, histidine, valine, HCO*", Na*, K* did not
impose any interference. In contrast, cysteine, tryptophan and creatinine were found
to interfere as they also produce measurable signal at the potential range chosen to
determine primaquine as indicated by the lanaiyte/ianalyte + urine componenty Values lower
than unity (Table 4.2). The voltammogram produced by a urine sample not
containing primaquine (after deproteinization) is shown in Fig. 4.7 with a large
redox profile probably composed by the contribution of oxidation of several

substances.
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In order to eliminate interferences, a combined procedure involving LLE
and TLC was developed to enable separation and some level of analyte pre-
concentration aiming the determination of primaquine at the expected levels (ng
L1 found in urine samples of people under treatment. LLE procedure involved the
use of chloroform and urine sample (after deproteinization) diluted and at pH
adjusted to about 9 (to guarantee that the major fraction of the drug is in the
unprotonated form). LLE efficiency to remove primaquine (at 1x10~° mol L ™) was
evaluated by means of thee replicates (3 extractions per replicate that were
combined altogether before solvent evaporation). The percent recovery, calculated
based on the amount of primaquine (fortification), was (94.6 = 3.8)% and the pre-
concentration factor was 50 times. The same test was made using urine sample
fortified with a standard solution of primaquine diphosphate (final concentration in
sample of 1x107° mol L™?). The recovery was (133.1 + 8.3) % (n=3) indicating that

small fractions of other components in urine were also extracted along primaquine.

Because of the extraction of other sample components, an additional
separation procedure was performed by TLC, based on a procedure from literature
for chloroquine [90] that employed methanol/ammonia as mobile phase. A previous
test was made to evaluate the chromatographic elution of primaquine and of three
other urine components along the chromatographic plate. The procedure provided
a retention factor (Ry) for primaquine of 0.42. Rrvalues for cysteine, tryptophan and
creatinine were respectively 0.65, 0.69 and 0.63 meaning that in a mixture these

substances are concentrated in the same spot and far from the one of primaquine.

In order to maximize the use of the extracted material, 10 sample spots per
TLC plate (side by side) were made. After separation, the area of the plate was

removed (+ 0.5 cm around the R of primaquine) and transferred to a vial to be re-


DBD
PUC-Rio - Certificação Digital Nº 1612182/CA


PUC-Rio- CertificacaoDigital N° 1612182/CA

77

dissolved in acidified water (about pH 4), filtrated and then dried again before it
was re-dissolved with 1.00 mL water that was then quantitatively transferred to the
analytical cell. The same procedure was made using a plate without primaquine and
no signal was observed concerning any TLC plate constituent that could impose

interference.

The analysis was performed using urine fortified with primaquine
diphosphate at 1.09 x 10~° mol L. The recovery obtained, after combination of
LLE and TLC, was (1.21 + 0.10) x 10~° mol L* (percent recovery of 111+ 8.9%).
The voltammogram of the analyte after LLE/TLC is shown in Fig. 4.7 along with
the voltammogram of the control non-fortified urine that did not indicate a defined
signal over the potential range measured (not producing systematic signal
contribution). Considering the complexity of the matrix and the concentration level
of primaquine, the result can be considered satisfactory. The same sample was also
analyzed by HPLC, using a method from literature [59], and recovery was (1.16 +
0.03) x 10~° mol L* (percent recovery of 106.4 + 2.6%). Student t-test for different
variances (previously verified using the Fisher-Snedecor test) was used to compare
the mean values of the results of each method. The statistical test considered a
confidence limit of 95% (two tails, each with «/2=0.025). The test indicated that
results are in statistical agreement (texperimental=0.7 < tcriticai=4.3). The simplicity
of the electrode modification procedure, the facile sample pre-treatment and the
combined use of LLE and thin layer chromatography (TLC) are part of the
advantages of this work, besides the low detection limits, which correspond to the

same order of magnitude of the best ones reported in literature (Table 4.1).
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Figure 4.7. SWV voltmograms at GCE/MWCNTs (a) Urine control after
deproteinization, LEE and TLC; (b) Urine fortified with primaquine (1.0x10° mol
L) after LEE and TLC; (c) Urine control sample only after deproteinization.
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Table 4.2. Evaluation of interference imposed by urine components in the signal

from primaquine

Urine _Propo_rtion . 1o/l (PQ + urine components)
component (primaquine/urine + Sratio”
component)

Cysteine 1:0 1.00+0.11

1:1 0.80 +0.04

1:2 0.66 £0.11

Tryptophan 1:0 1.00 £ 0.03

1:1 0.82 £ 0.05

1:2 0.60 + 0.04

Creatinine 1:0 1.00 £ 0.15

1:1 0.75+£0.13

1:2 0.73+0.12

®The standard deviation of lanatyte/l (anatyte + other urine components)-
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4.3
Partial conclusion

The modification of the GC using a layer of MWCNTs provided
amplification of the electrochemical signal measured from primaquine by SWV due
to the increased active area and improved electron-transfer rate. GC/MWCNTSs also
provided, when working on a proper pH, higher resolution in detecting the different
electrochemical steps involved in the redox process of primaquine. The electrode
enabled low LOD for primaquine and when associated with a simple developed
procedure, relying of LLE associated with TLC, enabled selectivity and capability
to determine the lower levels expected in urine samples. In a standard malaria
treatment, one tablet of primaquine (containing 26 mg of primaquine diphosphate)
is administrated per day during 15 days [91] and between 1 and 5% of primaquine
IS excreted in its original form (within 24 h). Therefore, the developed method
enabled the determination at the required ng L%, since LOD of the method,

including pre-concentration factor, was 250 ng L 2.
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Square-Wave voltammetric determination of INHHQ, a
promising metal-protein attenuating compound for the
treatment of Alzheimer’s disease, using a MWCNT modified

glassy carbon electrode

Paper published as “Square-Wave Voltammetric Determination of 8-
Hydroxyquinoline-2-Carboxaldehyde Isonicotinoyl Hydrazone (INHHQ), a
Promising Metal-Protein Attenuating Compound for the Treatment of Alzheimer’s
Disease, Using a Multiwalled Carbon Nanotube (MWCNT) Modified Glassy
Carbon Electrode (GCE)”

Paper published in Analytical Letters, 2020.
DOI: 10.1080/00032719.2020.1741603

5.1
INHHQ and analytical methods for its determination

Alzheimer’s disease is a progressive neurodegenerative disorder that is
characterized by cognitive and memory dysfunctions [92]. The disease is most
commonly diagnosed in people above 65 years of age, although it may occur earlier
[93]. Alzheimer’s patients commonly have developed extracellular senile plaques,
composed of aggregates of the amyloid-f peptide (Af), and intracellular
neurofibrillary tangles, primarily consisting of hyperphosphorylated tau protein

[94].

The human brain is able to concentrate metal ions, whose levels increase as
a normal consequence of aging. Some studies indicate that the interaction of
amyloid-g peptide with metals, such as copper and zinc, may be involved in the
oxidative stress and processes leading to peptide oligomerization and aggregation
because these ions have been found in amyloid plaques [95][96][97]. Moreover,
soluble amyloid-f peptide oligomers are considered to be potent synaptotoxins

[98]. Considering the putative importance of some metal ions in the development
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of Alzheimer’s disease, the prevention of amyloid-  peptide oligomerization in the

brain is considered to be a potential treatment strategy [99].

Metal protein attenuating compounds (MPACs) are therapeutic agents
presenting a high potential for the treatment of amyloidogenic pathologies [100].
They compete with the aggregating peptide or protein for the binding of metal ions,
avoiding oligomerization, decreasing oxidative stress and restoring metal
homeostasis [95]. The 8-hydroxyquinoline-2-carboxaldehyde isonicotinoyl
hydrazone or INHHQ (Fig. 5.1) has demonstrated in vitro metal protein attenuating
activity in recent works [101][60] as it was capable of blocking the interactions of
Zn?* and Cu?* with the Ab protein.

X
N SN =
OH _N

Figure 5.1. INHHQ structure (8-hydroxyquinoline-2-carboxaldehyde isonicotinoyl
hydrazone).

In vivo studies have showed no lethality in acute exposure at high doses, up
to 300 mg per kg of body weight in healthy rats [101], and suggested that an
innocuous dose of 1mg per kg of body weight that was intraperitoneally injected in
physiologic solution containing 10% dimethyl sulfoxide is adequate to prevent
memory loss in an Alzheimer’s disease mouse model [102]. In addition to the 8-
hydroxyquinoline group, INHHQ also contains an isoniazid group, resulting in a
ligand capable of coordinating metal ions of biological importance through

different donor atoms including nitrogen and oxygen [103].
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High concentrations of INHHQ are difficult to dissolve in water, forming
primarily suspensions. However, at the in vivo tested active dose (0.1 mg mL™) the
compound is stable and efficiently solubilized at physiological pH. Acidic aqueous
media, on the other hand, enhance the hydrolysis of the hydrazine molety of the

INHHQ [104].

As there is no analytical method reported so far in the literature for
determination of INHHQ in biological matrices, the present work describes how
the modification of the glassy carbon electrode (GCE) with multi-walled carbon
nanotubes (MWCNTSs) promoted a large Faradaic current utilizing square-wave

voltammetry (SWV).

The MWCNTSs are characterized by high electrical conductivity, high
surface area, good chemical stability, as well as relative chemical inertness in most
electrolyte solutions in addition to a wide operation potential window. Further, they
exhibit electro-catalytic properties due to their significant mechanical strength [17].
The MWCNTS have been widely employed in electrochemistry for the modification
of electrodes. For example, the modification of the glassy carbon electrode surface
using multiwalled carbon nanotubes provided amplification of the electrochemical
signal measured utilizing square-wave voltammetry from an antimalarial
(primaquine) due to the enhancement in the active area and the increased electron
transfer rate [105]. By the use of this approach, a procedure has been developed for
the detection of primaquine in human urine samples based on the combined use of
liquid liquid extraction and thin-layer chromatography (TLC) to provide suitable
selectivity. Based on this protocol, a square-wave voltammetric method using a
glassy carbon modified with multiwalled carbon nanotubes was developed for the

determination of INHHQ. A thin-layer chromatography (TLC) procedure was
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involved to enhance the selectivity required to determine INHHQ in the brain tissue

obtained from Wistar rats.

5.2
Results and discussion

5.2.1
Electrochemical properties of INHHQ on a glassy carbon electrode
modified with MWCNTs

The results showed that an increase of the mass of MWCNTS onto the glassy
carbon electrode, up to 30 pL of dispersion (90 ug of MWCNTS), improved current
peak intensity obtained from the INHHQ cyclic voltammogram as shown in Fig.
5.2A for the current measured at +209 mV. However, 10 pL of dispersion,
corresponding to 30 pg of MWCNTS, provided best mechanical stability of the
modified electrode and most reproducible response as a function of time. The
measurements also revealed that the glassy carbon electrode modified with
MWCNTs (GC/MWCNTSs) produced a notable increase in the electrochemical
response of INHHQ as compared to the unmodified bare glassy carbon electrode.
This effect can be observed in the cyclic voltammograms in Fig. 5.2B and C
obtained at 100 mV s and using sustaining electrolyte consisting of 0.02 mol L™
pH 11.0 Britton-Robinson buffer solution 0.25 mol L KCI. The blank solution did

not produce an electrochemical signal as shown in Fig. 5.2B.

The modification with MWCNTS provided a larger active surface area with
enhanced contact between electrode and analyte in solution, leading to an
approximate five-fold enhancement in the measured current of the redox processes
concerning INHHQ with well-resolved peaks compared to the low intense and

broad peaks observed using the bare glassy carbon electrode. The results also show
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that the voltammetric peaks appear at lower potentials indicating that INHHQ is

being easily reduced and oxidized at the MWCNT-modified glassy carbon

electrode when compared to the unmodified electrode.
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Figure 5.2. Cyclic voltammograms from INHHQ using (A) different quantities of
MWCNTSs onto electrode surface (peak current at +209 mV in detail). (B) a) Blank
solution at GC/MWCNTSs electrode (30 ng MWCNTS) b) GC/MWCNTS electrode

(30 ng MWCNTSs) with INHHQ: Peak 1 at -47 mV, peak 2 at +209 mV, peak 3 at
+926 mV, peak 4 at -215 mV, peak 5 at -966 mV, peak 6 at -1267 mV. (C) Bare
GC electrode: Peak 1’ at +418 mV, peak 2’ at +867 mV, peak 3’ at -590 mV.
INHHQ at 2 x 10 mol L%, BR buffer (0.02 mol L*; pH 11.0 in KCI 0.25 mol L?)

and 100 mV s scan rate.

On the basis of these observations, it can be postulated that the MWCNTS
may promote a catalytic effect in the electrochemical oxidation of INHHQ), leading

to a decrease in the overpotential and a remarkable enhancement of the anodic or
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cathodic peak currents [82,106,107]. For example, peak 2, obtained using the
MWCNT-modified glassy carbon electrode is a well-defined and sharp anodic peak
at +209 mV. Its counterpart (peak 1°), obtained using the unmodified glassy carbon

electrode, is a relatively broad and smaller anodic peak at +418 mV.

The choice of the pH to perform the cyclic voltammetry was based on the
stability of the compound and the intensity of the electrochemical signal (Fig. 5.3)
while also considering the solubility of INHHQ at a concentration of 1 x 10" mol
L in aqueous solution. A volume of 100 pL of a stock solution of 1 x 10 mol L-
LINHHQ in dimethyl sulfoxide was placed in aqueous Britton-Robinson solutions
at various pH values above neutral conditions (7.0, 9.0 and 11.0), because the
literature has reported that in acidic conditions, INNHQ readily degrades back to
its precursors [104]. After solubilizing the INNHQ at pH 7.0 and 9.0, turbidity was
observed after a few minutes, probably due to the partial precipitation that occurs
using INHHQ at the concentrations required to perform cyclic voltammetry.
However, using the supporting electrolyte at pH 11.0, the analyte was shown to be

stable and sufficiently soluble.

In Fig. 5.3C, the cyclic voltammogram at pH 11.0 (within £1500 mV)
presented two main anodic peaks at -47 mV (peak 1) and +209 mV (peak 2) and
another close to the limit of the potential window at +926 mV (peak 3). In addition,
there are two main cathodic peaks at -215 mV (peak 4) and -966 mV (peak 5) along
with a cathodic peak close to the negative limit of the electrode potential window
at -1267 mV (peak 6). In order to evaluate the interdependence of the observed
redox events, cyclic voltammograms of the analyte were obtained using shorter

potential ranges at 100 mV s* as shown in Fig. 5.3D which includes a more negative
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potential range from -1500 mV to 0 mV, an intermediary potential range from -400
mV to +400 mV and a more positive potential range from 0 mV to +1500 mV. The
profiles of voltammograms confirm a redox pair composed of the peak with a
maximum at -47 mV and -215 mV (peaks 1 and 4). In contrast, the peak at +209

mV had no cathodic counterpart and the peak at -966 mV had no anodic counterpart.
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Figure 5.3. Cyclic voltammograms of INHHQ at 1 x 10" mol L%: (A) at pH 7 (peak
1 at +160 mV, peak 2 at +438 mV, peak 3 at +1070 mV, peak 4 at -67 mV, peak 5
at -781 mV, peak 6 at -1127 mV. (B) at pH 9 (peak 1 at +47 mV, peak 2 at +297
mV, peak 3 at +1029 mV, peak 4 at -100 mV, peak 5 at -872 mV, peak 6 at -1248
mV. (C) at pH 11 (peak 1 at -47 mV, peak 2 at +209 mV, peak 3 at +926 mV, peak
4 at -215 mV, peak 5 at -966 mV, peak 6 at -1267 mV). (D) Cyclic voltammogram
of INHHQ using different potential ranges at pH 11. Britton-Robinson Buffer 0.02
mol L with KCI 0.25 mol L and scan rate at 100 mV s,
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5.2.2
Electrochemical behavior of INHHQ and precursors at GC/MWCNTs
electrode

The electrochemical properties of 8-hydroxyquinoline have been
extensively studied in the literature using carbon-based electrodes [108,109].
Cyclic voltammetry produced one primary oxidation peak across the range between
-400 mV and +800 mV with maximum varying in the function of the pH of the
solution, showing the influence of the acid-base equilibrium [108,109]. As the scan
direction was reversed, a new reversible redox couple was present at less positive
potentials, indicating that an electrochemical reaction gives rise to a molecule that

is more easily oxidized than 8-hydroxyquinoline [108,109].

When the potential investigation was extended to +1400 mV, on subsequent
cycles the voltammogram of 8-hydroxyquinoline exhibited one new reversible
redox couple at less positive potentials involving the 1,4-naphthoquinone/1,4-
naphtho-hydroquinone redox couple. The results showed that the oxidation of 8-
hydroxyquinoline occurs at the phenolic group involving hydrogen bonding with

the nitrogen heteroatom [108,109].

Stevic et al. employed cyclic voltammetry and semi-empirical
computational methods to propose a two-electron irreversible oxidation peak in
solutions across the pH range from 2 to 12 [109]. Single-electron oxidation leads to
the formation of various free radical species depending on the solution pH that
combine to produce dimers which, after being oxidized once more, produces
quinonoid-type compounds. There is comparatively less information regarding the
electrochemical characteristics of the isoniazid at carbon-based electrodes without

the mixing or modification with chemical modifiers.
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Cyclic voltammetric measurements for the direct oxidation from pH 2 to 11
at the carbon paste electrode showed a single well-defined irreversible anodic peak
attributed to the two-electron oxidation of the amide moiety of the isoniazid
molecule [110]. The peak current intensity was much higher across the pH range
from 4 to 6 with the peak potential linearly shifting to less positive values with an
increase in the pH upon the adsorption onto the carbon electrode and surface

reactions.

In order to obtain further insights into the INHHQ redox processes, their
precursors of isoniazid and 8-hydroxyquinoline or 8-hydroxyquinoline-2-
carboxaldehyde, as well as 8-hydroxyquinoline which is structurally related to the
8-hydroxyquinoline-2-carboxaldehyde, were used as the reference standards
evaluated by cyclic voltammetry using the MWCNT-modified glassy carbon
electrode (Fig. 5.4) at concentration levels equal to 6 x10* mol L in pH 11.0 0.02
mol L Britton-Robinson buffer with 0.25 mol L™ KCI at a scan rate of 100 mV s’
! The INHHQ in Fig. 5.4A seems to present features from both 8-
hydroxyquinoline-2-carboxaldehyde in Fig. 5.4B and isoniazid in Fig. 5.4C, but the
maximum peak potentials differ from those of the reference standards, although

they may represent similar redox processes.

The peaks recorded during the cathodic scan were generally obtained at
more negative potentials than those of 8-hydroxyquinoline-2-carboxaldehyde.
However, the more negative peak of INHHQ at -1267 mV appears at a less negative
potential that the value for isoniazid equal to -1288 mV. The anodic scan of INHHQ
included two peaks at -47 and +209 mV that may be correlated to those from 8-

hydroxyquinoline-2- carboxaldehyde at +16 mV and +286 mV, which typical of 8-
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hydroxyquinoline as seen in Fig. 5.4D or isoniazid at +148 mV. However, the
INHHQ analyte provides a smaller oxidation peak at +926 mV that seems to be a
signature of the compound as its precursors do not present this peak in the far
positive region.

5.2.3
Square-wave voltammetry for INHHQ using the GC/MWCNTSs electrode

The square-wave voltammetry of INHHQ in 0.02 mol L* Britton-Robinson
buffer with 0.25 mol L KCl at pH 11.0 was performed in the anodic direction (Fig.
5.5A) in order to take advantage of the more intense anodic peak observed in the
cyclic voltammogram. The explored range was from -200 mV to +800 mV and a
profile was observed in the cyclic voltammogram consisting of two peaks: one at -
67 mV and another, more intense at +303 mV which are related to peak 1 at -47

mV and peak 2 at +209 mV.
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Figure 5.4. Cyclic voltammograms of (A) INHHQ at 6 x 10 mol L. (B) 8-
hydroxyquinoline-2-carboxaldehyde at the 6 x 10 mol L. (C) isoniazid at 6 x 10"
“mol L. (D) 8-hydroxyquinoline at the 6 x 10" mol L using BR Buffer (pH 11.0;
0.02 mol L with KCI 0.25 mol L) and scan rate at 100 mV s,
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The choice of the pH was made based on the comparison of intensities
obtained for the peak at +303 mV selected for quantitative purposes within the pH
range between 7.0 and 12.0 where maximum anodic peak current achieved at pH
11.0 (Fig. 5.5B). The relationship between peak current (Ip) and the applied
frequency (f) for the main square-wave voltammetry oxidation peak was found to
be linear as the determination coefficient (R?) is 0.997, which indicates that the
oxidation that occurs is irreversible (Fig. 5.5C). Irreversible reactions are also
characterized by the linear relationship (R? = 0.990) between maximum peak
potential (Ep) and the log (f) as seen in Fig. 5.5D for the main oxidation square-

wave voltammetry peak.
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Figure 5.5. (A) Anodic square-wave voltammogram of INHHQ at 4 x 10° mol L
! at f = 30 Hz. (B) Histogram of the effect of pH on the INHHQ SWV peak current
at +303 mV at f = 30 Hz. (C) I, in function of f for the peak at +303 mV (R?=
0.997). (D) E, in function of the log f (R? = 0.990). Britton-Robinson Buffer 0.02
mol L with KCI 0.25 mol L at pH 11.0 and sweep rate was 100 mV s™.
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In order to obtain additional information concerning the main square-wave
voltammetry oxidation peak at +303 mV at 30 Hz, a cyclic voltammetric
investigation at various scan rates (v) was performed on the MWCNT-modified
glassy carbon electrode for the INHHQ peak at +209 mV corresponding to the +303
mV peak by SWV. A linear relationship was present between I, and v as R? was
equal to 0.995 (Fig. 5.6A) at higher scan rates from 100 to 1000 mV s, which
shows that the oxidation is probably an adsorption-controlled process. In contrast,
at a low v values from 10 to 100 mV s, the peak current values remain reasonably

constant (Fig. 5.6B).

This mixed behavior may occur because the peak at +209 mV of INHHQ is
probably a mixture of oxidation events concerning chemical groups from isoniazid
and 8-hydroxyquinoline-2carbolxaldehyde. At lower v values, strong adsorption of
the oxidized species onto the MWCNTSs may also be causing the poisoning of the
electrode modified surface, thereby preventing the electron transfer process [111].
This hypothesis is reinforced because when a similar study was performed using a
bare glassy carbon electrode, linear relationships are found between Ip and v at both

high (R? = 0.988) and low (R? = 0.988) values as shown in Fig. 5.6C and D.
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Figure 5.6. I, versus scan rate of INHHQ (peak at +209 mV or peak 2 of Fig. 3B)
at higher (A) and at lower (B) scan rates, using GC/MWNTCs. I, versus scan rate
of (peak at +418 mV or peak 1 of Fig. 3C) at higher (C) and at lower (D) scan rates,
using bare GC electrode. Solution containing 2 x 10 mol L™ of INHHQ. BR Buffer
0.02 mol L with KCI 0.25 mol L and sweep rate was 100 mV st and pH 11.

5.2.4
Analytical performance

As the square-wave voltammetry studies on the oxidation of INHHQ on the
MWCNT modified glassy carbon electrode have indicated that the most intense
current is achieved at pH 11 with a peak current of approximately +303 mV,
quantitative measurements were made by adding sample into the supporting
electrolyte at pH 11; 0.02 mol L Britton-Robinson buffer containing 0.25 mol L*
KCI. In order to identify the conditions providing the largest analytical response
using square-wave voltammetry using the MWCNT-modified glassy carbon
electrode, the instrumental parameters were studied. The signal intensity at +303

mV using a frequency of 30 Hz steadily increased as the pulse amplitude was varied
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from 30 to 100 mV. A pulse amplitude of 40 mV was deemed to be optimum due
to the better relationship between peak sharpness and intensity. The pulse frequency
(f) of 30 Hz was also a compromise between peak current and peak width within
the 5 to 200 Hz range. The potential step was directly proportional to the peak

current up to 20 mV and remained constant above 30 mV.

The analytical curve was constructed using the selected experimental
conditions using INNHQ concentrations up to 64 umol L (Fig. 5.7A) with the
sequence of square-wave voltammograms shown in Fig. 5.7B. The analytical curve
equation, Ipas a function of analyte concentration (C) was I (LA) = (1.37 £ 0.034
L mol™?) x 10° Cinuno + (0.093 + 0.44) with dynamic linear range (R? = 0.996)
covering two orders of magnitude and a limit of detection (LOD) equal to 0.85 pmol
L1 (0.25 pg mL™Y) and a limit of quantification (LOQ) equal to 2.9 umol L (0.85
ug mL1). The limits of detection and quantification were calculated by 3 sb m™ and
10 sb m™, respectively. where sb is the standard deviation estimated by 10
consecutive measurements of the peak produced by the lowest analyte
concentration of the analytical addition curve and m is the slope of the analytical

calibration relationship.
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Figure 5.7. (A) Analytical curve (peak current at +303 mV) for INHHQ at a GC-

MWNTCs electrode (R? = 0.996). (B) Square-wave voltammetric response of
INHHQ using GC-MWNTCs electrode: (a) 0, (b) 3.0 x 10°(c) 9.2 x 1078, (d) 2.2
x 107, (e) 3.5 x10°°, (f) 4.2 x 10°°, (g) 5.7 x 10>, (h) 6.4 x 10~° mol L. BR Buffer
0.02 mol L with KCI 0.25 mol L' at pH 11 and 100 mV s scan rate. (C) TLC R¢
values of INHHQ and related compounds.

The instrumental precision was determined to be the coefficient of variation

of 10 consecutive measurements of the response provided by a 1 x 10° mol L™ (2.9

ug mL™?) analyte standard. Each measurement was performed following a solution

agitation step in order to replenish the solution—electrode interface. The obtained

instrumental precision was equal to 3%.
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The stability of MWCNTS onto the glassy carbon electrode was evaluated
by the measurement of 20 repetitive cyclic voltammograms of a 35 pumol L*
INHHQ solution using the same modified electrode. The measured average peak
currents for INHHQ were equal to 40.0 pA with a relative standard deviation of
2.3%. These results suggest that the modification of the MWCNTSs onto the GC
electrode surface had favorable reproducibility and stability for the determination

of INHHQ.

5.2.5
Determination of INHHQ in wistar rats’ brains

Before carrying out the analysis of the rat brains fortified with the analyte,
a preliminary measurement was performed to evaluate the separation of INHHQ
from the precursors (Fig. 5.7C). Although 8-hydroxyquinoline and 8-
hydroxyquinoline-2-carboxaldehyde remained near the starting point of the
chromatographic plate, both INHHQ and isoniazid were separated as their spots
have R¢ values equal to 0.82 and 0.72, respectively. It is important to point out that
due to the lower solubility, INHHQ leaves a tail that may influence the recovery of

this analyte during the collection of the sample at the Rt location at 0.82 + 0.04.

The separation of INHHQ from the main brain matrix components by thin-
layer chromatography (TLC) was also evaluated and no residue of the brain matrix
was visually observed at Rf equal to 0.82 that has been shown to be characteristic
for the analyte. Most of the brain matrix was retained at the starting point of the
TLC plate. When INHHQ was mixed with either Cu and Zn, a characteristic spot
appeared at R equal to 0.26 (Zn-INHHQ) and Rt equal to 0.36 (Cu-INHHQ) in

addition to the spot at Rf of 0.82 due to INHHQ, indicating that any complexes
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formed between metal ions and INHHQ are separated from the residual free

INHHQ in the sample.

In order of maximize the amount of sample introduced onto the
chromatographic plate, 200 pL of the extracted material were spotted on the TLC
plates. 20 spots were introduced per plate with each corresponding to 10 pL by the
accumulated additions of five aliquots equal to 2 uL. After the separation was
complete, the area of the plate containing the INHHQ at 0.82 + 0.04 was removed
and transferred to a vial to be redissolved in 300 pL of dimethyl sulfoxide and 3
mL of the supporting electrolyte. After vortex mixing, the dispersion was filtered,
the filter paper was washed with the supporting electrolyte solution, and the final
volume (5.00 mL) was adjusted by further addition of supporting electrolyte
solution before the whole contents was transferred to the analytical cell. The same
procedure was followed for a plate without INHHQ and no signal was observed,

showing that no silica plate components were transferred to the final solution.

The analysis was performed using rat brain extracts composed of three
independent samples with a mass of 0.1 g suspended in 2mL of dimethyl sulfoxide
that were fortified with 5 x 10° mol L™ (14.6 pg mL*) and 9 x 10 mol L (2.63
ug mLY) INHHQ. The recoveries obtained were (4.7 + 0.6) x 10®° mol L*
corresponding to a recovery of 95 + 13.0%) and (8.6 + 1.0) x 10° mol L*
corresponding to a recovery of 95.4 + 11.6%, respectively. The analysis of the blank
produced no relevant signals concerning other components of the brain matrix that
were carried along INHHQ during the TLC procedure. Considering the complexity
of the matrix, a rapid, low-cost and simple TLC procedure was performed to offer

more selectivity to the method for the analysis of biological tissues. The achieved
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recoveries also indicate the favorable selectivity of the glassy carbon electrode

modified with MWCNTS for the electrochemical detection of INHHQ.

The sample with the higher fortification value equal to 5 x 10> mol L™ was
also analyzed by HPLC using a method modified from the literature [60]. The
resulting recovery was (5.5 + 0.1) x 10> mol L%, corresponding to percent recovery
equal to 110 £ 1.8%. Despite differences in the mean values of the results, Student’s
t-test for different variances (confidence limit of 95%; two tails, each with a/2 =
0.025) indicated that results are in statistical agreement (texperimental = 2.76 < teritical =

4.30).

53
Partial conclusion

The MWCNTs afforded amplification of the electrochemical signal
measured from INHHQ by square-wave voltammetry due to the increased active
area and improved electron-transfer rate. The choice of the pH 11.0 to perform the
cyclic voltammetry was selected based on the solubility and stability of INHHQ
and the intensity of its electrochemical signal. This electro-analytical method for
the determination of INHHQ is reported for the first time. The rapid and easy
modification of the glassy carbon electrode with MWCNTS, its sensitivity,
reproducibility and the simple pretreatment of the sample, including thin layer
chromatography to improve the selectivity of the method, make this an attractive

method to determine the anticipated analyte levels in the extracts of the rat brain.
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Indirect voltammetric determination of thiomersal in
influenza vaccine using photo-degradation and graphene
guantum dots modified glassy carbon electrode

Paper published in Talanta, 2020, 120938
DOI: 10.1016/j.talanta.2020.120938

6.1
Thiomersal and analytical methods for its determination

Thiomersal is an organomercury derivative widely used in topical
pharmaceutical preparations and as preservative in vaccines and cosmetics [112].
Thiomersal structure comprises of 49.55 % (w/w) of mercury and its degradation
produces thiosalicylic acid, dithiobenzoic acid and ethylmercury [113]. Thiomersal
has been used in vaccines against hepatitis B, influenza, Haemophilusinfluenzae
type b, diphtheria, tetanus and whooping cough [114] in typical quantities between
45 to 55 pg per dose (0.50 mL) [115]. Despite the fact that thiomersal is a very
effective preservative, its inclusion in vaccines is controversial as some studies
indicated the presence of mercury residues in human tissues that could affect the
central nervous, cardiovascular, renal and immune systems [115,116]. Therefore,
thiomersal concentration in vaccines must be kept at safety levels in order to avoid
unnecessary exposition of humans. In this context, analytical methods are required
to enable easy determination of thiomersal at trace levels in order to allow, for

instance, the quality control of vaccines.

Gil et al. photo-decomposed thiomersal in solution using UV and H20,.
Further reduction of Hg?* to Hg was achieved, in a second step, by ultrasound after

addition of formic acid. Mercury cold vapor was carried to the quartz cell of an
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atomic absorption spectrometer to be detected at levels down to 40 ug L™ (0.09

umol L) [117].

Figure 6.1.Thiomersal structure (sodium ethylmercurithiosalicylate).

Reverse-phase high performance liquid chromatography (HPLC) coupled
with atomic fluorescence spectrometry was used for the determination of
thiomersal. Mercury cold vapor was generated by the post-column reduction of
mercury species using UV and in the presence of formic acid. Thimerosal was
converted to Hg?* then reduced to Hg. The method was applied to the determination
of thimerosal in samples of a pharmaceutical industry effluent and in river waters.
The limit of detection (LOD) obtained was 0.09 g L™ (200 pmol L) [118]. Xu et
al. proposed an atomic fluorescence spectrometric method for the determination of
thimerosal in the vaccines based on Fe**-induced degradation of thiomersal and
LOD of 0.03 pg L (0.07 nmol L) was obtained [119]. Wu et al. produced mercury
cold vapor that was carried to an atomic fluorescence spectrometer. The method
was applied for vaccine samples with LOD of 0.06 pg L™ (0.1 nmol L) [120]. Dos
Santos et al. described the determination of Hg, originally present as thimerosal, in
vaccines by photochemical mercury cold vapor generation coupled to inductively
coupled plasma optical emission spectrometry (ICP OES) enabling LOD of 0.6 ug

L1 (1 nmol L) [121]. He et al. also described an ICP OES method to determine
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thimerosal in vaccines by photochemical cold vapor generation (LOD of 0.17 pug L
1 or 0.4 nmol L) [122]. Campanella et al. used flow injection analysis (FIA) for
the determination of thiomersal based on the UV/microwave induced online
oxidation of organic mercury, followed by atomic fluorescence detection [123]. The
method produced LOD of 0.003 ug mL™? (7 nmol L) and it was applied to
ophthalmic solutions. Miranda-Andrades et al. reported a method for quantification
of thiomersal, after photo-degradation assisted by graphene quantum dots (GQDs),
converting thiomersal into ethylmercury then to Hg?*, using visible radiation [61].
Detection was made after chemical reduction to produce mercury cold vapor using
a dedicated mercury portable atomic absorption spectrometer. The method enabled
LOD of 20 ng L™ (0.049 nmol L) in aqueous effluents of pharmaceutical industry

and in urine samples.

Meyer et al. used HPLC with absorption photometric detection to determine
thiomersal in ophthalmic solutions and vaccines detecting values as low as 0.025
pug (0.06 nmol) in 50 pL of sample [124]. Thiomersal was derivatized with
dithizone before carrying out the analysis by HPLC [125]. Acosta et al. used HPLC
with fluorimetric detection (315/442 nm) to determine thimerosal in pharmaceutical
industry effluents after it was converted (in an on-line UV reactor) to thiosalycilic
acid enabling LOD 0f 0.72 pug mL™ (1.8 umol L) [126]. Shivastaw et al. developed
a colorimetric method (measurement at 538 nm) based on the reaction between
thiomersal and dithizone in basic medium to analyze vaccines, obtaining LOD of
200 pg L (0.49 pmol L) [127]. Fredj et al. used a FIA system to produce mercury
cold vapor from thiomersal, which was separated in a gas diffusion cell then passing

through a permanganate solution where Hg was oxidized to Hg?* with the
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decreasing the permanganate absorbance at 528 nm. The method was applied for

vaccine samples with LOD of 70 pg L™ (0.17 umol L) [128].

A limited number of works has been dedicated to the electro-analytical
determination of thiomersal. Birner et al. proposed the use of polarography to
determine thiomersal in aqueous solution and in vaccines where the analyte was
present in amounts above 20 pg g* [129]. Da Silva et al applied cyclic voltammetry
(CV) with glassy carbon (GC) electrode (acetate buffer; pH 4.0) to determine
thiomersal measuring the oxidation peak at +760 mV. Analyses of contact lens care
solutions were made with LOD of 0.09 ug mL™? (0.22 pmol L) [113]. Differential
pulse voltammetry was used by Piech et al. for thiomersal determination in vaccines
using a mercury film silver-based electrode (phosphate buffer; pH 7.0) enabling
LOD of 0.36 ug L (0.9 nmol L) based on the peak at -555 mV [130]. Gonzalez
et al. reported a method for determination of thiomersal by square-wave
voltammetry (SWV) using a screen-printed electrode modified with chitosan
(phosphate buffer; pH 3.2), enabling LOD of 15.3 ug L™ (0.038 pmol L™?). The
sensor was used to analyze human urine and commercial vaccines. The modified

electrode promoted the oxidation of thiomersal with peak at +240 mV [115].

Penagos-Llanos et al. applied SWV for determination of thiomersal in
vaccines and in pharmaceuticals using a carbon-paste modified electrode decorated
with La>Oz (using phosphate buffer at pH 3.1), enabling detection limit of 36 pug L
1(0.09 pmol LY). The anodic scan produced a thiomersal peak in the range between
+800 and +900 mV [131]. Wei et al. developed a molecularly imprinted
electrochemical sensor based on a microporous metal-organic-framework for the

detection of thiomersal. A monolayer of 4-aminothiophenol (4-ATP) was self-
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assembled on the surface of a gold electrode, followed by electro-polymerization
of the 4-ATP-functionalized gold nanoparticles in the presence of template
(thiomersal), forming a microporous molecularly imprinted polymeric film [132].
Thimerosal was determined in ophthalmic solutions and LOD was 0.014 ng L*

(0.035 pmol L.

In this work, an electro-analytical method for thiomersal was developed
using GQDs as a surface modifier of a GC electrode. GQDs are nanometric
fragments of graphene where electron transport is confined in their dimensions.
GQDs present special optical and catalytic properties, due to quantum confinement,
that can be accessed in the visible range the electromagnetic spectrum. The research
presents a new approach for the determination of thiomersal in influenza vaccines
using SWV and GQDs-modified GC (GC/GQDs) electrode, exploring the
synergistic effect between GQDs, visible radiation and the applied potential in

producing very intense Hg oxidation peak during anodic scan.

6.2
Results and discussion

6.2.1
Characterization of GQDs in aqueous dispersion and modification of
the GC

The GQDs in aqueous dispersion (pH 6.4) were characterized using
different techniques. The GQDs dispersion showed photoluminescence emission
with maximum at 445 nm (Fig. 6.2A), when excited at 357 nm, indicating quantum
confinement. There is no change in emission maximum as the excitation was varied
by +20 nm. Raman spectra of GQDs is shown in Fig. 6.2B, exhibiting typical

graphene D and G-bands at 1349 cm™ and 1607 cm™ respectively. Characteristic
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Raman features (bands D and G) indicated sp? carbon in graphitic nanostructures.
The total carbon content in the original aqueous GQDs dispersion, prepared by

hydro-exfoliation of 2 g of citric acid, was about 580 mg L.
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Figure 6.2. (A) Photoluminescence spectrum emission GQDs in aqueous
dispersion (excitation at 357 nm). (B) Raman spectra of GQDs. (C) Scanning
transmission electronic microscopy image of GQDs. (D) Size distribution of GQDs
in aqueous dispersion obtained by DLS with insert showing &-potential of GQDs in

aqueous dispersion in function of pH.

As the GQDs original aqueous dispersion is somewhat viscous, a dilution
with water (3 parts water to 1 part of GQDs original dispersion, in volume) was

required to obtain the STEM images (Fig. 6.2C). It was observed nanomaterials
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with an average diameter of 35.9 £ 2.2 nm. DLS confirmed this diameter value with
a hydrodynamic size of 34.0 £ 3.4 nm (Fig. 6.2D). The closer estimated sizes (by
the image analysis and by DLS) is explained as GQDs are not surface modified
with any ligands as usually are the inorganic semiconductor QDs. The negative
charge of the GQDs in aqueous dispersion increases as the pH value increases, as
seen by (-potential values in insert in Fig. 6.2D, indicating lower aggregation of
nanomaterials as the pH of the aqueous dispersion increases. This is due probably
to the —-COOH groups, at the border of the GQDs, losing protons and becoming

negatively charged.

6.2.2
Cyclic voltammogram of thiomersal onto the GQDs-modified GC
electrode

A preliminary study, using GQDs dispersion prepared with 2 g of citric acid,
was made to evaluate the effect of GQDs modification onto glassy carbon (GC) on
the electrochemical response of thiomersal (at 3.5 x 10* mol L%). Cyclic
voltammograms were obtained comparing the use of bare GC and the GC modified
with 10 puL of the GQDs dispersion (re-suspended in 1,4-dioxane). Using a
supporting electrolyte at pH 4.0 (BR buffer solution at 0.02 mol L™Y/KCI at 0.25
mol L) it was observed two anodic peaks, one with maximum potential (Ep) at
+189 mV and a large one with Ep at +1004 mV, as well as one cathodic peak, in the
reversed scan, with Ep at -33 mV (Fig. 6.3). The position of these peaks remains
the same no matter the GC was modified with GQDs or not. However, the intensity
of these peaks increased when surface of GC was modified with GQDs. For
instance, the main peak, observed at Ep = +189 mV (related to the oxidation of Hg®
to Hg?*) was about 3.3 times more intense using the GC/GQDs electrode. The

modification with GQDs might have improved contact between electrode and


DBD
PUC-Rio - Certificação Digital Nº 1612182/CA


PUC-Rio- CertificacaoDigital N° 1612182/CA

105

analyte in solution, leading to a larger measured current from the redox processes
concerning thiomersal. As potential shifts were not observed, there is no evidence
of electrocatalytic effect induced by the namomaterial when on the surface of the
electrode. It is important to point out that blank solution presents none of these

electrochemical peaks (Fig. 6.4).

-1200-600 O 600 1200
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Figure 6.3. Cyclic voltammograms of thiomersal (at 3.5 x 10 mol L) using a)
GC/GQDs electrode and bare b) GC electrode: Peak 1 at +189 mV; peak 2 at +1004
mV; peak 3 at —33 mV. BR buffer pH 4.0 (0.02 mol L*; KCI 0.25 mol L) and 100

mV s scan rate.
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Figure 6.4. Cyclic voltammogram of the blank solution using the GC/GQDs
electrode. BR buffer (0.02 mol L%; pH 4.0 in KCI 0.25 mol L) and 100 mV s*

scan rate.
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Da Silva et al. [113] reported the oxidation mechanism of thiomersal using
acetate buffer (pH 4.0) in aqueous solutions with initial formation of thiosalicylic
acid and ethylmercury [133,134]. Thiosalicylic acid is subsequently oxidized to
dithiobenzoic acid while ethylmercury(ll) hydroxide is reduced to elemental
mercury (scheme in Fig. 6.5) [133,134]. Ethylmercury may form complex ions such
as CH3CH2HQ).OH" or CH3CH2HgOH depending upon pH [135] affecting
Hg/Hg?* the redox process. Experiments performed with these chemical species

using cyclic voltammetry and the GC/GQDs electrode are shown in Fig. 6.5.

A CcoO~ COO
SHgCH,CH3 S
H* + CH,CH,Hg"
Cco0”~ CcoO~
s’ } S H+
-e
—_—
coo” coo” coo
s’ . s—s
N + CH.,CHHg*
B 2 CH3CH2HQ+ =—= (CH,CH,),Hg +Hg

Figure 6.5. (A) Mechanism oxidation of thiomersal reported by Silva et al. [113]
(B) Redox process concerning ethylmercury.
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Figure 6.6. Cyclic voltammograms using GC/GQDs electrode. (A) Hg?* (2 x 10
mol L. (B) Thiosalicylic acid (3 x 10 mol L. (C) Dithiobenzoic acid (3 x 107
mol L1). BR buffer pH 4.0 (0.02 mol L; KCI 0.25 mol L) and 100 mV s scan
rate.

The cyclic voltammogram of an Hg?* (2 x 10 mol L) standard solution
produced a redox pair (Eanodic/Ecatodic = +168/+14 mV) that corresponds to the redox

pair observed for thiomersal at Eanodic/Ecatodic = +189/-33 mV. The large peak of

thiomersal at +1004 mV is probably a mixture of anodic events concerning
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thiosalicylic acid (E, at +464 mV and also at +1233 mV) and the one of

dithiobenzoic acid (Ep = +1287 mV).

6.2.3
Stability of the GC/GQDs electrode

The stability of a modified electrode is dependent on achieving
homogeneous distribution of the modifying material on the surface of the electrode
[136]. Therefore, finding the appropriate solvent to produce the ink used to be added
on the surface of the GC allows greater durability as well as stability and
reproducibility of the electrode response. Modification by adding 10 uL of the
dispersion (re-suspended in 1,4-dioxane) was found adequate since good coverage
of GC surface was obtained. Solvent might favor high adhesion strength between
the ink and the electrode, affecting the descent of modifying material on the
electrode surface [137]. Aside from electrode/solvent interactions,
electrode/modifying material and solvent/modifying material interactions govern
the aggregation size, modifying material arrangement that influences electron

transport in an electrode system [136].

A contact angle measurement (Fig. 6.7) has been made to evaluate the
interaction between the ink of GQDs, dispersed in either 1,4-dioxane or water, and
the GC electrode surface. The contact angle between the surface of the GC and the
GQD dispersed in 1,4-dioxane is significantly smaller, when compared to the
aqueous GQDs dispersion. A smaller contact angle provides better surface coverage
and stability of the GQDs-solvent on the electrode surface. The hydrophobic
interactions of 1,4-dioxane with the electrode surface are greater than the
interactions of water with the surface electrode, that is, the GQDs-1,4-dioxane has

a better adhesion to the electrode surface. In addition, 1,4-dioxane has high vapor
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pressure in relation to water, making it an excellent solvent to be used in the
preparation of the ink as rapid evaporation (Fig 6.7A) promotes better adhesion of
GQDs on the electrode surface. Sequential electrochemical measurements (n = 20)
were made at Ep = +158 mV using anodic SWV (respective to the anodic peak at
Ep = +189 mV obtained by cyclic voltammetry) of a thiomersal solution (at 2.4 x
107 mol L) using modified GQDs/GC electrodes (Fig 6.7B). It was found that the
response obtained from the electrode modified using ink of GQDs dispersed in 1.4-
dioxane was 1.5 times more intense than the one observed using ink of GQDs
dispersed in water. Relative standard deviation of the measured signals was also
significantly better using ink of GQDs dispersed in 1.4-dioxane (4.9 %) when

compared with the one observed using ink of GQDs dispersed in water (28.3 %).

A comparative evaluation was made by GC modification with the original
GQDs dispersions prepared by hydro-exfoliation using different masses of citric
acid (1, 2 and 3 g). After concentration (though evaporation) and re-dispersion in
1,4-dioxane, it was found that the electrode modified with the dispersion, originally
prepared using 2 g of citric acid, produced a signal (measured at E, = +189 mV
using cyclic voltammetry) about twice the intensity of the one observed using the
electrode modified with dispersion prepared using 1 g of citric acid (Fig. 6.7C). The
GC modification using the dispersion obtained from hydro-exfoliation of 3 g of
citric acid produced greater variation of results besides the fact that the ink did not
properly dried on the surface of the electrode after evaporation of 1,4-dioxane. The
GC modification with dispersion obtained originally from hydro-exfoliation of 2 g
of citric acid produced surface modification with mechanical stability and

reproducible response over time.
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Figure 6.7. (A) Contact angle image of the surface of glassy carbon electrode
modified with GQDs dispersed in water and in 1,4-dioxane. (B) Histogram of the
electrochemical response of thiomersal (n = 4) using GC electrode modified with
GQDs obtained by hydro-exfoliation in water and then dispersed in either 1,4-
dioxane and in water. (C) Peak current (at +189 mV) in function of the amount of
GQDs, produced by hydro-exfoliation of different masses of citric acid, deposited
onto the GC. (D) Cyclic voltammograms of thiomersal at different pH. a) pH 2, E;
=+184.1 mV, b) pH 3, E, = +184.3 mV, c) pH 4, E, = +189.0 mV, d) pH 5, Ep =
+177.1 mV, e) pH 6, E, = +175.6 mV, f) pH 7, Ep = +174.3 mV, g) pH 8, Ep =
+169.8 mV, h) pH 9, Ep = +169.4 mV, i) pH 10, no signal. BR buffer 0.02 mol L
1/KC10.25 mol L (scan rate at 100 mV s2).

The choice of the pH to perform voltammetry was made based on the
intensity of the Hg/Hg?* oxidation peak measured from thiomersal (4.7 x 10> mol
L) varying the pH of the BR buffer of the supporting electrolyte from 2.0 to 10.0.

Voltammograms in Fig. 6.7D show that the anodic peak concerning mercury

oxidation to Hg?" is affected due to the favorable formation of Hg(OH). or mercuric
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hydroxi-complexes at pH above 7.0. As pH decreased from 6.0 to 4.0, the measured
current increased and Ep slightly shifted from +175.6 mV to +189.0 mV. Then, at
more acidic conditions, peak intensity decreases, therefore pH 4.0 was chosen for

quantitative studies concerning thiomersal.

6.2.5
Electrochemical behavior of thiomersal on GC/GQDs electrode

By means of the GC/GQDs electrode, the intensity of the main anodic peak,
obtained from the cyclic voltammetry of thiomersal (at Ep = +189 mV). increases
proportionally with the increase of the square root of the scan rate (v*?), as seen in
Fig. 6.8A. The equation modeling this response, obtained using least squares linear
regression (Fig. 6.8B), was lp = (35.2 + 1.16) - (1.04 + 0.21) x 10* (R? =0.990).

This result indicated that the process is controlled by diffusion.

The dependency between the sharp and most intense anodic peak, E, = +189
mV, and the one obtained in the reversed scan, at E, = -33 mV, was proven by
performing a cyclic voltammetry within the potential range between —200 and +600
mV (Fig. 6.8C). The quasi-reversible nature of this Hg/Hg®" redox pair was
confirmed based on the criteria proposed by Nicholson and Shain [138] considering
the ratio of current intensities (lp1/lp3), where Ipz is the anodic peak current and Ip3
is the cathodic peak current. As lp1/lps decreases exponentially as the scanning rate
(v) is increased, the quasi-reversibility of the electrochemical process is proven
(Fig. 6.8D). This is in agreement with Rhadi et al. [139] who reported quasi-

reversibility of the Hg/Hg?* redox process at relatively high scan velocities.
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Figure 6.8. (A) Cyclic voltammograms of thiomersal (at 2 x 10 mol L ) using
the GC/GQDs electrode at different scan rates (10 to 900 mV s™1). (B) peak current
(Ip) in function of square root of the scan rate (v*2) with R? = 0.990. (C) Cyclic
voltammogram of thiomersal performed within the limited potential range between
—200 and +600 mV. (D) lp1/lps ratio in function of the scanning rate for the redox
pair (peak 1 and 3) obtained in CV. Experiments made with BR buffer pH 4.0 (0.02
mol LY/ KC1 0.25 mol LY).

6.2.6
Square-wave voltammetry using the GC/GQDs electrode: study of
synergetic effect between applied potential and sample irradiation

For quantitative purposes, thiomersal was determined by measuring the
sharp Hg/Hg?* redox peak that appears at Ep = +158 mV. As literature reports that
GQDs, under exposition to visible spectral radiation, favors rapid photo-
degradation of thiomersal into Hg?* [61], SWV experiments were also made inside

a photo-reactor in order to evaluate a synergetic effect between applied potential
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and radiation that could lead to a larger analytical signals. In Fig. 6.9A the SWV
response of thiomersal measured using the GC/GQDs electrode in an
electrochemical cell inside a photo-reactor is shown. The signal, measured was only
18 % higher when voltammetric scanning was made after 20 min of exposition to
visible light when compared to the one measured with the electrochemical cell in
the dark (Fig. 6.9A). This indicates that visible light was not very effective in
promoting the direct degradation of thiomersal when GQDs is immobilized onto

the surface of GC.

A second experiment was performed by applying a sequence of 20
voltammetric cycles (at 100 mV s within £300 mV) under exposition of light,
before applying the square-wave voltammetric scan to read the Hg/Hg?* peak.
Cyclic voltammograms were applied without solution stirring in order to minimize
mass transport of analyte away from the electrode/solution interface, allowing
accumulation of produced CH3sCH2Hg from thiomersal [113]. Contrary to what was
observed with thiomersal, it was found that the influence of visible radiation
improved the GQDs mediated degradation of CH3CH2Hg into (CH3CH)2Hg and
Hg then to Hg?*, leading to an improvement of 2.8 times of the signal measured
when performing the direct SWV scan without exposition to light (Fig. 6.9B). A
comparative of analytical signals obtained by SWV using different experimental
conditions is shown in Fig. 6.9C. It was found that the SWV signal, acquired using
the GC/GQDs after 20 voltammetric cycles and under light exposition, was
respectively 4.5 and 2.8 times more intense than the ones observed after the direct
SWV scan in the dark using GC and GC/GQDs electrode. The influence of the
previous voltammetric cycles and the incidence of light became evident as the

signal achieved under such circumstances was 2.3 times more intense than the one
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observed under exposition of radiation but without the voltammetric cycles and 1.4
times more intense than the one using previous voltammetric cycles but performed
in the dark. Experiments using bare GC exposed to radiation and applied potential
were also performed. The results showed that there was no significant increasing in

the signal measured at Ep = +158 mV, without the presence of GQDs.

0 . :
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Figure 6.9. SWV response from thiomersal (2 x 10 mol L ) using GC/GQDs
electrode. (A) Measurements made (a) in the dark and (b) under exposition to
visible radiation. (B) Measurements made (a) in the dark, (b) in the dark after 20
cyclic voltammetric cycles and (c) under exposition to visible radiation after 20
cyclic voltammetric cycles. (C) Comparative of analytical signals obtained by SWV
using different experimental conditions. BR Buffer 0.02 mol L (pH 4.0) with KCI
0.25 mol Lt; SWV scanning rate at 100 mV s and CV cycles at 100 mV s from
+300 mV.
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The number of voltammetric cycles required prior to produce the SWV
signal, under light exposure, was studied and results are shown in Fig. 6.10,
indicating 20 CV cycles as the number to produce better results. A larger number
of cycles was not attempted since it would increase analysis time also allowing
significant diffusion of produced mercury species away from the electrode/solution

interface.

300

A)
)
]
1S)
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100+

2 5 10 15 20
Numbers of previous CV cycles

Figure 6.10. Square-wave voltammetric signal measured under sample irradiation
using different number of previous voltammetric cycles.

A further experiment was made using cold vapor-AAS with multi-path
length detection cell in order to evaluate the production of Hg and Hg?* under
different experimental conditions in the electrochemical cell (Fig. 6.11). Aliquots
of solutions (supporting electrolyte with and without the addition of thiomersal) and
solutions of thiomersal, in supporting electrolyte, submitted to different treatments
in the electrochemical cell were collected, diluted and introduced into de reaction
cell (containing SnCl2) connected to the cold vapor-AAS system. Background
mercury level (7 ng L) was found when the diluted supporting electrolyte was
added to the cell, increasing to 12 ng L™ as thiomersal was added to the supporting
electrolyte solution before dilution and analysis by cold vapor-AAS. This indicates

that a trace level residue of Hg?* is found in thiomersal solution as consequence of
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natural degradation. It was also found that a larger amount (more than 3 times) of
mercury was measured after applying 20 voltammetric cycles (under stirring of
solution) and one SWV scan using GC/GQDs than using bare GC. It is important
to point out that most of the elemental mercury generated during the
electrochemical process is lost during the time to perform sample cycling under
stirring, sample collection from cell, dilution, and transferring to the cold vapor-
AAS system. Therefore, the mercury measured by cold vapor-AAS in the
experiments made with solutions from the electrochemical cell is the fraction of
mercury formed as Hg?*. The importance of exposition to light in the electrode
modified with GQDs is also demonstrated as the measured mercury was about 2

times the one observed without incidence of light.
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Figure 6.11. Absorption time profiles and concentrations of measured mercury cold
vapor obtained from solutions added to the reaction cell (SnCl. 20 %) coupled to
the cold vapor-AAS system: a) BR buffer solution (7 ng L); b) thiomersal in BR
buffer solution (12 ng L™?); ) thiomersal in BR buffer solution after voltammetric
cycles and SWV using bare GC electrode (17 ng L?); d) thiomersal in buffer

solution after voltammetric cycles and SWV using GC/GQDs electrode in the dark
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(58 ng L); e) thiomersal in buffer solution after voltammetric cycles and SWV

using GC/GQDs electrode and exposition to visible radiation (112 ng L).

6.2.7
Analytical performance

Experimental conditions to perform electrochemical measurement of
thiomersal using the GC/GQDs electrode were studied. Pulse amplitude was varied
(from 30 to 90 mV) with 40 mV selected due to the better relationship between
peak sharpness and intensity. Pulse frequency (f) of 25 Hz was also a compromise
between peak current and peak width within the 5 to 200 Hz range. Potential step
was studied within the 2 to 20 mV with 2 mV preferred considering the higher

intensity achieved.

The analytical curve was constructed by sequential addition of increasing
concentration of analyte into the electrochemical cell with SWV voltammograms
shown in Fig. 6.12A and analytical curve displayed in Fig. 6.12B. Analytical curve
equation in terms of peak current (lp) was I, = (6.47 + 0.23) x10° Cthiomersal + (11.1
+ 4.4), where lp is in pA and Cuiomersal is the analyte concentration in mol L™
Determination coefficient (R%) was 0.991 and linear dynamic range expanded up to
32 pmol Lt (129 pg mL?). Instrumental LOD and LOQ were calculated
respectively as 3sb m and 10sb m™2, where sp is the standard deviation (n=10) of
the I, measured for the lowest concentration of the analytical curve and m is the
sensitivity of the curve. For the GC/GQDs electrode, the instrumental LOD was 0.9
umol L (0.34 ug mL™?) and the instrumental LOQ was 2.8 umol L (1.1 ug mL™?)
of thiomersal. Instrumental precision was obtained as the coefficient of variation
from 10 consecutive measurements of the signal produced by the analyte standard

at 1 x 10° mol L (4.0 pg mL™Y) with each one of the measurements made after
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solution agitation to replenish the solution-electrode interface. Instrumental

precision obtained was 3.2%.
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Figure 6.12. (A) SWV of thiomersal using GC/GQDs electrode: a) 0, b) 4x10°, ¢)
8x10%, d) 1.2x107%, €) 1.6x10°5, f) 2x107%, g) 2.4x107%, h) 2.8x10®, i) 3.2x10° mol
L1, and (B) analytical curve: I, = (6.47% 0.23) x10° Cthiomersal + (11.1 + 4.4)
(R?=0.991).

6.2.8
Determination of thiomersal in influenza vaccines

The quantitation of thiomersal in vaccines was performed using the
proposed method. One of the influenza vaccines, the one without thiomersal, was
fortified with the analyte at 247 pmol L™ (97.1 pg mL™Y). The other one was directly
analyzed to access the level of thiomersal originally present. Three aliquots of
these samples were analyzed. The recoveries obtained were 91.9 + 2.0 % for the
fortified vaccine and 92.4 + 2.7 % for the vaccine originally containing thiomersal
(equivalent to 100 pg mL* as reported by manufacturer). As the composition of
vaccines, besides the virus antigens and water, consists of sodium and potassium
chlorides and sodium and potassium dihyrogen phosphates [140], interference

studies were not conducted as the salt content added from sample is less than the

one of the supporting electrolyte in the cell.
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These same samples were also analyzed by cold vapor-AAS using the
method reported by Miranda-Andrades [61] and recoveries were 87.8 + 1.3 % for
the fortified vaccine and 99.2 + 1.3 % for the vaccine with thiomersal in its
composition. Despite differences in the mean values, the Student t-test for similar
variances (confidence limit of 95%; two tails, each with a/2 = 0.025) indicated that
results are in statistical agreement (Table 6.1). The obtained results lead to the
conclusion that the proposed method can be use for a simple, selective and sensitive

determination of thiomersal in vaccines samples.

Table 6. 1. Analysis results of thiomersal in vaccines using the proposed SWV
method and by using cold vapor-AAS. Standard deviation for n = 3. Confidence
limit of 95%; two tails, each with a/2 = 0.025.

Technique fortified vaccine vaccine
Obtained % Obtained %
result recovery result recovery
(umol L) (umol L)

SWv 227.0+49 919+20 2282+6.6 924+27

CV-AAS 2168+32 87.8+13 2450+3.2 99.2+13

t-test texp:3.0< Critica|:4.3 texp:3.9< Critica|:4.3

6.3.
Partial conclusion

The proposed method allowed sensitive indirect determination of thiomersal
using GQDs as a modifier of a GC electrode. By combining exposition of light with
the applied potential promoted a significant degradation of thiomersal and the
increasing of the Hg/Hg?* redox peak used as analytical signal measured by SWV.

The GQDs is an attractive nanomaterial for sensing devices due to their easy
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preparation, photo-catalytic properties, high thermal stability, and low cost.
Modification of GC is easy and the adaptation of the electro-analytical cell into a
photochemical reactor is very simple. The method was successfully applied for the
determination of thiomersal concentration in vaccines and proven as sensitive as
the commonly used methods. A linear voltammetric response was obtained in the
concentration range from 3.0 umol L™ (1.2 ug mL™?) to 32 pmol L (12 pug mL™),
with a detection limit of 0.9 pumol L? (0.34 ug mL™). Acceptable recoveries

confirms the usefulness of the method for quality control.
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Voltammetric determination of creatinine using a gold
electrode modified with Nafion mixed with graphene
guantum dots/copper

Paper submitted in Electroanalytical Chemistry

7.1
Creatinine and analytical methods for its determination

Creatinine (2-amino-1-methyl-5-H-imidazol-4-one) is a decomposition
product from creatine phosphate in muscles [141]. Creatinine is excreted at a
relatively constant rate that has been shown to be proportional to the individual s
muscle mass. It is removed from circulation by glomerular filtration and excreted
in the urine [141]. Creatinine levels can be used for the diagnosis of renal, thyroid,
muscle malfunction [142], biomedical diagnosis of acute heart attack, and the
quantitative evaluation of the hemodialysis therapy [143]. The normal
concentration of creatinine in human urine is in the range from 0.5 to 1.5 mg dL*

and from 0.7 to 1.2 mg dL"! in blood serum [144].

NH

=

O

Figure 7.1. Creatinine structure (2-Amino-1-methyl-5H-imidazol-4-one).

As one of the most important biomarkers it is extensively used as internal
standard in the metabolomic studies [145], therefore, it is crucial to develop reliable

and simple analytical methods to monitor creatine in body fluids. The methods most
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frequently used to measure creatinine are based on the Jaffe’s reaction, first
described in 1886, based on the reaction of creatinine with picric acid in an alkaline
solution to form a red-orange chromogen. This method has subsequently been
shown to be nonspecific and subject to positive interference by a large number of

compounds, such as ascorbate, pyruvate, acetone, and glucose.

Another method to determine creatinine has been through the color
developed when creatinine reacts with 3,5-dinitrobenzenoic acid or its derivatives,
being successfully adapted as a test strip diagnosis. However, the color produced is

less stable than that of the Jaffee chromogen [141].

In order to increase the accuracy and diminish interferences from
innumerous metabolites and drugs in biological samples, several methods based on
liqguid chromatography have been introduced. Zuo et al. used hydrophilic
interaction liquid chromatography with photometric detection (absorbance at 205
nm) to determine creatinine in milk and orange juice. The limit of detection (LOD)
was 0.39 umol L [146]. Yokoyama et al. presented a high performance liquid
chromatography (HPLC) method, using a weak-acid cation-exchange column, for
the determination of creatinine in urine samples. The LOD obtained using
absorption photometric detection was 0.34 pmol Lt with linear dynamic range
from 5 to 500 umol L [147]. Fraselle et al. used high resolution HPLC-tandem
mass spectrometry to determined creatinine in urine samples with 44.2 pmol L*
[148]. Ponhong et al. employed flow injection analysis to determine creatinine in
urine samples with linear dynamic range from 5.3 to 884 umol L*[149]. Using a
portable microfluidic system, Songjaroen et al. proposed a method to determine

creatinine in urine samples enabling LOD of 29.2 umol L[150]. However, all of
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the methods mentioned requires time-consuming sample preparation. A summary

of other reported analytical methods for creatinine are in Table 7.1.

Electro-analytical techniques have also been used for the detection of
creatinine [151]. De Araujo et al. used differential pulse voltammetry (DPV) for
the indirect quantification of creatinine from urine samples based on
the electrochemical monitoring the reduction of the picrate anion at a glassy
carbon electrode in an alkaline medium before and after reaction of creatinine
(Jaffe's reaction). A LOD of 380 nmol L was achieved based on the peak
measured at -650 mV [152]. Yadav et al. proposed a biosensor for creatinine using
a mixture of three enzymes: amidohydrolase, creatine amidinohydrolase and
sarcosine oxidase. These enzymes were covalently immobilized via N-ethyl-N-(3-
dimethylaminopropyl) carbodiimide and N-hydroxy succinimide onto carboxylated
multi-walled carbon nanotube/polyaniline nanocomposite film electrodeposited
over the surface of a Pt electrode. The LOD was 0.1 umol L™ with response up to
750 umol Lt using Tris-HCI buffer (pH 4.7) and amperometric measurement at

+200 mV [153].

Several types of electrode-based non-enzymatic creatinine sensors are
reported in the literature using copper as a means to indirectly determine creatinine.
Raveendran et al. electrodeposited copper on a screen-printed carbon electrode with
measured signal based on the formation of a soluble copper-creatinine complex. In
the presence of creatinine, the cyclic voltammogram obtained, using the modified
electrode, presented an anodic peak at +200 mV whereas a cathodic peak was
observed around -400 mV. The quantification of creatinine considered the anodic

peak, enabling LOD of 0.075 pmol L with a linear dynamic range up to 378
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umol L (in phosphate buffer, pH 7.4) [154]. Pandey et al. developed a creatinine
sensor based on polymethylene blue nanofilm onto copper-carbon nanofiber
nanocomposite and used DPV for the quantification of creatinine in blood serum
and saliva by monitoring the oxidation peak at +200 mV. A linear dynamic range
up to 7.9 umol L concentration range and LOD of 1.7 nmol L were achieved
using phosphate buffer (pH 7.2). The DPV response of creatinine was attributed to
the formation of creatinine-Cu complex, with Cu acting as the electrocatalyst for
the oxidation of creatinine [143]. Han et al. used cyclic voltammetry (CV) to
determine creatinine in urine samples using poly(ethyleneimine)/phosphotungstic
acid multi-layer modified electrode with Cu?* added into the supporting electrolyte
solution (NH4-HCI buffer, pH 5.4). Creatinine was determined by measuring the
redox peak current of Cu(ll)-creatinine complex/Cu(l)-creatinine complex. A linear
response from 0.125 to 62.5 pmol L was obtained with a LOD of 0.06 pmol L-

1[155].

Recently, Gao et al. developed an electrochemical sensor for creatinine
based on graphene oxide modified with copper nanoparticles. Hydrothermal
reaction of graphene oxide with dopamine hydrochloride was conducted to prepare
reduced graphene oxide (rGO), together with self-polymerization of polydopamine
(PDA) attaching on rGO. Nile blue (NB) was loaded on rGO under ultrasonication.
The resulting PDA rGO-NB complex was deposited on the surface of glassy carbon
electrode under cyclic voltammetry scanning Copper nanoparticles (CuNPs) were
prepared through electrochemical reduction of Cu?* ions and electrodeposited on
PDA-rGO-NB surface. The concentration range from 0.01 to 100 umol L was

achieved, with a detection limit of 2 nmol L™ [156]. Characteristics of other electro-
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analytical methods reported for the determination of creatinine are summarized in

Table 7.2.

In this work, a square-wave voltammetric method was developed for the
determination of creatinine using a gold electrode modified with a film (ink) of
Nafion containing graphene quantum dots produced by hydro-exfoliation of a
molten of citric acid and Cu(NOz)2, (Nafion-GQDs-Cu). GQDs are nanometric
fragments of graphene, where electron transport is confined in their dimensions. As
GQDs are carbon-based nanostructures they are bio-compatible and present low
toxicity. It is also possible to modify them during production or after produced. This
new sensor was simple to prepare and the method was used to determine creatinine,
based on the formation of copper-creatinine complex on the surface of GQDs-Cu,

enabling enough detection capability for urine samples.
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Sample Technique Range LOD Reference

Urine and serum UV-VIS spectrophotometric using sodium 0.0003— 0.05 umol LY~ 0.0002 umol L [157]
gluconate-capped AgNPs

Urine Quantitative spectral deconvolution tHNMR 1250 — 10000 pmol L 6 pmol L* [158]

Urine FIA-MS 270-31000 pmol L* 20 umol L! [159]

Urine HPLC with UV detection 2802 — 29900 pmol L - [160]

Urine Microfluidic paper-based analytical devices 200-1000 pmol L* 80 pumol L* [161]

Urine Caplllar_y glectrophoresw with contactless 88.4 — 1300 pmol L i [162]
conductivity detector

Saliva RP-HPLC with tandem mass spectrometry 22.9 — 115 umol L* Diverse [163]

Urine HPLC tandem MS 0.008 —17.6 umol Lt 0.002 pmol LY [164]

Urine Isotope dilution extractive electrospray ionization 0.44 — 88.4 umol L 0.44 umol Lt [165]
tandem mass spectrometry

Urine and serum UV-Vis spectrophotometry of a copper/creatinine 8.8 530 umol L 2.5 pmol Lt [166]
complex

Urine Surfa_ce-enhanceq Raman spectroscopy upon silver 884 — 24750 umol L1 88 pumol L [167]
colloidal suspensions

Urine HPLC with UV and fluorimetric detection 1768 — 17680 umol L 1.8 umol L™* [168]
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Sample Technique Range LOD Reference

Urine Low-capacity cation-exchange chromatography 1 —1000 pmol L 0.02 pmol L [147]

Serum Caplllary zone electrophoresis with reduced 17 — 1768 pumol L 4.42 pmol Lt [169]
capillary length

Blood g/llcell_ar electrokinetic chromatography with UV 10 — 1000 pmol L 5 umol L1 [170]

etection

Creatine supplement | ~\ i U detection 20 — 900 pmol L 1.5 pmol L. [171]

formulations

Urine and blood serum HPLC 0.004 — 17 umol L* 0.0017 umol L [172]

Bovine serum albumin Io_n?s_ensmve f'eld effe_ct transistor (biosensor) up to 5000 pmol L* 10 umol L* [173]
utilizing creatine deiminase

Urine HPLC with UV detection 2.2 221 pmol L 1.38 umol L [174]

Urine Kinetic spectrophotometric (Jaffe techniques) 8.1 —442 umol L* 2.6 umol L [175]

Urine FIA-UV (Jaffe techniques) 265 — 530 umol L 26.5 pmol L* [175]

Urine HPLC 10 — 300 pmol L? 3 pmol L? [176]

Urine Capillary electrophoresis 23 — 200 umol L! - [177]
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Sample Technique electrochemical Electrode Range LOD Reference
AgNPs/Polyoxometalate

Grapes juice CV functionalized reduced graphene 0.05— 1.5 nmol L* 0.0151nmol L [178]
oxide (rGO) modified GCE

- Amperometry Ammonium ion-selective Cu- 1 —100 pmol L* 0.5 pmol L [179]
polyaniline nanocomposite

- CV Copper platinium electrode 2.21-132.6 pmol L 0.60 pmol L [180]

Serum Amperometry Array of 16 gold electrodes on up to 1.0 mmol L* 4 pmol L [181]
polypyrrole matrix
B-cyclodextrin incorporated poly-

Urine Potentiometric 3,4-ethylene dioxythiophene 100 — 100 000 pmol L 60 pumol L [182]
modified GCE

i Molecular imprinted polymer on B 1 1

Impedance spectroscopy gold electrode 0.44 —1.76 pmol L 0.35 pmol L [183]
i Organic nickel (11) complex 1 1
Choroamperometry modified GCE 50 — 1000 pumol L 27 umol L [184]

Urine SWvV Enzymeless-screen-printed carbon 0.37 — 3.6 mmol L 8.6 umol L [185]
electrode

) Potentiometric Metallic electrode/ion selective i ) [186]
electrode

Serum Amperometry PbO: film on Pt 1 —1000 pmol L 0.8 umol L [187]

i Amperometry Thick-film hydrogen peroxide 0.2 2 mmol L i [188]
electrode system, 3 enzymes

Serum Amperometry Enzyme composite with a polyimide ) g 4 5 16 | 4 10 — 20 umol Lt [189]

film; screen printed electrode
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7.2
Results and discussion

7.2.1
Characterization of GQDs and GQDs-Cu in agueous dispersion

The GQDs and GQDs-Cu, in aqueous dispersions, were characterized using
different techniques in order to evaluate their size distribution, structural and optical
characteristics. The GQDs and the GQDs-Cu showed photoluminescence emission
with maximum respectively at 445 nm and 452 nm, under excitation at 357 nm (Fig.
7.2A). The photoluminescence of GQDs is about 3 times more intense than the one
of GQDs-Cu, therefore it seems that photoluminescence intensity of GQDs was
qguenched in the presence of copper probably due to either the coordination to
carboxyl groups on the edges and defects of GQDs or by direct reduction of Cu?*
to Cu, in this way removing electrons from the conductance band and affecting
excitonic recombination [190]. The red-shift of 7 nm also indicate decreasing in

energy bandgap.

The Raman spectra of the GQDs and GQDs-Cu are shown in the Fig. 7.2B.
GQDs spectrum exhibited typical G and 2D-bands at 1349 cm™ and 1607 cm™
respectively. Characteristic Raman features (bands D and G) indicated sp? carbon
in graphitic nanostructures. In contrast, Raman spectra of GQD-Cu presented three
Raman peaks at 272, 322, and 607 cm™. Three Raman active modes can be
considered, assigning the peak at 272 cm™ to the Aq and the peaks at 322 and 607
cm? to the By modes. These wavenumbers are close to those reported in the
literature (288, 330 and 621 cm™) [191,192]. The total carbon content in the original
aqueous GQDs dispersion, prepared by hydro-exfoliation of 0.5 g of citric acid, was

about 143 mg L.
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Since the nanomaterials original aqueous dispersions present themselves as
viscous samples, a dilution with water (3:1 water:original nanomaterial dispersion,
in volume) was required to obtain the STEM images of GQDs (Fig. 7.2C) and
GQDs-Cu (Fig. 7.2D). It was observed an average diameter of 35.9 £ 2.2 nm for
GQDs and 27.6 £ 4.2 nm for GQDs-Cu, respectively, also confirmed by dynamic
light scattering (DLS) that indicated hydrodynamic sizes of 34.0 £ 3.4 nm (for
GQDs in Fig. 7.2E) and 24.0 £ 3.1 (for GQDs-Cu in Fig. 7.2F). The slightly higher
hydrodynamic size for GQDs than for GQDs-Cu is in agreement with the results
reported by Teymourinia et al. and it is attributed to the charge of copper atoms

hindering more effectively the aggregation of nanomaterial [193].

The surface of the GQDs is negatively charged due to the presence of
carboxylic acid groups. At the range of pH 3.0-5.0 the negative surface of the GQDs
is efficiently neutralized by H* ions and (-potential values above —4 mV were
obtained (inserted in Fig. 7.2E). As the pH was increased to 6.0, the surface became
more negative due to the lower availability of H ions. For the aqueous dispersion
of GQDs-Cu, at pH 3.0 and 4.0, {-potential values about —9 mV were obtained, and
as pH was increased to 5.0 and 6.0, a {-potential value about —15 mV was measured
due to the lower availability of H* ions, which makes the surface more negative.
These results are in agreement with the ones reported by Lei et al., [194] and
showed that a higher negative surface charge in the GQDs-Cu was obtained (insert
in Fig. 7.2F) when compared to GQDs. This also explains the high stability that

copper confers on GQDs, minimizing aggregation of nanoparticles.


DBD
PUC-Rio - Certificação Digital Nº 1612182/CA


PUC-RIo- CertificagaoDigital N° 1612182/CA

131

_1000

:: A GQDs ~
S 800 3
Y s
g =
2 6001 E
[0} =
£ 4001 =
= GQDs-Cu 3
S 200- £
2 5
o =

400 450 500 550 600 500 1000 1500 2000 2500 3000

Wavelength (nm)

Raman shift (cm™

1
1

100 100
= —18
E :E"Ig pH F \>E, % B

,\80_ %ga i B B ASO- g_ga 4 5 6
S 54 5 e85
S 60/ 22 |se 7
%40 % 40

§ i ,§ GQDs-Cu

o

= 201 £ 5.

o T T T T T T T 0 T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Size (nm) Size (nm)

Figure 7.2. (A) Photoluminescence emission GQDs and GQDs-Cu (excitation at
337 nm). (B) Raman spectra of GQDs and GQDs-Cu. (C) STEM image of GQDs,
(D) STEM image of GQDs-Cu. (E) Size distribution obtained by DLS for GQDs
and {-potential of GQDs in function of pH. (F) Size distribution obtained by GQDs-
Cu and {-potential of GQDs-Cu in function of pH.

X-ray photoelectron spectroscopy (XPS) indicated the presence of copper
in the GQDs structure. In Fig. 7.3A were presented the survey spectra and the peaks

for carbon 1s (~285eV) and oxygen 1s (~535eV) regions. The survey spectra
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showed the presence of copper (0.3 at%), oxygen (30.7 at%), and nitrogen (1.3 at%)
and carbon (67.7 at%) in the sample. No other elements were found at the limit of
the resolution. The spectrum showed C 1s peaks at 284.8+0.1 eV and 288.7+0.1
eV (Fig. 7.3B), which can be assigned to the contributions of C-C sp? and sp?, and
the C=0 respectively. Spectra also shows Cu 2p peak (Fig. 7.3C) at binding energy
935 and 955 eV. Cu (1) oxide and Cu metal profiles are similar [195], therefore, the
presence of copper(l) oxide or Cu metal or a mixture of both can be considered.
Those XPS spectral features strongly indicated the functionalization of GQDs with

copper.

O1s

C1s

Intensity (a.u.)
Intensity (a.u.)

1000 800 600 400 200 O 294 292 290 288 286 284 282 280 960 955 950 945 940 935 930 925
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 7.3. (A) XPS general survey spectra of GQDs-Cu. (B) High resolution C 1s
peaks with a and b corresponding to C-C sp? e sp®, and COOH groups, respectively.
(C) High resolution Cu 2p peaks with profile corresponding to copper(l) oxide or

Cu metal.

7.2.2
Cyclic Voltammograms of creatinine using a gold electrode modified
with Nafion-GQDs-Cu

Initially, different electrodes as glassy carbon (GC), gold and platinum were
used to evaluate the redox properties of creatinine at 2.0 x 10™* mol L? (using
different supporting electrolytes such as ammonium chloride; pH 4.5 and Britton

Robinson buffer; pH 3 to 7) by performing a cyclic voltammograms within £1500
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mV. In all cases no electrochemical activity was observed. According to literature,
creatinine appears not to present significant electrochemical activity, which means
that the direct transfer of electrons between creatinine and the electrode is not
favorable [155]. In fact, most studies reported in literature proposes the
electrochemical determination of creatinine using a mediator such as enzymes
[152,153,156,188,189], copper in solution or as a modifier in the surface of
electrodes [154,155,180]. When using cooper, the determination of creatinine is
based on the chelation property of the analyte rather than its redox behavior [155],
which means that creatinine is probed in terms of how it affects the redox response
of cooper. Taking advantage from this, the modification of GQDs using Cu(NOs3):
seemed to be adequate as a sensor for creatinine. Therefore, different electrode
substrates (GC, Au and Pt) were modified (deposition of the GQDs-Cu dispersion,
dried at room temperature) and only Au seemed to provide some stability to the
deposited film and enable electrochemical response in terms of the redox signal

concerning copper.

In order to produce an improved mechanical stability for the GQDs-Cu on
the surface of Au electrode and a reliable reproducible response, Nafion was mixed
to the dispersion of GQDs-Cu prior to deposition. Without the use of Nafion, a
poorly reproducible response was obtained. As an inert polymeric film, Nafion
provides a mechanical barrier that minimizes leaching of the modifier material from
the electrode surface. Thus, Nafion was mixed GQDs-Cu dispersion ina 1 to 1
volume proportion (Nafion-GQDs-Cu dispersion 1/1 in volume) for the

development of all analyses.
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Cyclic voltammograms using the Au electrode modified with a mixture of
Nafion-GQDs-Cu were obtained in presence and in absence of creatinine in the
measured solution (Fig. 7.4). The CV obtained for the supporting electrolyte (BR
buffer 0.02 mol L%; pH 4 in KCI 0.25 mol L) without creatinine and using the
Au/Nafion-GQDs-Cu electrode presented one anodic peak (peak 1) with peak
potential E, = +350 mV and two cathodic peaks, as the scan was reversed, with E,

= +824 mV (peak 2) and Ep = +632 mV (peak 3).
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Figure 7.4. Cyclic voltammograms using Au/Nafion-GQDs-Cu electrode for a
solution without creatinine (grey) and with creatinine (black). Experimental
conditions: BR buffer (0.02 mol L*; pH 4.0 in KCI 0.25 mol L) and 100 mV s

scan rate. Creatinine at 4 x 10° mol L 2.

The anodic peak (peak 1) is attributed to Cu/Cu?* oxidation process and the
cathodic ones are probable due to the reduction of Cu?* to Cu* (peak 2) and the
reduction of Cu® to Cu (peak 3). This experimental observation is similar to the
previously reported by Shaikh et al. [196] when studying the reduction of Cu?* in
Britton-Robinson (BR) aqueous buffer (at various pH values) using a glassy carbon
electrode. Peak 2 due to the Cu?*/Cu* electron transfer couple is less intense than

peak 3 for the Cu*/Cu reduction couple. This can be explained considering the
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relative stability of Cu?* and Cu* ions which depends highly on solvent Shaikh et
al. [196]. Stability under aqueous conditions is significantly affected by the
hydration energy of the ions coordinated with the water. The Cu?* ion possess a
greater charge density than the Cu®, hence, forms a much stronger coordination,
exempting more energy [196]. In contrast, Cu® is significantly stable in non-
aqueous media [197] and with ligands such as CI" [198]. In non-aqueous solvents,
the relative higher stability of Cu*, is owing that these solvents tend to solvate Cu?*
in a lesser effective way than it does water, solvating Cu* more effectively than

water [196].

In the presence of creatinine, a decreasing in current of peak 1 and a shifting
towards more positive potentials (to Ep = +363 mV) were observed whereas the
currents measured from both cathodic peaks increased with a more significant
increasing for peak 3. It can be proposed that during anodic scan, Cu is oxidized to
Cu?* and the Cu?*-creatinine complex forms on the surface of the electrode, as it is
reported to occur in solution [199]. Thus, the decreasing in anodic peak current can
be attributed to the formation of such a complex. In the reverse scan, the formation
of the creatinine complex with Cu* seems to be hindered as sequential additions of
creatinine in the electrochemical cell produces no further significant changes in
peak current (Fig. 7.5). In polar solvents, Cu?* complexes are predominantly
coordinated to five or six ligands. However, Cu* complexes are expected to favor
four (tetrahedral) or lower coordination numbers. Therefore, electron transfer
involving Cu?" and Cu* would be accompanied by major structural and
stereochemical changes [196]. In addition, the reduction of Cu* to Cu implies in
losing all ligands. For this reason, in the reverse scan there was no significant

change in peak intensities as there is no complexation taking place.
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Figure 7.5. Cyclic voltammograms using the Au/Nafion-GQDs-Cu electrode and
sequential additions of creatinine. (a) blank, (b) creatinine addition. Experimental
conditions: BR buffer (0.02 mol L; pH 4.0 in KCI 0.25 mol L) and 100 mV s*

scan rate.

7.2.3
Effect of Nafion and graphene quantum dots on the electrode surface

In order to evaluate the role of GQDs in the nanocomposite as a modifier of
the Au electrode, additions of increasing concentration of creatinine into the
electrochemical cell were also made using an Au electrode modified only with a
mixture of Cu(OH)2 and Nafion, 1/1 v/iv (1 pL onto the surface of the electrode
and dried under infrared lamp). Results obtained by cyclic voltammetry showed a
new anodic peak (at —20.9 mV) besides the one (at +424.9 mV) already reported,
and the two cathodic peaks in the reverse scan (Fig. 7.6A). The anodic peaks
probably correspond respectively to the species Cu* and Cu?* from Cu(OH), and
CuOH formed during the Cu(OH), synthesis. The Cu?* peak potential obtained

using the Au Nafion-GQDs-Cu electrode was about 75 mV smaller than the
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potential observed for Cu?* using the Au electrode modified with Nafion-Cu(OH)a,
demonstrating that GQDs facilitate electro-oxidation of copper. When increasing
creatinine concentrations were added to the cell, monitored by the Au electrode
modified with Nafion-Cu(OH)., no changes in the current after the first addition of
creatinine was observed (Fig. 7.6A). This indicates that the participation of GQDs
is relevant, mediating oxidation of Cu and the electron transfer also probably

increasing active area that favors formation of the creatinine-Cu?*-complex.

Nafion formed a well-dispersed suspension of GQDs-Cu, allowing a
uniform coating of the surface of the Au electrode, also providing mechanical
stability to the modifier. Without the use of Nafion, leaching of the modifying
material from the electrode surface occurs. Thus mixtures of Nafion and GQDs-Cu
dispersion at proportions of 1/1 and 1/2 (in volume) were tested. The response in
terms of peak current (Ip) of blank (without creatinine) was more reproducible using

Nafion-GQDs-Cu dispersion 1/1 v/v (Fig 7.6B).
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Figure 7.6. (A) Cyclic voltammograms using the Au/Nafion-GQDs-Cu electrode
and sequential additions of creatinine. (a) blank, (b) creatinine addition. (B) Study
of proportion of Nafion: GQDs-Cu dispersion. Experimental conditions: BR buffer
(0.02 mol L; pH 4.0 in KCI 0.25 mol L) and 100 mV s scan rate.
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The relationship between scan rate and anodic peak current (Ep= +350 mV)
can be used to obtain valuable information regarding electrochemical behavior of
creatinine on the Au/Nafion-GQDs-Cu electrode. A sequence of cyclic
voltammograms of creatinine (at 4 x 10®° mol L) was recorded using the
Au/Nafion-GQDs-Cu electrode, in BR buffer (pH 4.0; 0.02 mol L in KCI 0.25
mol L), at different scan rates (from 10 to 800 mVs™?) as seen in Fig. 7.7A. An
increasing in I, was found to be directly proportional to the increase of scan rate,
with a determination coefficient (R? of 0.990 (Fig. 7.7B), which reveals an

adsorption-controlled process.

800 400 0 400 800 0 200 400 600 800
Potential (mV) Scan rate (mv s™1)

Figure 7.7. (A) Cyclic voltammograms of creatinine at different scan rates (10 to
800 mV s?), using Au/Nafion-GQDs-Cu electrode. Experimental conditions: BR
Buffer pH 4.0; 0.02 mol L in KCI 0.25 mol L. Solution containing 4 x 10 mol
L " of creatinine. (B) Peak current (l) measured at Ep = +350 mV in function of

the scan rate.

7.2.4
Influence of pH

The choice of the pH to perform the voltammetric measurements was made
based on the intensity of the measured Cu/Cu?* oxidation peak and its behavior in

the presence of creatinine. Square-wave voltammetry (SWV) was chosen to
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perform quantitative measurements using a mixture of BR buffer (at 0.02 mol L)

and KCI (at 0.25 mol L) and anodic scanning from 1000 mV (Fig. 7.8).

The creatine-creatinine equilibrium was reported to be essentially
independent upon temperature, between 22 and 40°C, but to be strongly dependent
on pH [200]. Literature suggests that at lower pH (pH < 2) creatine in a creatine-
creatinine mixture will be ultimately converted to creatinine [200]. At pH > 6.0,
approximately equimolar ratios of creatine and creatinine will be established, but at
pH 3.5-4.0, the equilibrium favors the formation of creatinine (> 90 %). Therefore,
the study was performed in the pH range of 3.0 to 7.0 and based on the comparison
of intensities obtained for the peak at Ep = +415 mV by SWV. The maximum anodic
peak current was achieved at pH 3.0 - 5.0 (Fig. 7.8A). Changing the pH of the
electrolyte was found to influence and affect the peak position (shift to less positive

potentials).

As pH values increased from 4.0 to 7.0, both Ep values of the redox process
and I, decreases probably due to influence of creatine and also to the formation of
Cu(OH)2 on the surface of the electrode which is indicated by the enlargement of
the voltammetric peaks toward less positive potentials. At pH 3.0 and 4.0, a sharp
voltammetric peak is obtained and better relative responses were found as
creatinine was added to the electrochemical cell (Fig. 7.8B-F). The supporting

electrolyte at pH 4.0 was selected for further studies.
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Figure 7.8. Voltammetric responses using SWV) and the Au/Nafion-GQDs-Cu
electrode. (A) without addition of creatinine at different pH values. (B) at pH 3
without (a) and with (b) creatinine. (C) at pH 4 without (a) and with (b) creatinine.
(D) at pH 5 without (a) and with (b) creatinine. (E) at pH 6 without (a) and with (b)
creatinine. (F) at pH 7 without (a) and with (b) creatinine. BR Buffer 0.02 mol L*
with KCI 0.25 mol L with creatinine addition (4 x 10° ml L™).


DBD
PUC-Rio - Certificação Digital Nº 1612182/CA


PUC-Rio- CertificacaoDigital N° 1612182/CA

141

Since Cu/Cu?* oxidation proceeds probably through adsorption, the
catalytic surface area of Au/Nafion-GQDs-Cu electrode is sufficient to allow
complexation with creatinine at lower concentrations but, at higher concentrations
of analyte, the modifier composition should be adjusted in order to allow enough
contact area to proceed interaction with the analyte, thus expanding analytical
response range. Therefore, a voltammetric study (using SWV) was conducted using
electrodes containing different GQDs-Cu amount prepared using different amounts
of Cu(NOs3).-3H-0 (0.03, 0.06 and 0.09 g) and 0.6 grams of citric acid, also keeping
the proportion of GQDs-Cu and Nafion constant at 1/1 v/v. It was observed that as
the amount of Cu(NOs)2 in the composite increased, the peak current in absence of
creatinine (Ipo) measured by the Au/Nafion-GQDs-Cu electrode also increased.
However, it is decided to use 0.06 g of copper since larger amounts (0.09 g) produce

low reproducibility at the analyte response.

The amount of the Nafion-GQDs-Cu to be added onto the surface of the Au
electrode was also evaluated. Different amounts of the modifier (from 1 pL to 4
uL) were added on the electrode surface and the amount of creatinine added into
the electrochemical cell was the same in all the experiments. The best condition
was chosen based on the ratio between the signal of blank (ly0) and the signal
measured in the presence of creatinine (lpcre)) at 1 x 10° mol L. The best response
(lower Ipo/lpcre) ratio) was found using deposition of 1 pL of the modifier (Fig. 7.9).
A lower lpo/lpcrey means that electrode saturation would be achieved at higher
concentrations of creatinine. The use of the lower amount of modifier also benefited
the drying process, making it faster under the infrared lamp and enabling better

mechanical stability of the modification onto the Au electrode surface.
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The stability of Au/Nafion-Au-GQDs-Cu electrode was evaluated by
obtaining 20 repetitive cyclic voltammograms using 4 x 10° mol L™ of creatinine.
The measured average peak currents for creatinine were 16.4 YA with the relative

standard deviation of 1.8 %.

2.8

2.1-
0.0
1 2 3 4

Amount of GQDs-Cu (uL)

Ip0/Ip(cre)
>

Figure 7.9. Effect of Nafion-GQDs-Cu on the Au electrode surface in terms of the
relative current produced in absence and in the presence of creatinine. Experimental
conditions: BR Buffer pH 4.0; 0.02 mol L in KCI 0.25 mol L.

7.25
Analytical performance

A study was performed aiming to achieve experimental and instrumental
conditions appropriated to determine creatinine using the Au/Nafion-GQDs-Cu
electrode by SWV. The chosen supporting electrolyte was the BR buffer (pH 4.0;
0.02 mol L) and KCI (0.25 mol L) and signal intensity was measured at Ep =
+415 mV. Pulse amplitude steadily increased the voltammetric peak measured
using the electrode without creatinine as it was varied (from 30 to 90 mV) with 20
mV selected due to the better relationship between peak sharpness and intensity.

Frequency (f) of 20 Hz was a compromise between peak current and peak width
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within the 5 to 100 Hz range and potential step chosen was 10 mV. These studies

were made in the presence of creatinine.

It is considered that on applying potential, copper undergoes
electrochemical oxidation and the formed Cu?* ions combine with the creatinine at
the electrode surface, forming the Cu?*-creatinine complex. The formation of the
complex decreases the concentration of free Cu?*formed and released by the
electrode surface thus decreasing the characteristic Cu/Cu?* current and leading to
an analytical response inversely proportional to the increasing concentration of

creatinine in the electrochemical cell.

The normalized analytical curve was constructed by sequential additions of
analyte into the electrochemical cell (Fig. 7.10A and Fig. 7.10B), based on the
Ipo/lpcre) ratio, where, Ipo is the peak current of the blank and Ipcre) IS the peak current
measured in the presence of creatinine. There are two linear ranges relating
measured peak current and creatinine concentration: range 1 (Fig.7.10B curve a,
from 5 x 10® to 1 x 10° mol L) and range 2 (Fig.7.10B curve b from 1 x 10 to
4.5 x 10 mol LY). However, the linear range covering the higher concentration
range was chosen for quantitative purposes as it is enough to guarantee
determination of creatinine levels in urine samples. In such range of concentrations,
the response is modeled by the equation Ipo/lpcre) = (6.56 + 0.16) x 10° Cereatinine +

(1.48 + 0.03) with R? of 0.990. The Cereatinine is the analyte concentration in mol L
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Figure 7.10. (A) Square-wave voltammetric responses of creatinine using
Au/Nafion-GQDs-Cu electrode (peak current at Ep = +415 mV). (B) Blank (in grey)
and linear responses for creatinine (in black): (a) Lower concentration range (5 x
108 to 1 x 10 mol L) and (b) higher concentration range (5 x 10 to 4.5 x 10
mol L) with lpo/lp(cre) = (6.56 % 0.16) % 10° Cereatinine + (1.48 = 0.03) and R?= 0.990.
Experimental conditions: BR Buffer pH 4.0; 0.02 mol L in KCI 0.25 mol L,
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Instrumental limit of quantification (LOQ) was considered as the lower
concentration (5 x 10 mol L) in this range that still keep the linear response at
least at R? = 0.990. The Pearson’s correlation coefficient (p) was calculated to test
the linear response of this instrumental LOQ. A p value of 0.993 indicated a strong

correlation and linearity for 1 x 10 mol L.

The instrumental precision was obtained as the variation coefficient of 10
consecutive measurements of the signal produced by the analyte concentration of
1.0 x 10° mol L and 1.2 x 10 mol L Each measurement was made after a

solution agitation step to replenish the solution-electrode interface and the precision

at 1.0x10 " °> mol L™ was 2.7% while at 1.2x10™* was 1.9%.

Accuracy of the method was evaluated by determining two different
concentration levels of creatinine in control solutions (fortifications at 5 x10~> mol
L™t and 5 x107® mol L™1). The recoveries obtained (n = 3) were (4.6 + 0,1) x 10
mol L™ (93 +3.1%) and (4.4 +0.2) x 10 mol L (89 + 4.2%) showing the potential
of the Au/Nafion-GQDs-Cu electrode as an electrochemical sensor for the detection

of creatinine.

7.2.6
Interference study

Studies were conducted to evaluate the possible interferences imposed by
some of the components of urine on the electroanalytic creatinine signal measured
using the Au/Nafion-GQDs-Cu electrode. Biological interferents from human urine
samples were tested: urea, uric acid, glucose, potassium ions and sulfate ions.
Creatinine concentration was kept at 5.0 x 10° mol L™ and tests were executed

using two different molar ratios of creatinine/mixture of interferents at 1:1 and 1:2
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proportions. The concentration of each of the interferers in the mixture is: urea (2.0
x 10 mol LY), uric acid (2.5 x 10 mol L1), glucose (5.0 x 10 mol L), potassium

ions (5.0 x 10 mol L), and sulfate ions (5.0 x 10 mol L?).

SWV response of creatinine and creatinine/mixture of interferents (at 1:1
and 1:2 proportions). The addition of 5.0 x 10® mol L? of creatinine (without
interferents) in the electrochemical cell induced a value to Iyo/lpcre OF 1.10, while,
the molar ratio of 1:1 and 1:2 caused values of 1.04 and 1.05, respectively. That is,
there was an increase of the creatinine signal around 5%, due to the interference.
Hence, most of the major substances that compose urine matrix imposed negligible
influence on the variation of signal produced by creatinine. This indicated a good

selectivity of the Au/Nafion-GQDs-Cu electrode toward creatinine.

7.2.7
Determination of creatinine in urine

In order to demonstrate the applicability of the SWV method based on the
use of the Au/Nafion-GQDs-Cu electrode, three fresh urine samples were analyzed.
Urine samples were provided from three healthy volunteers, including two adult
females and one male adult. One female and the male volunteer were under a diet
high in animal protein while the other female volunteer whose diet is mostly

vegetables and low in animal protein.

A volume of 60 mL of urine sample was submitted to a procedure to remove
most of protein content and insoluble residues by adding 10 mL of
methanol/acetonitrile (50/50% v/v). Urine samples were fortified with creatinine at
three levels: 10 pmol L (1.1 mg L), 150 pmol L (16.9 mg L), 300 umol L*

(33.9 mg L1). The average analyte original contents, calculated by the average
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recovery achieved using the fortification values are indicated in Table 7.3. The
values obtained from the analyte fortification procedure enabled estimation of the
original contents of creatinine that agreed with the original values quantified in
samples using HPLC. The results are presented in the Table 7.4. The Student t-test
for similar variances (previously verified using the Fisher-Snedecor test) was used
to compare the mean values of the results of each method. The statistical test
considered a confidence limit of 95% (two tails, each with 0/2=0.025). The test
indicated that results are in statistical agreement (texperimental < teriticat). Considering

the complexity of the matrix, the result can be considered satisfactory.

Table 7.3. Quantification study after urine samples fortification with creatinine for

the estimation of the original analyte content.

Human Creatinine Creatinine . . Original Average
Creatinine
urine fortification concentration creatinine original
found 2
samples level in the recovered creatinine
1 electrochemical (umol L- in the c
I
(Hmol L) cell D) fortification
: (umol L)
experiment
(umol L™ 1) b
(umol L)
10 1.6 85.0 £ 83.4
Woman 150 25 0.9 81.2 84.1 £
A 300 50 106.2 £ 87.7 2.6
1.5
137.7 +
1.0
10 1.6 92.1 + 90.5
Man A 150 25 1.1 93.2 92.8 +

300 50 94.7 1.7
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118.2
0.7

144.7 +
1.1

10 1.6 60.7 £ 59.1 62.7 £
Woman 150 25 0.9 64.9 2.5
B 300 50 89.9 + 64.1

0.8

1141+

1.3

@ Standard deviation based on the three total creatinine values found per sample.

b Values discounting the creatinine fortification concentration and the found concentration in
fortified sample

¢ Average values computing all fortification levels.

Table 7.4. Analysis results of creatinine in urine samples using the proposed
SWV method and by HPLC. Standard deviation for n = 3. Confidence limit of
95%); two tails, each with a/2 = 0.025.

Human urine SWV HPLC t-test
samples
C (umol LYy C (umol L?)

Woman A 84.1+26 81.9+1.0 texp:l.4< tcritical

Man A 928+ 1.7 89.0+£0.5 texp:3.7< teritical

Woman B 62.7+2.5 60.3+1.2 texp=1.5< teritical
teritical = 4.3.

7.3
Partial conclusion

Various works [143,151-156] has been dedicated to the electro-analytical

determination of creatinine; however, many require laborious procedures for
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electrode modification as well as time consuming sample treatment or the use of
expensive reagents. In this work, a simple pyrolysis reaction of citric acid with a
small amount of Cu(NOs). was used to produce a hanocomposite which was used
to create a non-enzymatic electrochemical sensor of creatinine. A simple electrode
modification procedure provided a sensing for creatinine in urine after only a simple
sample pre-treatment, covering a concentration range enough to allow
determination of typical concentrations of creatinine in urine. Reproducible results
and proper recoveries besides LOD, which correspond to the same or lower order
of magnitude of the best ones reported in literature (Table 7.2), are features that

indicate advantages of the proposed sensor.

8
General Conclusion

Voltammetry methods using sensors based on carbon nanomaterial were
developed. Carbon nanotubes (CNTSs) and graphene quantum dots (GQDs) showed
differentiated electrochemical responses towards the chosen analytes when used
alone, after functionalization or as composites. The modification of electrodes with
nanomaterials was fundamental to enable a sensitive, reproducible and selective
analytical responses, providing advantages to analytical detection when compared

to traditional electrodes.

The modification of the GC using a layer of MWCNTs provided

amplification of the electrochemical signal measured from primaquine and INHHQ
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by SWV due to the increased active area and improved electron-transfer rate.
GC/MWCNTSs also provided, when working on a proper pH, higher resolution in
detecting the different electrochemical steps involved in the redox process of
primaquine. The electrode enabled low LOD (28 nmol L™) for primaquine and
when associated with a simple developed procedure, relying on LLE associated
with TLC, enabled selectivity and capability to determine the lower levels expected
in urine samples. The electro-analytical method for the determination of INHHQ is
reported for the first time. The simple pretreatment of the sample, involving LLE
and TLC, make this an effective method to determine the expected analyte levels

in the extracts of the rat brain.

GQDs as a modifier of a GC electrode allowed the sensitive indirect
determination of thiomersal. By combining the exposition of light with the ap
potential promoted a significant degradation of thiomersal and the increasing of the
Hg/Hg?* redox peak used as an analytical signal measured by SWV. The GQDs are
an attractive nanomaterial for sensing devices due to their easy preparation, photo-
catalytic properties, high thermal stability, and low cost. The method was
successfully applied for the determination of thiomersal concentration in vaccines
and proven as sensitive as the commonly used methods. A detection limit of 0.85
umol Lt was obtained. Acceptable recoveries confirm the usefulness of the method

for quality control.

Several works reported the electro-analytical determination of creatinine,
but many require laborious procedures for electrode modification as well as time-
consuming sample treatment or the use of expensive reagents. In this work, a simple

procedure was used to produce a nanocomposite based on GQDs and copper, which
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was used as an electrochemical sensor for creatinine as the analyte decreased the
characteristic Cu/Cu?" oxidation peak of the nanocomposite. The method was
applied in the analysis of urine samples, after only a simple sample pre-treatment,
covering a concentration range enough to allow determination of typical
concentrations of creatinine in urine. Good sensitivity, reproducible results,
adequate recoveries and the overall performance achieved are characteristics that

indicate advantages of the sensors used in this work.

9
Future work

e Develop an electro-analytical method using -MWCNTSs doped with copper
as an electrode modifier for the determination of creatinine and its

application in urine samples.

e Apply the developed method for the monitoring of INHHQ using
GC/MWCNTSs in samples of brain, kidney and, liver tissues.

e Develop a biosensor or enzyme-sensor for INHHQ determination, aiming

to obtain an even more selective method and lower detection limits.

e Evaluate the use of Covalent organic frameworks (COF) along with
MWCNTSs or GQDs as sensors to determine different analytes of biological

or pharmaceutical interest.
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