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Abstract

Biomarkers are powerful tools that can be used to detect early stages of diseases, monitor disease
progression, assess treatment efficacy, and predict treatment outcomes. Defined as measurable
variations in biological media, as such as tissues, cells, or biofluids, they are key indicators of
abnormal bioprocess. In cancer, biomarkers have been used as predictors of stage, initiation,
development, and progression; and most important, they provide an early indication of disease,
allowing a better guidance of treatments. Zinc (Zn) has been highlighted as a promise biomarker
due to its key role in many biological processes, including catalytic and structural functions of
~3000 proteins. Although the monitoring of Zn and Zn-related biomarkers is significant to
understand the development of cancer, there is a lack of reliable, accessible, and specific diagnostic
methods for their detection. Analysis of free Zn are usually accomplished via atomic absorption
and mass spectrometry techniques, while Zn-containing proteins are usually monitored by ELISA.
These techniques provide high sensitivity and accuracy, but they are expensive, use complex
equipment and require qualified personnel. In this context, electrochemical methods are fast,
portable, and accessible tools, representing an interesting way to replace these costly time-
consuming methods. Combined with nanotechnology, electrochemical sensors are becoming more
competitive in terms of sensitivity, allowing very low limit of detection (LOD); however, the
specificity remains challenging since biofluids are complex with many interferents reducing the
accuracy of the sensor. Current strategies combine the use of nanostructures with, in most of the
cases, recognition bioelements, as such as enzymes, antibody and aptamers to allow a better
specificity. Although these recognition bioelements allow high specificity, their short shelf-life,
instability, and high cost limit their one time use and/or potential continuous monitoring in clinical

applications. To overcome these limitations, we hypothesized that simple inorganic and organic



molecules could be used as recognition elements, interacting exclusively with Zn-related
biomarkers while providing electrical signals. We carefully selected 3 Zn-related biomarkers:
urinary and salivary mobile Zn due its abnormal behavior in a variety of cancer; carbonic
anhydrase (CA), the most investigated Zn-enzyme, presents in 85% of all hypoxic tumors; and
MMP-14, a Zn-protein that significant contributes to tumor angiogenesis. For each biomarker, we
used low cost functionalized carbon-based nanostructures as nanocarbons offer chemical inertness,
wide potential window, low background current, low cost, and versatility. In chapter 1, we well
discussed the importance of zinc-related biomarkers and the current strategies applied on their
detection. In chapter 2, we developed a zincon-carbon system to detect urinary and salivary mobile
Zn. Carbon nanotubes (CNTs) were covalently functionalized with zincon, a metal chelator that
allows electron transfer by complexing and de-complexing with Zn. The system quantified mobile
Zn in salivary and urinary matrices with a sensitivity of 100 ng.ml! and a LOD of 20 ng.ml!. In
chapter 3, we designed a sensor based on bismuth and mesoporous carbon through a conductive
spacer arm, aiming to reach the redox center of CA. The bismuth-carbon sensor successfully
tunnels Zn within the catalytic domain showing LOD of 11 ng.ml"!. In chapter 4, we designed a
sensor based on the detection of the hemopexin (PEX) domain of the MMP-14 with a stable and
low-cost commercial molecule. This molecule, called NSC-405020, is specific of the PEX domain
of MMP-14. Through the covalent grafting of the molecule on CNT, the system was able to detect
and quantify MMP-14 with a linear range of detection of 10 ng.ml"! to 100 ng.ml"!, and LOD of
7.5 ng.ml!. Over chapters 2,3 and 4, we well demonstrated through different strategies the ability
of simple molecules on the interaction with the Zn-related biomarkers, presenting very low limit

and range of detection compatible with cancerous samples.



Résumé

Les biomarqueurs sont des outils puissants qui peuvent étre utilisés pour détecter les stades
précoces des maladies, surveiller la progression de la maladie, évaluer l'efficacité du traitement et
prédire les résultats du traitement. Définis comme des variations mesurables dans les milieux
biologiques, tels que les tissus, les cellules ou les biofluides, ils sont des indicateurs clés d'un
bioprocessus anormal. Dans le cancer, les biomarqueurs ont été utilisés comme prédicteurs du
stade, de l'initiation, du développement et de la progression ; et surtout, ils fournissent une
indication précoce de la maladie, permettant une meilleure orientation des traitements. Le zinc
(Zn) a été mis en évidence comme un biomarqueur prometteur en raison de son role clé dans de
nombreux processus biologiques, y compris les fonctions catalytiques et structurelles d'environ
3000 protéines. Bien que le suivi des biomarqueurs Zn et li€s au Zn soit important pour comprendre
le développement du cancer, il existe un manque de méthodes de diagnostic fiables, accessibles et
spécifiques pour leur détection. L'analyse du Zn libre est généralement réalisée via des techniques
d'absorption atomique et de spectrométrie de masse, tandis que les protéines contenant du Zn sont
généralement controlées par ELISA. Ces techniques offrent une sensibilité et une précision
¢élevées, mais elles sont coliteuses, utilisent un équipement complexe et nécessitent un personnel
qualifié. Dans ce contexte, les méthodes ¢€lectrochimiques sont des outils rapides, portables et
accessibles, représentant une voie intéressante pour remplacer ces méthodes cofiteuses et
chronophages. Associés aux nanotechnologies, les capteurs électrochimiques deviennent de plus
en plus compétitifs en termes de sensibilité, permettant une limite de détection (LOD) trés basse ;
cependant, la spécificité reste difficile car les biofluides sont complexes avec de nombreux
interférents réduisant la précision du capteur. Les stratégies actuelles combinent 1'utilisation de

nanostructures avec, dans la plupart des cas, des bio¢léments de reconnaissance, tels que des



enzymes, des anticorps et des aptameres pour permettre une meilleure spécificité. Bien que ces
bio¢léments de reconnaissance permettent une spécificité élevée, leur courte durée de
conservation, leur instabilité et leur colt élevé limitent leur utilisation unique et/ou leur
surveillance continue potentielle dans les applications cliniques. Pour surmonter ces limitations,
nous avons émis I'hypothése que de simples molécules inorganiques et organiques pourraient étre
utilisées comme ¢éléments de reconnaissance, interagissant exclusivement avec des biomarqueurs
liés au Zn tout en fournissant des signaux électriques. Nous avons soigneusement sélectionné 3
biomarqueurs liés au Zn : Zn mobile urinaire et salivaire en raison de son comportement anormal
dans une variété de cancers ; I'anhydrase carbonique (CA), I'enzyme Zn la plus étudiée, est présente
dans 85 % de toutes les tumeurs hypoxiques ; et MMP-14, une protéine Zn qui contribue de
maniere significative a I'angiogenese tumorale. Pour chaque biomarqueur, nous avons utilisé¢ des
nanostructures a base de carbone fonctionnalisées a faible cott, car les nanocarbones offrent une
inertie chimique, une large fenétre de potentiel, un faible courant de fond, un faible coiit et une
polyvalence. Dans le chapitre 1, nous avons bien discuté de I'importance des biomarqueurs liés au
zinc et des stratégies actuelles appliquées a leur détection. Dans le chapitre 2, nous avons
développé un systéme zincon-carbone pour détecter le Zn mobile urinaire et salivaire. Des
nanotubes de carbone (NTC) ont été fonctionnalisés de manicre covalente avec du zincon, un
chélateur métallique qui permet le transfert d'électrons par complexation et décomplexation avec
Zn. Le systeme a quantifié le Zn mobile dans les matrices salivaires et urinaires avec une sensibilité
de 100 ng.ml-1 et une LOD de 20 ng.ml-1. Dans le chapitre 3, nous avons congu un capteur a base
de bismuth et de carbone mésoporeux a travers un bras espaceur conducteur, visant a atteindre le
centre redox de CA. Le capteur de bismuth-carbone tunnelise avec succes le Zn dans le domaine

catalytique montrant une limite de détection de 11 ng.ml-1. Dans le chapitre 4, nous avons congu



un capteur basé sur la détection du domaine hémopexine (PEX) de la MMP-14 avec une molécule
commerciale stable et peu colteuse. Cette molécule, appelée NSC-405020, est spécifique du
domaine PEX de la MMP-14. Grace au greffage covalent de la molécule sur les NTC, le systéme
a pu détecter et quantifier la MMP-14 avec une gamme linéaire de détection de 10 ng.ml-1 a 100
ng.ml-1, et une LOD de 7,5 ng.ml- 1. Au cours des chapitres 2,3 et 4, nous avons bien démontré a
travers différentes stratégies la capacité de molécules simples sur l'interaction avec les
biomarqueurs liés au Zn, présentant une limite trés basse et une plage de détection compatible avec

des échantillons cancéreux.
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Introduction

In 2020, cancer affected ~230,000 people in Canada ), and ~20 million people in the world 2.
The biggest challenge in cancer remains its early detection, allowing a better management of the
treatment and avoiding the spread of the cancerous cells to the surround tissues and organs [*-],
For many years biopsy has been the gold standard diagnostic tool; however, despite innovations
in the quality of the microscopic imagery, it is still limited in the ability to detect cancer at the

earliest stage of development; and unfortunately, sometimes too late for successful intervention 41,

For most types of cancer, the earlier the detection, the greater the chances of survival [¢],

In this scenario, biomarkers, molecular alterations in normal and abnormal biological process, can
be recognized and monitored %), Biomarkers can play essential roles in different steps of cancer
development, including risk assessment, screening, diagnosis, therapy guidance and detection of
recurrence (4], Biomarkers are measurable in different biological samples, including tissues, cells,
or fluids; however, serum, saliva, and urine represent the most advantageous fluids because they

[3,7.8

allow a minimally invasive and a low-cost screening 1. Although several sophisticated

technologies are in place for the identification and quantification of biomarkers, accessible and

user-friendly methods of detection in a daily clinical scenario are still a challenge (68,

The current investigations have emphasized the relevance of metals and metal-containing proteins
as key agents in different biological process [*!°], revealing their importance as markers for cancer
monitoring. Zinc, the most expressive metal in the body, participates in many of these biological

[10-12] "1t contributes to the cells proliferation, reproduction, immune function, and

processes
defense against free radicals '?]. Abnormal levels of zinc and zinc-related biomarkers have been

noticed in different types of cancer, including prostate ['*~15], liver [!*-18] breast!!®?? and head and
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neck *-2°1, Zinc can be found as “free” ions or, most common, attached to transporters and/or as

catalytic center of proteins [!%%6],

Most of the existing detection methods applied for metal-related biomarkers require expensive
machinery, high qualified personal and long process [*2"). Among these methods, enzyme-linked
immunosorbent assay (ELISA) is the most clinically applied; and recently, liquid
chromatography—mass spectrometry (LC-MS) is gaining a lot of interest [**?1. However, besides
their high specificity, the mentioned limitations restrict their use as clinical diagnostic practice.
Therefore, novel technologies are needed to facilitate and make metal-related biomarkers as

applicable sources in cancer management.

Electrochemical methods can present as valuable candidates to invest on [*%. By measuring the
electrical response in function of the target species concentrations, electrochemical detection is a

19331 In addition, it can be easier miniaturized,

fast, low-cost and a very user-friendly method !
allowing a convenient tool to access the most challenging and poor areas [>**). Given the crucial
role that zinc-related biomarkers play in cancer development, we proposed in this work a
comprehensive study on the innovative strategies to successful design electrochemical systems

towards the sensing of zinc-related biomarkers, facilitating the earlier detection of cancer and

improving treatment guidance.

As well discussed in the chapter 1, there are many current strategies to enhance the sensitivity and
specificity of electrochemical sensors. Note that sensitivity refers to the sensor response in function
of the analyte concentration and it is related to the limit of detection (LOD), the lowest
concentration of the target specie that can be quantified. While specificity, or selectivity, is the

binding affinity between the sensor and the target specie, excluding any interfering molecules 34!,
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By improving both, a more qualified sensor will be available and may be applicable in the real

clinical scenario.

The use of nanomaterials on the design of electrochemical sensors is the most exciting strategy

3435 Nanomaterials allow a higher surface, increasing the active area of the

recently discussed |
sensors #3537 In addition, a lot of nanomaterials are easy to functionalize, biocompatible and
present a very good interaction with biological components 8!, Functionalized nanostructures
have been gaining great attention on biosensing. The combined design of nanostructures with bio
recognition elements, as such as enzymes, peptides, aptamers, etc., allowed a great advance in the
specificity and sensitivity of sensors [*>¥71. However, the downside of bioelements, including high-

cost, complex synthesis, instability, and short shelf-life, limit their broadly use 4%,

In this work, the main objective covered the overcoming of bio recognition elements limitations
by applying non biological components (e.g., organic, and inorganic molecules) as the recognition
elements, assuring their unique interaction with the target species. We hypothesized that the non
biological elements may provide accessibility, stability, longer shelf-life, storage ability, simple

synthesis, and low-cost when compared to the traditional bioelements.

The objectives of this work are:

1) To discuss and understand the importance of zinc-related biomarkers in the development
of cancers and the current strategies applied on their electrochemical detection (Chapter 1).
2) To design a simple and specific electrochemical system towards the “free” zinc ions

detection in biofluids using a non biological recognition element (Chapter 2).
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Although the literature describes a variety of electrochemical sensors with a very low limit of
detection, most of the systems lack in specificity for the mobile zinc in biofluids. Because
biofluids present many interferences, including other metals, the electrical current response is
extremely affected. The lack of the specificity significant limits the use of electrochemical

sensors in the clinical setting.

3) To design new strategies to increase the specificity and sensitivity of electrochemical
sensors towards the detection of zinc-containing proteins using non biological recognition

elements (Chapter 3 and 4).

The biggest challenge in the electrochemical detection of metalloproteins to overcome is to reach
the redox center in the catalytic domain buried in the insulating protein shell. Here, two strategies
were applied: 1) the creation of longer and conductive nanostructures to reach the catalytic center,
allowing the electron transfer between the redox center and the sensor surface (Chapter 3); and ii)

the identification and detection of different domains of the proteins (Chapter 4).
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Abstract

Zinc and zinc-containing proteins have been emphasized as relevant biomarkers because of their
contribution in different physiological functions. Abnormal levels of these biomarkers lead to, or
are associated with, a broad range of diseases, including cancer. Biomarkers detection offers a
reliable and cost-effective strategy of monitoring risk or early detection of the development of
cancer. In this scenario, electrochemical sensing methods offer great advantages because their
rapid, simple, and low-cost detection when compared to the standard methods. Recent
developments in electrochemical sensors have significantly improved the sensitivity in detection
of low concentrations of zinc-related biomarkers present in the early stages of cancer. Moreover,
the combined effect of adding nanomaterials, such as carbon, gold, and bismuth nanostructures, to
sensor recognition elements offers multiple capabilities for a fast, precise, and specific
quantification of these biomarkers. This review will discuss relevant zinc-related biomarkers and
their role in cancer development and progression. It will also present a comprehensive analysis on
the recent strategies to increase the sensitivity and specificity of zinc-related electrochemical

Sensors.

Keywords: zinc, zinc-containing proteins, electrochemical detection, nanostructures, biosensors,

cancer
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1. Introduction

Zinc (Zn) is the most abundant trace element in the body. The human body contains ~3g of Zn,
where muscles, bones, and liver/skin store 60, 30, and 5% of its total, respectively [!]. It is involved
in a variety of cellular process, including cell proliferation, reproduction, immune function, and
defense against free radicals. Zinc acts as a structural, catalytic, and co-catalytic component of
various proteins, including enzymes and transcription factors. Over 300 enzymes require zinc for
functionality and over 2000 transcription factors, involved in gene expression, need zinc for
integrity and binding to DNA 2781, Zinc is found in two forms: as zinc ion or/and associated to a
protein. Free intracellular/extracellular zinc is usually regulated by Zn-transporters (ZnT, ZIP-
transporters, DCT-1), Zn-bindings (metallothioneins — MTs, p53), or Zn-sensing agents (MTF-1,
ZnR/GPR39, AMPA, NMDA). It is important to mention that “free” zinc ion is most of the time
weakly bound to the His-rich portion of these ligands (Zn*'/H" exchanger), and rarely zinc is
totally free in solution in the healthy systems. While in the protein-bound form, zinc presents
structural (e.g. protein kinase C) or catalytic/co-catalytic functionality (e.g. Carbonic anhydrase,
carboxypeptidase A, superoxide dismutase), held by stronger binding forces coordinated by amino

acids, with His being the most frequent, followed by Glu, Asp and Cys 7719,

Given its essential role in many biological processes, including the immune system, wound repair,
insulin synthesis and secretion, and even blood pressure regulation, Zn is present in organs, fluids,
and secretions of the body. Further, it regulates gene expression, homeostasis, and the expression
of metallothioneins. Because of its involvement in so many different functions in the body,
abnormal levels of zinc and/or zinc-containing proteins lead to or are associated with a broad range
of diseases, including atherosclerosis, vascular diseases, neurodegeneration, immunologic

disorders, the aging process, mutagenesis, and cancer [>%!112]_ Zinc and zinc-containing protein
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are involved in cancer initiation and progression, making them potential biomarkers for different

types of cancer '"!*1. Studies report not only abnormal level of “free” zinc but also an alteration

[14,15 [5,16-19 [19-25

in content of zinc-containing proteins in head and neck 1 breast 1 prostate 1 lung,
pancreas (51020261 "and others cancer. These advances have resulted in the recognition of zinc and
zinc-proteins as biomolecular targets for disease mediation [!*!. In this review, we summarize the
abnormal level of zinc and zinc-containing proteins in cancer and outline the strategies on the
electrochemical sensors for zinc-related biomarkers detection thus leading to a potential parallel

toolkit for cancer prevention, diagnosis, and monitoring.

2. Zinc expression in cancer

Free zinc in cancer has received an escalated attention, but its role is not yet fully established. Zinc
homeostasis is critical for a healthy condition and human body is not able to store it, thus
homeostasis is achieved through the action of Zn-transporters/binding ligands that allow zinc
uptake, distribution, and excretion ®?71. In tumors, zinc homeostasis is unstable because of the
abnormal transporter/binding ligands expression. This is directly correlated to tumor malignancy,
contributing to the initiation and progression of cancer. [*>78], The inefficient maintenance of the

zinc flow results in an altered level of the intracellular/extracellular zinc °1.

Abnormal levels of zinc have been reported in tissues, fluids, and other secretions of cancer
patients. For example, in healthy individuals, the zinc concentration in prostatic fluid is up to 10-
fold greater than in any other soft tissue. However, the concentration of zinc in cancerous prostate
tissue is ~75% lower than normal prostate. Additionally, significant changes in serum, urine, and
saliva zinc levels have been observed in prostate cancer patients #320-231 Opposite observation

has been found for breast cancer patients, where there is an increase of ~70% of zinc level in
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cancerous tissue when compared to healthy tissues, followed by abnormally low levels of serum,
salivary and urinary zinc >8], Table 1.1 summarizes the zinc expression in different types of

cancer.

Table 1.1 Abnormal zinc levels in tissues, fluids, and secretions of cancer patients

Type of cancer Zinc expression Zn-transporter/cause associated Ref.

Prostate Reduction of the zinc level in tissue and  Lower expression of ZIP1 [19-25]
serum. Increase of excretory zinc in
urine and saliva

Breast Increase of the zinc level in tissue. Overexpression of ZIP6 (LIV-1), ZIP7 and [5.16-19]
Reduction of zinc level in serum ZIP10.
(migration of zinc into the cytosol from

the serum)
Oral Increase of the zinc level in serum and  Associated to the inflammatory process of [14,15,28]
in saliva. lesions where zinc participates actively in
transcription and in the enzymatic antioxidant
processes.
Lung Lower level of zinc in serum when Decreased zinc may be because of deformed [29.30]
compared to health group protein structures (thymidylate synthetase,
dihydrofolate reductase, p53, p16, K-ras)
Pancreas Increase of zinc levels in the tissue Overexpression of ZIP4 and ZIP3 [8,10.20.26]

It has been established that zinc holds a role in cancer growth and development, but the
quantification of zinc levels in cancer remains contradictory. First, zinc levels could be affected by
the microenvironment surrounding the cancerous tissue, the intake of zinc in foods and drinks, and
the biological time of each individual !, Furthermore, the standard analytical techniques
available to measure the total amount of extracellular zinc (i.e. atomic absorption spectrometry or
inductively coupled plasma mass spectrometry) generate inaccurate and/or inconclusive responses

because of the low concentration of “free” zinc in body fluids (e.g. blood plasma contains only
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approximately 1 pg.ml') U121, Therefore, additional well-designed studies using standardized

samples and methodology to clarify zinc status might better define the role of zinc in cancer.

3. Zinc-metalloprotein expression in cancer

The following sections will summarize relevant zinc-containing proteins and their association in

different cancers.

3.1 Carbonic anhydrase (CA)

Cancer cells get energy through aerobic respiration of glucose or anaerobic glycolysis. Both
bioprocesses generate metabolic acids (CO., lactate”, and H"). To maintain the intracellular pH,
these molecules are extruded to the extra cellular environment. CO; is removed by passive
diffusion through the plasma membrane and lactate, as a charged ion, is removed via

315341 However, the removal of metabolic acids is not sufficient for

monocarboxylate transporters !
efficient intracellular pH maintenance; and additional pH regulatory proteins are required, such as

NHEI, ATPases, NBCs and carbonic anhydrase 334,

Carbonic anhydrase (CA) is an extracellular transmembrane zinc metalloenzyme acting as an
efficient catalyst of reversible hydration of carbon dioxide to bicarbonate ions and protons (CO, +
H,O <> HCO; + H*) B1¥], Curiously, CA was the first metalloenzyme identified in 1941 by Keilin
and Mann %], Low expression of CA is found in normal tissues, but abnormal behavior is observed
in hypoxic tumors, including brain, head & neck, breast, lung, bladder, cervix uteri, colon, rectum
and kidney B!, There are 12 isoforms of CA in humans where CAI and CAII (cytoplasmic) and,
CAIX and CAXII (membrane-associated) are associated with cancer progression 3334, CAIX is

the most studied because of its presence in 85% of all hypoxic tumors 134, but CA I and II have
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demonstrated potential utility as biomarkers for colorectal, rectal, lung, and haematological cancer
361 Through CA regulation of the intracellular environment, excessive acidification of the
extracellular milieu occurs because of the presence of carbon dioxide and protons 3224361 It has
been established that low pH in the tumor microenvironment facilitates the growth of cancer cells
and impacts negatively the normal and immune cells *>*]. Therefore, CA helps to produce and
maintain an alkaline intracellular pH favorable for tumor growth, and, contributes to the generation

of an acidic extracellular environment, facilitating tumor cell invasiveness 2331,

3.2 Matrix metalloproteinases (MMPs)

Matrix metalloproteinases (MMPs) are the second most investigated metalloproteins for
biomedical applications because of their role in several diseases [*>). MMPs are extracellular zinc
dependent endopeptidases responsible for the degradation of extra cellular matrix (ECM) proteins,
such as collagen, laminin, elastin, fibronectin, and others. 7). There are 24 human MMPs and
they are divided into subgroups based on their specificity (for ECM component) and structure
(secreted or membrane anchored), including collagenases, gelatinases, stromelysins and
matrilysins, membrane type and others %4 MMPs consist of at least three domains (a) amino-
terminal signal peptide, (b) pro-peptide, (c) catalytic, (d) fibronectin and (e) hemopexin domain,

391, The pro-peptide domain is

where pro-peptide, catalytic and hemopexin are the most common
responsible for activation of the enzyme; the catalytic domain, which contains 2 zinc ions, is
responsible for the proteolytic activity of the enzyme. The hemopexin domain interacts with
substrate such as gelatin and collagen. Except for MMP-7, MMP-26 and MMP-23, all MMPs

containing the hemopexin domain P71,
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MMPs play essential role in cell behavior, including proliferation, adhesion, migration,

3941

differentiation, and apoptosis [**~*!1. However, their functions are not limited to the cell mechanism

but also MMPs act in the embryogenesis and embryo development, tissue remodeling, wound

[39-411 MMPs are tightly regulated and expressed at low

healing, inflammation, and angiogenesis
level in healthy conditions; however, dysregulation and overexpression of these enzymes are
related to a variety of diseases including neurodegenerative, cardiovascular, arthritis, central

[37.38.401 More specifically, MMPs overexpression has

nervous system (CNS) disorders, and cancer
been identified and correlated with cancer development, progression, aggressivity and metastasis
(421 MMPs regulate the tumour microenvironment, and their expression and activation are
significant especially in cancerous tissues versus control tissues 7384941 The expression of
MMPs is heterogenous across cancers [*!l. Among MMPs, -2, -7, -9, -11 and -14 characterize the
higher expression in most cancer types [*!**] (Table 1.2). MMPs act in different mechanism to aid
development and growth of cancer by affecting growth signals, altering the availability or
functionality of TGF-Beta, EGFR (MMP-2, 9 and 14), regulating the apoptosis -cleaving ligands
(Fas) or receptors that transduce proapoptotic signals (MMP 7), and by improving the tumor
vascularization through the angiogenic or lymphangiogenic processes and altering VEGF (MMP-
2,9 and 14) B9, Extensive reviews of MMPs function in different types of cancer can be found in
literature *°*1J. As observed in Table 1.2, MMPs have great potential as cancerous biomarkers in
tissues and serum. The tissue MMPs quantification is usually performed through invasive and
complexes techniques. Therefore, there is a need to develop minimally or non-invasive approaches

to evaluate MMPs as prognostic and treatment guidance biomarkers. The detection of MMPs

through biofluids, such as serum, urine and saliva would represent a great advance in this direction.
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Table 1.2 Abnormal expression of most relevant MMPs in cancer

MMPs Mechanism Cancer Serum expression Tissue expression Ref.
(ng.ml%) (ng.mg™)
Healthy Unhealthy  Healthy Unhealthy
MMP-2 Proteolytic degradation of extracellular proteins in tumor Breast ~594 ~695 ~6.7 ~30.5 [44-46]
invasion, collagenolytic pathway driver for lymphatic vessel Ovarian ~227 ~280 ~470 ~1200 [47.48]
formation, tumor angiogenesis “+*3 Prostate ~471 ~893 ~2 -8.8 [49-51]
Head & Neck ns ns ~3.8 ~10.2 [40,52,53]
Lung ~700 ~900 ~8 ~12 [54.55]
MMP-7 Contributes to invasive potential, proliferation, anti- Ovarian ~3 ~11 ~1 ~4 [47.56]
apoptotic, immune surveillance 4143 Colon ~4 ~13.5 ~0 ~25 [40,57,58]
Brain ~15 ~2.5 - - [59]
Renal ~2.9 ~6.6 * * [60.61]
Head & Neck ns ns - - [62]
Lung ~2 ~4 * * [63,64]
MMP-9 Proteolytic degradation of extracellular proteins during Breast ~270 ~371 ~2 ~12 [45,65]
tumor invasion 1143l Bladder ~417 ~786 * * [66-68]
Prostate ~169 ~486 * * [50,69]
Head & Neck ~291 ~1590 ~4 ~11 [40,52,70]
Lung ~436 ~1390 ~31 ~63 [55.71]
MMP-11 Produced by peritumoral stromal fibroblasts; regulates early Breast ~8 ~54 ~0.2 ~0.6 [72,73]
tumor invasion, implantation, and expansion; prevents Colon ~6 ~39 * * [74.75]
apoptosis of early cancer cells 443 Gastric ~6.5 ~42 * * [76,77]
Head & Neck ~5 ~17 * * [78.79]
Lung ~2.5 ~8 ~0.01 ~0.05 [80.81]
MMP-14 Cleaves other MMPs (mainly MMP2) to activate them, role Breast ~8.5 ~17 * * [82,83]
(MT1- in invasive blood vessel growth, and promoting metastasis. Ovarian ~6 ~12 * * [84.85]
MMP) In vitro has been shown to promote invasion [#+43 Gastric ~8 ~39 ~1.3 ~3.6 [86.87]
Head & Neck - - * * [88]
Lung - - * * [89]
“ns” — no significant difference; “**“ MMP is overexpressed in cancerous tissue, but quantification (ng/ml) was not obtained; “-* data not available.

Note: Some values were converted to ng/ml from relative expression.
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3.3 Tumor suppressor p53

Although the previous proteins reviewed were found in either intra and/or extracellular
environment, p53 is an intracellular nuclear transcription protein which lead to >50% of all human
cancers when carry loss of function mutations in the p53 gene P2 It is composed by tree
domains, including transactivation and proline, central DNA-binding, and oligomerization. The
majority of mutations occur in the central DNA domain, inactivating the transcription factor
function >4, The p53 protein uses a tetrahedrally-coordinated zinc ion to stabilize its DNA
recognition motifs. It binds zinc extremely tightly when folded but is unstable in the absence of
zinc at body temperature °!!. The p53 protein is a critical component for the DNA repair and the
inhibition of angiogenesis, however, the main role of p53 is the ability to inhibit growth of

90,95

abnormal or stressed cells %, In other words, they prevent cancer formation. Because p53 is

responsible for such a critical mission, it is expected that the loss of pS3 function would lead to
uncontrolled cell growth P!,

Known as the most mutated gene in human cancer to date, over 3000 mutations have been
identified °° 2. Mutant p53 can appear at both the initial or late-stage and strongly accelerate the
progression of cancers %3] Mutant forms of p53 act in the transaction of oncogenic potential
genes (including the multiple drug resistance gene 1, c-myc, proliferating cell nuclear antigen,

interleukin-6 (IL-6), insulin-like growth factor 1, fibroblast growth factor and epidermal growth

[92

factor receptor (EGFR)) possibly directly leading to aggressive cancers [°>. Although mutations in

p53 have been identified in all types of cancers, their expression are distinct depending on the type

[94,97]

of cancer . Overall, solid tumors trend to present more commonly than haematological

[97

malignancies °’). Mutant p53 gene was found in ~95% of ovarian carcinoma, while in renal

carcinoma, only ~2% (Table 1.3) ). Mutated p53 gene has been observed most frequently in the
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most difficult-to treat cancers such as lung, breast, ovarian and head & neck cancer 7!, Because
most of mutant p53 are overexpressed in cancer cells, the detection of these proteins may aid in
understanding the aggressivity and progression of cancers, and also act as a guide for the
appropriate prognosis and treatment. The design of efficient strategies to target specific mutant
p53 is challenging and requires a deeper understanding of its behavior, structure, and degradation

pathway.

Table 1.3 - Percentages of samples with mutated p53 by tumour type
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3.4 Zinc finger proteins (ZNFs)

Zinc finger proteins (ZNFs) is a class of protein characterized by the presence of cysteine (Cys)
and histidine (His) with a structure stabilized by a zinc ion P*!°1. Approximately 3% of human
genes code for C2H2 proteins, making them one of the most common protein motifs, and an
important class of genomic regulator 1%, Despite the high frequency of ZNFs, their specific
function is not fully understood. They have been involved in a variety of critical biological process
including apoptosis, cell differentiation, cell proliferation, and chromosomal organization!!-*31,
It is known that ZNFs are key elements in the differentiation and the development of different

tissues [°®101 Abnormal expression of ZNFs contributes to cancer development in different
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aspects. ZNFs participate in all the mechanisms of cancer progression, from carcinogenesis to
metastasis. ZNFs are involved in cancer because of their transcription factor function. In addition,
emerging evidence indicates the importance of zinc finger proteins as structural proteins that
regulate cancer cell migration and invasion ***1. The understanding and detection of ZNFs on the
cancer environment may provide insights into one of the largest superfamilies of proteins in the

human genome.

Different conformation within these elements directs delivery to several types of ZNFs containing
CysCys (CC) or Cys-His (CH) motifs, such as C2H2, C2HC, C2C2, and others. 1237191 Among
ZNF group, the C2H2 is known as the classical and largest group with ~6000 members 10171031,
Among ZNF C2H2 type, ZEB1, ZNF750, ZNF281 and ZNF148 are a few of the examples of
members involved in cancer progression 8. ZEB1 possesses intrinsic oncogenic functions,
facilitating tumour invasion and metastasis by mediating cells plasticity. Abnormal expression of
ZEB1 was observed in pancreatic, lung, liver, osteosarcoma, breast, and colon cancer °%103];,
ZNF281 is a novel oncoprotein involved in the DNA damage and the epithelial-mesenchymal
transition °®1%!_Its abnormal expression has been found in colorectal cancer. Abnormal expression
of ZNF750 was reported in oesophagus, lung, and cervix tumors [*8). ZNF148 inhibits cell
proliferation and promotes growth through stabilization of the p53 protein. It is involved in cancer
growth and apoptosis, and several tumors present higher expression when compared to normal

tissues, including breast, melanoma, and gastric cancer %107,

3.5 Metallothioneins (MTs)

Metallothioneins (MTs) are cysteine-rich proteins able to bind with metals 12719191 Some authors

consider MTs as a class of zinc finger proteins [!°1%2], Zinc ions are the primary binding partner
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of MTs, but other metals, such as lead, copper, cadmium, mercury, platinum, chromate, bismuth,
and silver also possess higher affinity to the MT-binding sites ['!%). There are four major isoforms
of MT (MT1, 2, 3 and 4), where MT1 and MT2 are the most widely distributed in the human

system 271091107

MTs have different functions, principally in metal-regulatory processes,
including control of zinc absorption from intestine and zinc serum levels, storage and sequestration
of metal ions, metal donation to different enzymes, interaction with zinc based transcriptional
factors, zinc and copper homeostasis, protection against metal toxicity, and oxidative damage
[27,110

1. Because MTs show broad tasks, they also play an important role in various pathological

process, including neurodegeneration, cardiovascular and metabolic disorders, and cancer 1!,

MTs act in cancer development, treatment resistance, and prognosis %1% Tumor cells use MTs
as transporters, apoptosis inhibitors, proliferation stimulators and as immunomodulator and
enzyme activators 7], Krizkova et al. have provided a comprehensive summary of the expression
and regulation of individual MTs isoforms in various types of cancer. MTs can serve as prognostic
markers in tumors as they present atypical expression in serum samples. The abnormal expression
of MTs has been observed in an inconsistent pattern, where MTs are upregulated in some cancers

and downregulated in others [1%]

. In prostatic tumors, for example, healthy tissues showed
significant MT staining and remained immunoreactive to MTs, while a considerable reduction of
~73% was observed for the immunostaining intensity in the malignant tissues [''!l. In head and
neck cancer, the opposite behavior was observed, where ~84% of cancerous tissue showed
significant higher MTs expression when compared to healthy tissues [''>!!3], Most of the studies
have demonstrated the MTs expression in tumor tissues by immunohistochemical assay 271,

However, MTs abnormal expression has also been shown in serum samples. In testicular cancer,

healthy patients presented ~0.4 mg.ml™! of MTs compared to ~0.6 mg.ml! for unhealthy ['*. In
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liver cancer, MTs expression was significant lower (~0.5 uM) when compared to healthy

individuals (~ 1 pM) 1151,

4. Detection of metals and metal-containing proteins in cancerous samples

The early detection of cancer is crucial for controlling and preventing disease progression.
Although advances in standard diagnostic methodologies (e.g. ultrasound, magnetic resonance
imaging, and biopsy) have been improved, they are still inefficient to reach the sensitivity and

116,117]

specificity needed for an early-stage diagnostic ! . Most of the cases when a cancer is

diagnosed, cancerous cells have already reached the majority of the tissue and metastasized

[118

throughout neighbors’ tissues 8. The earlier and accurate detection is crucial for the success of

[7-119] The detection and quantification

treatment, control of the toxicity and decrease of mortality
of biomarkers may offer an alternative approach to overcome the limitations of standard methods
(117 Biomarker detection offers a reliable and cost-effective strategy of monitoring risk, early
detection, and development of cancer. As a consequence, the most appropriate therapy
accommodating the projected disease progression, regression, and recurrence could be easily

provided "%, Given the crucial role that zinc, and zinc-containing proteins play in cancer, as

mentioned before, they are of particular interest in the field of oncology as key biomarkers.

Analysis of trace elements, i.e., zinc, iron, cobalt, etc., in biological fluids and tissues are usually
accomplished via atomic absorption and mass spectrometry techniques. Techniques include flame
atomic absorption spectrometry (FAAS) 121211 oraphite furnace atomic absorption spectrometry
(GFAAS) 1120121 “inductively coupled plasma atomic emission spectrometry (ICP-AES) 1201211

and inductively coupled plasma mass spectrometry (ICP-MS) [120:121] Tn atomic spectrometry

techniques, samples are introduced into an atomizer and converted into free atoms and/or ions. For
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ICP-MS, the ion source is combined to a mass spectrometer. Mass spectrometer techniques
separate and detect the ions produced by the ICP, according to their mass-to-charge ratio, and

[120

measures the analyte concentration by mass fractionation 2%, Generally, these techniques are

attractive because of their sensitivity and accuracy; however, complexity, high cost, and difficult
sample collection and processing limit their broad usage especially in clinical environments 2%
1221 Among them, FAAS is the most frequently applied due to its relatively low cost but insufficient

sensitivity restricts its use for many biological samples 2],

The protein detection and quantification occur typically via the specific recognition of proteins in
extra and/or intracellular environment, including polymerase chain reaction (PCR), immunoassays
techniques, southern blotting, DNA sequencing, and fluorescent in situ hybridization (FISH)
[119.123] 'Current, the enzyme-linked immunosorbent assay (ELISA) represents the most reliable,
sensitive and widely available protein-based testing platform for the detection and monitoring of
cancer 8119123 I conventional ELISA, colorimetric or fluorescent signals are applied to
visualize the binding of a target protein to a specific recognition element [''), Despite progress in
the development of ELISA-based assays for protein detection, ELISA technique reveals many
challenges, such as being time consuming, having a high cost, needing qualified personal and
sophisticated instrumentation — all of which limit its application in point-of-care diagnostics.
Further, ELISA may not be adequately sensitive for the detection of low protein concentration in
the early stages of the cancer, leading to false negatives [1'7!!%], Recently, liquid chromatography-
mass spectrometry (LC-MS) has became the major analytical technique in the field of cancerous

116,118,124] 'The combined physical separation of liquid chromatography (HPLC) with

biomarkers !
the mass analysis of mass spectrometry (MS) allows higher sensitivity and resolution, low limit

and wide range of detection, reproducibility, and ability to analyze biofluids with extreme
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molecular complexity 61181251 Despite its advantages, LC-MS presents very high-cost, sized
machinery, qualified staff, and complex sample preparation for routinary clinical applications
[123.124] " Consequently, the design of alternative and innovative techniques that will allow a more
feasible identification and quantification of cancerous biomarkers, including zinc and zinc-
containing proteins, is a huge interest to the clinical use. Detection systems must present sensitivity
and specificity, ability to convert target-receptor events into measurable signals and low
interference of nonspecific biomolecules coexisting in the cancerous environment. In addition, for
an accessible point-of-care use (PoC), real-time measurement, portability, user-friendly interface,
and low cost are all desirable 71112 Electrochemical techniques have been addressed in a
variety of diseases, including cancer, as an alternative method for the detection of biomarkers. The

high sensitivity, excellent specificity, low limit of detection, simplicity, and easy miniaturization

offered by electrochemical sensors, make them suitable for clinical applications and PoC platforms

[127,128]

5. Electrochemical detection

Since its first development, in 1950s, electrochemical sensors have been widely applied in
environmental monitoring, instrumentation, and industries, such as automobility, aircraft and
telecommunication 1271311 Most recently, it has gained attention for the measurements of
biomarkers in the clinical field, including diabetes 32!, cardiac diseases ['*3], bacterial infection
[134] 'neural disorders '3 and cancer ['*"128], The signal from an electrochemical sensor is usually
the electrical response derived from oxidation-reduction reactions (redox) with the electrode
surface. This response reflects the correlation between the magnitude of the signal measured and
the concentration of the particular species 13%]. In general, electrochemical responses are based on

potential, resistance, and electrical current. Great progress on the development of electrochemical
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sensors has been achieved since nanotechnology was incorporated 13!, To enhance selectivity,
sensitivity, and low limit of detection; new materials, applications, methodologies, and strategies
are currently applied in the electrochemical sensing of biomarkers. The monitoring of these
biomarkers provides key information and is valuable for multiple purposes, including research,
treatment directions, therapeutic effectiveness and as an additional diagnostic tool ['*71. Below, we
will briefly summarize some of the main electrochemical methods available for biosensing,
including amperometry, voltammetry and impedance spectroscopy. The electrochemical design
strategies and the most recent progress in the detection of zinc and zinc-containing proteins are

also reviewed.

5.1 Amperometry and voltammetry

The current-time response of redox reaction of an electroactive species, at a predetermined
potential, is monitored in amperometry [1?*1311341 The current generated is proportional to the
concentration of the electroactive species and is driven by mass transfer (transfer of species from
the solution to the electrode interface) and charge transfer (electron transfer on the working
electrode surface) [*11%8], Chronoamperometry (Figure 1.1A) is a popular type of amperometry
which applies a potential step and measures the resulting current on the working electrode as a

[138-140

function of time 1. Voltammetry, a subclass of amperometry, is a widely used technique

which reveals the current response of a redox reaction of a specie in a range of potential [131:134140],
Under different methods, such as linear sweep voltammetry (LSV), cyclic voltammetry (CV),
square wave voltammetry (SWYV), stripping voltammetry (ASV and CSV) and differential pulse
voltammetry (DPV), the current responses in function of the species concentrations are usually

131,138

observed as a peak | 1. In cyclic voltammetry (CV) (Figure 1.1B), the potential is swept in

both forward and reverse directions and the current is monitored ['3%). CV is the most common,
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simple, and fast technique for acquiring qualitative and quantitative information on redox reactions
(1311 Stripping techniques, such as anodic (ASV) and cathodic (CSV), are the most sensitive,
presenting the lowest detection limit of any of the commonly used electrochemical techniques 1?81,
Both, ASV and CSV, possess two common steps: the concentration of the target analyte onto the
working electrode, and the stripping of the species from the electrode surface by applying a
determined potential ['3*13° (Figure 1.1B) . ASV is frequently applied for quantitative analysis of
electroactive species such as metals ions. Very low detection limit (up to picomolar range) has

been achieved with ASV technique [1*%,
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Figure 1.1 Expected outcomes from (A) amperometry and (B) voltammetry techniques.

Amperometry and voltammetry techniques show many advantages, including a wide concentration
range of detection, simplicity and low-cost, which made these techniques broadly applicable in
sensor development 13!, However, in both techniques, strategies must be designed to overcome

the lack of selectivity because of the signal interference from biological samples 23],
5.2 Electrochemical impedance spectroscopy (EIS)

Among the most important electrochemical techniques for biomolecule sensing, electrochemical

impedance spectroscopy (EIS) measures the changes in charge transfer resistance (Rct) or
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e 123136 The impedance spectrum is

interfacial capacitance that occurs on the electrode surfac
obtained through the response of an alternating current or voltage in function of the change of the
frequency over a wide range [*®13%], The concentration of the target species is measured indirectly
through a redox agent, such as iron ferrocyanide, which undergoes oxidation and reduction at a
fixed potential applied on the surface of the electrode (Figure 1.2). As the target species binds to
the electrode interface, the available active surface is limited, increasing the resistance to the flow
of current in the electrical circuit 3%, EIS allows direct determination of the target specie.
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Figure 1.2 - Schematic of EIS detection where the target specie interact with the electrode surface

and an increase in the resistance flow is noted as an outcome.

Unlike amperometry and voltammetry, EIS is less destructive to the measured biological
interactions because it is performed in a very limited range of small potentials !'?*!1361_ EIS allows
facile manipulation, rapid response, easy miniaturization, low-cost, high sensitivity, and ability to
detect very low concentrations [13141] The selectivity of EIS is usually facilitated by a recognition

bioelement, i.e., enzymes, DNA, peptides, and aptamers, that allows the interaction between target
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specie and the electrode interface. However, the selectivity in body fluids (i.e., blood, saliva,

serum) is still a challenge and it would produce false-positive “specific” binding [123:141],

5.3 Strategies to increase the specificity and sensitivity of electrochemical sensors.

Given their properties, simplicity and convenience, the electrochemical sensors have been widely

e 14218] The current

applied in biomedical sensing, particularly for the detection of glucos
challenges of the electrochemical detection include the real-time and in situ measurement of

s (1421 A non-

biomarkers (wearable sensors, PoC) aiming to an early detection of the disease
invasive approach is also emphasized in the recent development of electrochemical sensors, where
biomarkers can be monitored in sweat, saliva, and urine. In this context, specificity and sensitivity
emerge as key features of a sensing system [14?]. Sensitivity is the efficacy of a sensor response in
function of the variation in the target analyte concentration and is directly related to the limit of
detection (LOD), meaning the lowest concentration of the target species that could be measured

[142.143] Tn the other hand, specificity (or selectivity) is achieved by the unique binding affinity of

o [142

the designed electrode with a particular species in the analyt ], The main reason for a low

sensitivity and specificity is related to the interference of substances that are absorbed on the

electrode surface, impacting the signal measurement [143:144],

Few strategies have been put in place to modify the electrode surface to reduce interference with
undesired species (Figure 1.3). Among the most common electrode modifications, the use of
nanostructures and the mobilization of recognition elements on the electrode surface have gaining
attention as an efficient way to achieve sensitivity and specificity [14*1*4], Nanomaterials, including
carbon-based and metals, are one of the most common strategies applied to modify the electrode

surface. Because of their higher surface area and electrical conductivity, the active surface area is
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increased and therefore, the sensitivity enhances considerably 1431431, Furthermore, the presence
of nanostructures on the electrode surface provides a biocompatible environment for biomolecules,
significantly increasing the immobilised number of biomolecules on the electrode area 4%, While
nanomaterials assure the sensitivity, the use of recognize elements, that present affinity to the target
specie, tend to improve the selectivity. Selective molecules, including bio-elements such as

enzymes and antibodies, helps to improve the specific interactions, reducing false-positive results

[144,145]

(A) (B
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Figure 1.3 - Strategies to improve sensitivity and specificity of electrochemical sensors in

biosensing, including (A) the use of nanostructures, (B) the use of recognition elements and (C)

the combined nanostructure and recognition elements strategies.

By modifying the electrodes surfaces, the catalytic activity is improved, accelerating the electron
transfer while lowering the activation barrier of the electrochemical reaction, leading to an
intensification of the signal and the sensitivity of the sensor ['4>!4] In this review, we explore the
use of nanocarbon, metal nanostructures, and recognition elements as crucial mechanisms to
maximize the analytical performance of electrochemical sensors on the detection of zinc and zinc-

containing proteins.
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5.3.1Nanocarbon-based strategies

Carbon materials are widely applied in electrochemical sensors because of their chemical
inertness, wide potential window, low background current, low cost, and versatility for different
analysis [143147148] © Carbon nanomaterials not only possesses exceptional electrochemical
properties but also a large surface-to-volume ratio, high conductivity, and biocompatibility. In
addition, carbon nanomaterials have enhanced interfacial adsorption properties, better
electrocatalytic activity, and fast electron transfer kinetics compared to many traditional

electrochemical sensor materials [147-148],

Among the carbon-based nanomaterials, graphene, carbon nanotubes (CNT), and carbon

nanoparticles are the most applied in biosensing 1471

. Graphene, the 2D-carbon structure, is an
abundant and low-cost source material [!43]. The sp3 hybridized carbons on the edge plane and the
defects on the basal plane can be oxidized to provide functional groups and further enhance the
electron transfer with biological molecules [143148:14991 CNTs are rolled sheets of graphene in a
cylindrical structure (18], There are two variety of CNTs, including single-walled (SWCNT) and
multi-walled (MWCNT) carbon nanotubes 3%!3!1. CNTs are usually acidic treated to remove the
end caps, which also creates defect sites and oxygen functional groups that are thought to aid in
adsorption and electron transfer [14*148] Besides oxidized carbon nanomaterials result in lower
electrical conductivity, the defects are very beneficial when applying these materials in
electrochemical sensors ['**!, In addition, the oxygen-containing groups can serve as anchoring
sites for functionalization with a wide variety of recognition molecules, improving the specificity

of the sensors [143],
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Carbon-based electrodes have emerged as an alternative to the toxic mercury electrodes on the
detection of zinc ions "1, Further, the nanostructure of carbon allowed the miniaturization of
sensors, making them more portable for easy analysis. Several researchers explore the use of
carbon nanostructures for the detection of zinc in environmental or in biological fluids (Table 1.4).
Kudr et al. ['* electrodeposited graphene oxide (GO) on glassy carbon electrodes (GCE) using a
fixed +1V potential vs Ag/AgCI/KCI electrode and, subsequently, the GO was subjected to
electrochemical reduction to generated reduced graphene oxide (ERGO) using cyclic voltammetry.
By stripping voltammetry, the zinc ions were deposited on the electrode surface and afterwards
measured by differential pulse voltammetry (DPV). Besides the low LOD of 5 ng.ml"!, graphene

alone does not offer a great specificity and the system was not tested against relevant samples.

A wearable sensor was developed to detect the zinc concentration in sweat using a disposable and
flexible graphite electrode ['*?]. The sensor was fabricated by applying solid-solid deposition of
graphite powder on polyester films using a press machine, an oven, and a torque wrench. The
environmentally friendly system presented LOD of 4.31 ng.ml™! and linear range of detection of
50 to 2000 ng.ml™!. Guo et al.l'>¥) placed organized CNTs to allow a better exposition of the edges,
aiming to increase the performance of the detection of zinc ions. By anodic stripping voltammetry
(ASV), the highly aligned multi-wall carbon nanotube (MWCNTs) tower electrodes were tested
in an acetate buffer solution containing zinc ions and other heavy metals. The system presented
LOD of ~12 ng.ml!, however, the lack of specificity was still present. Aiming to enhance the
specificity of carbon-based electrodes, researchers have modified and functionalized carbon
material with elements that are able to interact exclusively with zinc ions. A common approach to
the detection of zinc ions is the use of auxiliary bismuth to increase the sensitivity and to facilitate

the nucleation during zinc ion deposition (!>, We will further explore the functionalized-carbon
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nanostructures in the sections 5.3.2 Nanometal-based strategies and 5.3.3 Recognition elements-

based strategies.

Another strategy applied to enhance specificity of carbon-based electrodes is the use of ion-
imprinted polymers (IIP), where binding sites are designed to match the charge, size, and
coordination number of the target ion !>%]. IIP was synthesized using 8-hydroxyquinoline and
styrene and casted on a glassy carbon electrode (GCE) utilizing Nafion [!*3]. By ASV, the system
showed LOD of 0.06 ng.ml"! and a range of detection of 0.06 to 0.12 ng.ml"! in HCI solution.
Besides very low LOD, the system did not present a wide range of detection, limiting its

application in different cancerous fluids.
Table 1.4 - Nanocarbon-based electrodes for zinc ion sensing

LOD Linear Range

Electrode Solution 1 1 Method Limitations Ref.
(ng.ml™) (ng.ml™)
Reduced graphene Acetate buffer . [149]
oxide (ERGO) on GCE (pH 5) 5 50 — 3125 DPV Low specificity
Graphlteﬁcl)rrl]golyester Sweat 431 50 to 2000 ASV Low specificity [152]
Highly aligned Acetate buffer . e [153]
MWCNTS tower (pH 4.2) 12 Not informed ASV Low specificity
GCE-IIP 1 mM HC 0.06 00610012  ASV Low range of [155]
(pH 3) detection

Nanocarbon-based electrodes have also been widely employed for the detection of metal-
containing proteins. Nanocarbon structures, such as CNTs and graphene, have been suitable
platforms for transducing biorecognition events into valuable electroanalytical signals [!>%). One of
the greatest challenges for the detection of metal-containing proteins is the establishment of

satisfactory electrical interaction between the active site of the protein and the electrode surface.
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The redox center of most metal-containing proteins is electrically insulated by the protein shell,
hampering the oxidation or reduction reactions of an electrode at any potential [1°6-158] The direct
electron-transfer between proteins and electrode surfaces could be advanced by auxiliary
mediators (e.g. recognition elements) that allow efficient transduction of the biorecognition event
and nanostructures that decrease the electrode and the redox center distance ['°7!. Nanocarbon-
based electrodes have been highly valued as suitable substrates for anchoring proteins without the
loss of the bioactivity and also for allowing a more direct electron transfer with the protein

electroactive center 1361381591

Gupta et al.'*® analyzed the electron transfer ability of a variety of nanostructured graphene,
including monolayer graphene, graphene oxide (GO) and reduced GO, towards iron-containing
proteins. The study demonstrated the efficient direct electron transfer between the graphene
nanostructures and all redox centers of the proteins applied, without the requirement of any
mediators. Note that proteins retained their structural integrity and biological activity after
interaction with graphene nanostructures. Additionally, the presence of edge defects, functional
and residual oxygen functional groups supported the interaction of proteins with all nanostructures

studied.

Besides the lack of specificity, it is interesting how carbon nanostructures demonstrate the ability
to transfer electrons with the buried redox center of proteins. As an efficient substrate to be
functionalized with recognition elements, carbon nanostructures demonstrate their promising
application for the development of point-of-care sensors towards the detection of metal-containing
proteins. We will explore the functionalized nanocarbon structures towards the detection of zinc-

containing proteins in the section 5.3.3 Recognition elements-based strategies.
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5.3.2Nanometal-based strategies

The advantages of metallic nanoparticles caused them to be a desired strategy for the detection of
metals and metal-containing proteins. Not only by increasing the surface area but also increasing
the mass-transport rate and allowing a faster electron transfer; nanometals have been widely
explored to assure sensitivity 1691611 Among the metals, silver (Ag) and gold (Au) are the most
explored for the detection of different heavy metals 16%!61] including cadmium (Cd), chromium

(Cr), copper (Cu), lead (Pb), zinc (Zn), etc.

In addition, gold nanoparticles (AuNPs) are the most popular nanometal applied as substrates for
metal-containing protein detection [1°2163]_ Similar to carbon nanostructures, AuNPs provide stable
immobilization of biomolecules while retaining their bioactivity and allowing direct electron
transfer with the redox center of proteins with no need for mediators [1*+165]_ AuNPs are one of the
most appropriate metallic nanomaterials to be functionalized and applied as biosensor substrates.
We will explore the functionalized-AuNPs toward the detection of zinc-containing proteins in the

section 5.3.3 Recognition elements-based strategies.

Particularly, for zinc ion detection the use of mercury (Hg) and bismuth (Bi) metal electrodes have
been extensively investigated in environmental and biological samples. Because of its low toxicity
and similar electrochemical performance when compared to mercury, bismuth is positioned as the
major metallic material applied on the electrochemical detection of zinc 161:166] Recently, metal
oxides have also gained attention for the detection of zinc because of their low cost, decreased

167-1691 However, metal oxides are usually not

toxicity and, occasionally, needed biodegradability !
the main metal in the electron transfer mechanism and require to be combined to a second material

to achieve enhanced electrochemical performance 7%, In this section we will briefly present a few
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strategies used to detect zinc ions by applying Au and Hg electrodes. We will explore the Bi

approach because of its importance on the detection of zinc (Table 1.5).

Gold nanostructures have been shown to improve the sensitivity of the electrochemical electrodes,

[1611 " Several works describe the successful use of gold

improving the limit of detection
nanoparticles-modified electrodes on the detection of zinc. Shao et al developed a polyaniline-
multi-walled carbon nanotubes (PANI-MWCNTs) screen printed electrode coated with
electrodeposited gold nanoparticles (AuNPs) [!"1. The deposited layer of AuNPs improved the
conductivity and active surface area when compared to PANI-MWCNTs alone. By anodic
stripping voltammetry (ASV), the system showed linear range of detection of 1-180 ng.ml™! and

LOD of 39 pg.ml™! in ABS (pH 5). The system was tested in real water samples, showing consistent

results when compared to the standard ICP-MS technique.

A flexible electrochemical system was developed on Au-electrode modified with titanium carbide

and multiwalled carbon nanotubes for the detection of zinc in urine and sweat [7%

. Applying
antimony (Sb) as an auxiliary co-deposition element, the system showed range of detection of 350
—830ng.ml "' and LOD of 1.5 ng.ml! in acetate buffer solution (pH 4.6). When applied in biofluids,
urine and sweat, the system showed current response with zinc concentration varying from 200-
600 ng.ml! and 50-1500 ng.ml!, respectively. Although gold-based electrodes offer higher

conductivity and active surface area, the elevated cost and lower specificity limit their application

as a specific tool in the clinical applications.

Despite higher toxicity of mercury (Hg), some studies are still applying Hg as a component to

detect zinc. The interest for Hg-based sensors is due to their unique physico-chemical properties

149

and the wide cathodic potential window 1*’! that are extremely relevant for the detection of zinc

55



166 To overcome the high toxicity, in situ and

as it occurs in a more negative deposition potential !
ex-situ thin-film mercury electrodes (TFME) have been explored, aiming to decrease the Hg
concentration and enabling a better electrode manipulation '3, In situ method consists in the
simultaneously deposition of Hg and the target metal, like the bismuth strategy cited earlier. This
method facilitates the specificity of the electrode; however, co-deposition techniques are not
widely applicable in clinical scenarios, and the toxicity of Hg eliminates this method. Ensafi et al
(1741 developed an in situ TEME on carbon paste electrode in order to detect zinc in different real
water samples (lake, tap and spring waters). Using ASV, the system showed range of detection of
8-220 ng.ml! and LOD of 5.5 ng.ml™! in 0.10 M KNO3/50 M HCI solution. The carbon-TFME

system showed good agreement between the known quantities of zinc presented in and added to

the samples and the quantities measured, confirming the accuracy of the method.

Ex-situ TFME is mainly represented by the Hg nano/microdroplets on the electrode surface [!73:17%],

Typically, the nano/microfilm is formed by the electrochemical reduction of the absorbed Hg"* on
the working electrode surface before electrode immersion in the analyte containing zinc 17,

1731 designed a biochar Hg nanodroplet electrode. Biochar is a highly functionalized

Oliveira et al |
alternative carbon material originally from biomass and charcoal that allows a facile adsorption of
ionic species such as Hg"2. After preparing the biochar carbon paste, the Hg™ was electrodeposited
for 2 minutes in acetate buffer solution (pH 6) containing 1.0 x 10™*M of Hg*2. By applying ASV
in acetate buffer containing different amounts of zinc, the system showed range of detection of

20-3260 ng.ml"! and LOD of 11 ng.ml™!. The biochar-Hg electrode was evaluated using collyrium

and ointment samples showing similar results when compared to ICP method.

As mentioned, Hg electrodes shows remarkable sensitivity for the detection of metals (including

zinc) by striping techniques; however, the Hg high toxicity unable further applications specially in
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environmental and clinical samples '], Currently, the only alternative to Hg for stripping

technique is the Bismuth-modified electrode "7¢

. Bismuth (Bi) offers several advantages,
including reproducible voltametric response, distinct stripping peak, more negative potential
window, and high signal-to-background ratio ['”7). Bi is mainly applied as films on electrodes
materials, but nanostructured Bi can also be implemented. Bismuth-based electrodes are
environmentally friendly, present comparable electrochemical behavior to TFMEs and have been
shown better specificity between intermetallic compounds 1611 Bismuth-based electrodes can
be prepared by in situ and ex situ techniques. Jothimuthu et al !%®! designed a miniaturized lab-on-
a-chip sensor for measurement of zinc in serum samples. The sensor was fabricated using a
combination of ex situ deposited bismuth film (BFE) on gold substrate by electroreduction of Bi**
from an acetate buffer solution containing 500 mg.L™! of bismuth at —800 mV for 240 s. By ASV,
the system showed range of detection of 0.9-9 pg.ml™! in acetate buffer (pH 6) and LOD of 1.1

ng.ml!. Although the sensor demonstrated measurement of zinc in serum (typical concentration

of 1.8-9 pug. ml'!), the sensitivity of detection demonstrated was lower for a clinical application.

The same research group optimized the fabrication steps of the lab-on-a-chip gold-BFE by
applying a pre plasma treatment and a direct placement of evaporated Bi on gold substrate [!78],
Besides its complex synthesis, the system performance was improved with a range of detection of
180-4500 ng.ml"! and LOD of 11 ng.ml"!. Li et al prepared an ex situ Bi-gold electrode by plating
bismuth on screen printed gold electrodes (SPAUE) at 0.08V for 120s 7). The efficacy of the
designed Bi-SPAuE was compared to the in situ simultaneous co-deposition of Bi and Zn ion on
the SPAuUE. By ASV, both electrodes were evaluated in acetate buffer (pH 5.5) containing 50 ng.ml
! of zinc. Insignificant current response was observed for zinc with the in-situ Bi-SPAuE. However,

the ex-situ Bi-SPAUE showed significantly higher current response with well-defined voltametric
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peak. The ex-situ Bi-SPAuE showed range of detection of 1-120 ng.ml™! and LOD of 0.05 ng.ml"
!. The author attributed the great sensitivity of Bi-SPAUE to the compact growth of smaller bismuth
particles and its uniform and flat surface. The system was evaluated in real water samples and

demonstrated coherent results.

Ex situ and in situ Bi were also placed on carbon substrates. By taking advantage of the bismuth’s
ability to form low-temperature alloys with heavy metals, Thanh et al simultaneously deposited
in-situ bismuth and the targeted heavy metals, including zinc, directly on glassy carbon (GCE)

1391 The detection was measured by stripping voltammetry in 0.1M acetate buffer (pH

substrate [
4.5). After 120s of deposition at -1.4V the zinc metal was stripped from the electrode and its
concentration was determined in function of the current response. The system showed a range of
detection of 5 to 110 ng.ml"! and LOD of 1.02 when only zinc is present and LOD of 2.95 ng.ml’!

when different metals are present in the solution. The system was also tested in river water samples

and showed similar response.

Graphene—polyaniline (G-PANI) nanocomposite electrode was prepared by reverse-phase
polymerization in the presence of polyvinylpyrrolidone (PVP) 54, Polyaniline (PANI) shows
excellent electrochemical properties, is easily synthesized and functionalized, has good
environmental stability, and is relatively nontoxic. The G-PANI composite was placed on paper-
based and plastic-based devices and tested in acetate buffer solution and in human serum samples.
By ASV, adding bismuth as the co-deposited element (in-situ film), the system showed LOD of 1
ng.ml"! and range of detection of 10 to 300 ng.ml"' in buffer. In serum samples the system

demonstrated good efficiency in the range of 10 to 50 ng.ml".
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Using in-situ bismuth film, magnetic nanoparticle/graphene nanocomposite has also been studied
because of its stability, large surface area, and catalytic activity. Lee et al. ['8!] using thermal
decomposition designed an iron oxide/graphene nanocomposite by to be dropped on GCE. Zinc
ions were detected by ASV in acetate buffer solution containing bismuth, showing a LOD of 0.11
ng.ml™! and range of detection of 1 to 100 ng.ml!. To achieve a low-cost sensor, S. Cinti ef al [!%]
developed a carbon-ink screen printed electrode on an office paper to detect zinc in acetate buffer
and biofluids. ASV was applied to detect zinc ions by co-deposition of bismuth film, presenting
LOD of 25 ng.ml"! and range of detection of 80 to 2000 ng.ml™! in sweat and serum. Besides the

innovative and accessible approach, the use of in-sifu bismuth might be limited in its clinical

applications.

The physiological level of Zn in human sweat is very low and ranges between 0.39 and 1.56 pg.ml
-I83] A wearable temporary sensor was designed to monitor zinc concentration in human sweat

[184] By placing ex situ Bi film on carbon ink with an auxiliary layer of Nafion, the

during exercise
wearable sensor monitored zinc concentration in sweat by ASV [!84], The sensor was first evaluated
in acetate buffer (pH 4.6) showing range of detection of 100-2000 ng.ml!' and LOD of 50 ng.ml"
I, The system was tested in athletes after 15-20 minutes of exercising and showed well-defined Zn
stripping peaks, indicating a zinc sweat concentration of 0.34 pg.ml!, which is consistent with the

literature. Further studies are necessary to focus on miniaturization and integration of electronics

for data acquisition.

Xuan et al designed an ex-situ electrodeposition method of structured bismuth on the surface of a
flexible graphene-based electrode '*%). The bismuth nature-inspired branched structures were
applied for zinc ion detection in human sweat, aiming for a strategic bonding of the zinc on the

electrode surface. By applying ASV in acetate buffer (pH 4.6 ), the system showed range of zinc
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detection of 100-1600 ng.ml™! and LOD of 40 ng.ml!. The system demonstrated ability to detect
zinc in human sweat; however better outcomes are expected after design improvements, such as
stability and reduction of the bismuth nature-inspired structure and the development of

miniaturized flexible circuitry to realize wireless real-time Zn detection.

Bismuth can also be combined with different substrates to improve sensitivity. Zhu et al designed
a MXene (Ti3C2) nanosheets as matrix for bismuth nanorods ['3¢). MXenes are 2D layered materials
and present rich surface chemistry (various termination groups and exposed sites) and
conductivity; however, their high LOD and specificity limit their use alone. The Bi-Ti3C: layer
offers ample active sites to form alloys with the target zinc metal during the cathodic reduction.
After integration to a microelectrode assembly, the system was evaluated by ASV in acetate buffer
(pH 4.5) demonstrating range of detection of 1-20 ng.ml"! and LOD of 0.5 ng.ml™!. Besides its high
cost and limited range of detection, the system was tested in water samples and demonstrated an

ability to be applicable in biofluids.

Boron-doped diamond (BDD), a unique material for electrochemical sensing applications, was
applied as a substrate for in situ Bi deposition with zinc '¥7!, By taking advantage of the optimized
surface morphology and the active sites formed by incorporated boron, the system showed great
LOD of 0.4 ng.ml! in acetate buffer (pH 5). The Boron-doped diamond-Bi electrode is very
innovative and could be applied in different types of samples; however, high cost and in-situ

approach could limit its applications.

Bismuth and cupper (Cu) alloy nanoparticles (ANPs) were encapsulated in a flexible carbon film

electrode for a real-time on-site detection of zinc in the different human biofluids and water

188]

environment %8, The BiCu-ANPs improved the electrocatalytic activity and the acid resistance,
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while the carbon film assured the high electrical conductivity and fast electrochemical kinetics and
effectively increased the active surface area of the electrode. By ASV, the designed system showed
range of detection of 150 to 600 ng.ml"! and LOD of 35 ng.ml! in acetate buffer (pH 4.5). The
system showed efficacy of performance in urine and blood samples when compared to atomic

absorption spectrometry.
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Table 1.5 - Nanometal-based electrodes for zinc ion sensing

Electrode Solution LOD_l Linear Rfalnge Method Limitations Ref.
(ng.ml?) (ng.ml?)
AUu/PANI-CNTs Acetate Buffer (pH 5) 0.039 1-180 ASV High cost and lower specificity (271
AU/Ti-CNTSs Acetate buffer (pH 4.6) 15 350-830 Asy ~ Complex synthesis, co-deposition of 7
Sh to increase sensitivity
Carbon-TFME KNO3s/ HCI 5.5 8-220 ASV High toxicity of mercury [174]
Biochar-TFME Acetate buffer (pH 5) 11 20-3260 ASV High toxicity of mercury [173]
Gold-BFE Acetate buffer (pH 6) 1100 900-9000 ASV Low sensitivity [166]
Gold-BFE Acetate buffer (pH 6) 11 180-4500 ASV Complex synthesis [178]
Bi-SPAUE Acetate buffer (5.5) 0.05 1-120 ASV Limited range of detection [179]
GCE-BFE Acetate buffer (pH 4.5) 1.02 5-110 Asy ~In situ approach limits clinical g
application
Graphene-PANI Acetate buffer (pH 4.5) 1 10-300 ASV Addition of in situ bismuth [154]
Fe,Os/Graphene Acetate buffer (pH 4.5) 0.11 1to0 100 ASV Addition of in situ bismuth [181]
C-ink on paper Sweat and Serum 25 80 to 2000 ASV Addition of in situ bismuth 182]
C-Nafion-BFE Acetate buffer (pH 4.6) 50 100-2000 Asy ~ Needs further studies to be used as gy
portable sensor
Bi-Graphene Acetate buffer (pH 4.6) 40 100-1600 ASV Instability and large Bi structure [185]
Bi-TisC; Acetate buffer (pH 4.5) 0.5 1-20 ASV High cost, limited range of detection [286]
BDD-Bi Acetate buffer (pH 5) 0.4 Not informed ASV High cost and in situ approach [287]
BiCu-C Acetate buffer (pH 4.5) 35 150-600 ASV Complex synthesis [188]
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5.3.3Recognition elements strategies

The use of recognition elements is an important strategy to improve the specificity of
electrochemical sensors. Recognition elements are bio or non-bio molecules that selectively

interact with the target species and generate an electrical signal that is related to the concentration

[189,190 194—

of the desired analyte 1. Among the recognition elements, enzymes 113 amino acids [

191 peptides 1%°1°7) and nucleic acids !**) are most often applied to detect heavy metals "%, but
other elements have also been explored as such as engineered bacteria 1?3120 ‘hormones [2°1-202!
and small chemical molecules [1?>2%3-2061 For metal-containing proteins, usually the recognition
layer is designed using enzymes, antibodies, cells, nucleic acids, peptide, and other aptamers [2°7],
Although bio recognition elements have often improved the specificity and sensitivity of

electrochemical sensors, their shelf life, reliability, reproducibility, homogeneous immobilization,

and high costs are still a challenge and may indicate incorrect target species quantification 201,

The combined action of recognition elements and nanostructures is one of the most successful
strategies to overcome these challenges allowing a better sensor performance 571 The
successful design of functionalized-nanostructured systems is achieved by the immobilization of
recognition elements on the surface of the substrate, usually accomplished by entrapment,
adsorption, covalent bonding, and/or cross-linking techniques **®!. Functionalized-nanostructures
provide a synergic effect between catalytic activity, conductivity, and biocompatibility to
accelerate the electrical signal and also intensify the biorecognition event, leading to highly

sensitive biosensing 1432981,

Two approaches are employed when recognition elements are integrated to electrochemical

systems: the label and label-free detection. The label approach employs a molecule, that is
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chemically or temporarily attached to the target species, to convert binding response or activity
into electrical signals. It requires a labeling process as a preparation step, combining synthesis and

209

purification [2%’]. The label-free method identifies the electrode and target species interactions or

activity directly by electrical signals, with no need of a label element. The advantages of a label-

[209.210] Several electrochemical

free approach is essentially the immediate and real time detection
sensors employing different recognition elements and strategies have been developed for the
detection of metals and metal-containing proteins. In this section, we will highlight a few works
where enzymes, antibodies, peptides, nucleic acids, and other aptamers were used as

biorecognition elements. Furthermore, we will also explore how the non bio recognition elements

have been applied for the electrochemical detection of these species (Table 1.6).

Metal ions have a particularly strong affinity for certain enzymes. The enzyme’s active center is
modified by the interaction with the metal ion, decreasing its activity. The changes generated in
the enzyme-substrate interaction, such as the color, conductivity and pH value, can be indirectly
measured by monitoring the electrical signal ['®!:*']. AuNPs and carbon-based electrodes have
been used as excellent substrates for loading enzymes 14163 Glucose oxidase enzyme (GOXx)
was immobilised via cross-linking by glutaraldehyde on carbon-poly(neutral red) film electrode
(1911 The effect of the zinc on the activity of the GOx was evaluated in phosphate buffer solution
at pH 7.0 at a fixed potential of —0.35 V vs. SCE, in the presence of 0.2 mM glucose. The system
showed range of detection of 410 to 14500 ng.ml! and LOD of 9 ng.ml!. The system was

successful evaluated in water, wine, and milk samples.

By taking advantage of the unique interaction between substrate and enzyme, a biosensor for
collagenase (zinc-protein MMP-I) detection was developed to monitor the change in the

impedance caused by the proteolytic digestion of gelatin coated gold electrodes 1*'?!. However, the
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system was only suitable for measurements at very low collagenase concentrations (<2 mM)
because the impedance of the gelatin layer was very similar to the electrolyte solution at higher
ionic strength. Enzymatic sensors assure high selectivity, however, their instability and critical
microenvironmental factors limit their use. These limitations encouraged the design of non-

enzymatic electrochemical sensors with simpler modification procedures and better stability [4°],

Antibody-based (immunosensors) electrodes explore the specific antigen (Ag) — antibody (Ab)
recognition interaction. Because of the unique interface between Ab-Ag, these electrodes present
high specificity and sensitivity 14271 There are 2 types of Ab, polyclonal (pAb) and monoclonal
(mAb), and they differ from each other by the binding mechanism with the target antigen, where
pAD presents multiple binding sites and mAb presents one type of affinity. Monoclonal Ab presents
higher sensitivity when compared to polyclonal Ab 27, Au-based, carbon-based, and combined
Au-Carbon electrodes have been employed as a substrate to immobilize antibodies on the electrode

surface.

An immunosensor for MMP-9 detection was designed by depositing AuNPs on polydopamine
functionalized silica nanospheres (PDA/silica) surfaces followed by the adsorption of MMP-9
antibodies >3], The high surface area of the electrode allowed an increase in the binding capacity
by supplying a larger number of immobilized antibodies. Cyclic voltammetry in [Fe(CN)s]* ">~
solution (pH 7.0) containing 0.1 M KCl allowed the proposed immunosensor to be tested for the
determination of MMP-9. There was a range of detection of 0.1 to 150 ng.ml"! and LOD of 0.06
ng.ml!. The immunosensor was also successfully used for MMP-9 determination in serum sample

and showed comparable results to the conventional ELISA assay.
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Nitrogen-doped graphene (NG) nanostructures were functionalized with AuNPs to serve as
substrates for the adsorption of horseradish peroxidase MMP-2 antibody (HRP-Ab2) [2!4l. The
AuNPs-NG system increased the surface area to capture large amounts of MMP-2 and to facilitate
the electron transfer between the electrode surface and the target species. By DPV, in PBS (pH
7.4) containing H20», the system showed a range of detection of 0.0005 to 50 ng.ml™! and LOD of
0.00011 ng.ml™!. The Au-NG immunosensor showed similar results compared to ELISA assay in

human plasma samples.

AuNPs and graphene oxide have also been used to detect MMP-1. An MMP-1 immunosensor has
been designed based on a gold nanoparticle, polyethyleneimine, reduced graphene oxide
(AuNP/PEI/rGO) screen-printed electrode (SPE) ?!3). Mercaptopropionic acid was utilized to
assemble all of the layers by sulfur-gold bonding technique. MMP-1 antibody was immobilized
by cross-linking using N-(3-dimethylaminopropyl) and N’ ethyl carbodiimide hydrochloride
method. The system was tested by DPV, in PBS solution containing [Fe(CN)s]* 7 and KCI1 (pH
7.4), showing range of detection of 1 to 50 ng.ml! and LOD of 0.22 ng.ml!. The immunosensor
was successfully applied for MMP-1 detection in urine, saliva, bovine serum, and cell culture

media of oral and brain cancers showing results comparable to ELISA assay.

Peptides are one of the most applied recognition elements on the free-label detection of metal-

containing proteins, in particular for matrix metalloproteinases (MMPs) [216218] Peptides offer a

[219,220

better cost and long shelf-life when compared to antibodies and enzymes I, The enzymatic

cleavage of peptides immobilized on the electrode surface results in the release of peptides
fragments, facilitating the electron transfer between the electrode and the target species and
increasing the intensity of the current response ?!), However, the electrical response is usually

[220

very small, and there is a need to amplify its intensity *?°!. As a result, nanostructures have been
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extensively applied as signal amplifier on peptide-based electrochemical sensors [2!%221 In
addition, the fluctuation of the electrochemical response can be affected by the difficult
immobilization of peptides, and peptides-based sensors are also one-time use due to the unique
peptide cleavage 2. The tertiary structures of peptides allow unique conformations where metal
ion can be bonded. Peptides can be synthesized and selected for a specific target species and are

extremely powerful receptors 61,

The great affinity of peptides to different metal ions is influenced by the higher number of potential
donor atoms content in the amino acid chains ???!, Liu et al applied a specific zinc binding peptide
(CCPGCGDGE) to detect zinc ions on AuNPs-GCE surface °”). The AuNPs-GCE was prepared
by depositing AuNPs on pre-treated GCE with poly-diallyldimethylammonium chloride. Standard
zinc solutions were blended with 1 uM peptide in HEPES and TCEP solution. After, AuNPs-GCEs
were incubated with the mixtures for 2h, followed by the treatment of mercaptohexanol for another
0.5h. By electrochemical impedance spectroscopy (EIS) in [Fe(CN)s]*”* buffer the system showed
a range of detection of 1.4 to 68 ng.ml"! and LOD of 0.68 ng.ml"!. The system showed satisfactory

results when applied to urine samples.

Oxytocin, a peptide hormone, is also a recognition element for detection of zinc ions. Oxytocin
binds both copper and zinc with similar affinities, but by two different mechanisms, where zinc
binds through the amide carbonyls, and copper uses the terminal amine and deprotonated amides
for binding. By taking advantage of the binding mechanism, Mervinetsky et al developed a zinc
selective oxytocin-based sensor by coupling oxytocin with COMU reagent on lipoic acid pre-
treated gold (Au) surface °!). The oxytocin terminal amine was directly coupled to the lipoic acid
layer, eliminating the anchoring site for the copper ions. After, the modified Au-Oxytocin electrode

was exposed to different concentrations of zinc solutions. The system was evaluated by EIS in
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[Fe(CN)s]>”* buffer presenting range of detection of 0.01 ng.ml™' to 20 ug.ml'. This innovative
work provided a new tuning strategy for the target ion binding by peptides in which the affinity

toward other metals could be eliminated by inactivating a specific binding site.

A peptide decorated AuNPs and CNTs electrochemical sensor was designed for the detection of
MMP-7 2] The system was built by depositing a thin layer of CNTs on gold electrodes before
the electrochemical deposition of AuNPs. The peptide (JR2ZEC) was immobilized on the substrate
by using gold-thiol chemistry. The system was evaluated by DPV in PBS solution containing
K4[Fe(CN)]*"*- (pH = 7.4) after 30 minutes of protein immobilization, showing range of detection
of 0.01 to 1000 ng.ml ! and LOD of 0.006 ng.ml"'. The system was also performed in the presence
of human serum and synthetic urine, demonstrating the potential of the biosensor for clinical

applications.

The degradation of peptide-coated hydrogel film by MMP-9 was another strategy employed to
detect the metal-containing protein [*>*), The biosensor was produced by drop-coating cysteamine
on pre-treated interdigitated gold electrodes with oxidized dextran followed by cross-linking with
peptide containing specific cleavage sites for MMP-9 (Leu—Gly—Arg-Met—-Gly—Leu—Pro—-Gly—
Lys). The exposure of the functionalized films to MMP-9 resulted in the degradation of the films
and it was monitored by EIS, in tris buffer solution containing calcium chloride (pH 7.5). The

innovative sensor showed range of detection of 50 to 400 ng.ml"!' and LOD of 15 ng.ml..

The interaction of nucleic acids with metallic ions have also been explored as a recognition element
on the electrochemical detection of zinc. A paper-based sensor designed with reduced graphene
oxide (rGO), iron-porphyrinic MOF ((Fe-P)n-MOF) and G-quadruplex-hemin was developed for

a point-of-care field, including on-site environmental monitoring, food safety, and disease
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diagnosis ['®]. To assure better sensitivity and specificity, rGO was applied to provide large surface
area, providing better conductivity, and increasing the amount of (Fe-P)n-MOF and enhancing its
catalytic properties. Then, the use of G-quadruplex-hemin structure acted as the recognition
element to interact with the zinc molecule. By applying DPV in PBS containing H>O> and o-PD,
the system showed a range of detection of 0.02 to 950 ng.ml! and LOD of 4 pg.mI'!. This complex

but innovative system was successful tested in HepG2 cells extract and water samples.

AuNP-decorated graphene electrodes have been functionalized via gold-thiol interactions with
lung cancer DNA sequence for the detection of p53 224, Graphene layers were produced by the
direct electrical exfoliation in presence of glycine and dropped on gold electrodes, the surface was
further decorated with AuNP prepared by citrate reduction method prior to the DNA
immobilization. The DNA multilayered graphene —AuNPs surface was incubated with p53
antibody for 1 h prior the electrode evaluation. The system was performed by EIS in PBS in
presence of [Fe(CN)6]>7* (pH 7.4). The p53 cancer biomarker could be detected in the

concentration range of 0.0001 ng.ml"! to 0.1 ng.ml"!, presenting LOD of 0.006 pg.ml™..

Aptamer-based sensors are the new era of electrochemical sensors and have been investigated for
the detection of proteins as one of the most promising candidates for biosensors [2°7). Aptamers are
synthetic nucleic acids obtained through an in-vitro process named systematic evolution of ligands
by exponential enrichment (SELEX) [225226]. Aptamers are designed to enhance their affinity and
stability to the target species, including metal ions, organic molecules, and cells. Aptamers are as
selective as traditional antibodies; however, they offer better stability, easier immobilization and
simpler refolding ability. [222?%]. Besides its advantages, the rapid degradation, the complex
synthesis, and the lack of standardized fabrication protocols of aptamers can limit their wide

application as point-of-care devices [2*7],
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An aptamer-based sensor for detection of MMP-9 and MMP-2 was designed based on the thiol—

pyridyl disulphide exchange reaction [2?%]

. Interdigitated gold electrodes were modified by
chemical vapor deposited graphene prior to the MMP-9 and MMP-2 aptamers immobilization. The
modified electrode was then immersed in pyrene-pyridinyl disulphide (PSE) solution, and
subsequently, aptamer solutions were dropped onto the graphene surface and incubated for 2 h.
PSE not only provided a robust surface anchoring, but also allowed facile modification with
thiolated bioreceptors. By DPV, in PBS solution containing ferrocenemethanol (pH 7.4), the

aptamer-graphene sensor showed LOD of 0.0092 ng.ml! and 0.95 ng.ml"! for MMP-9 and MMP-

2 respectively.

As mentioned previously, biomolecules combined with nanostructures could assure higher
sensitivity and specificity to target zinc-related biomarkers on biofluids, in which a variety of
components could affect the sensitivity of a sensor. However, the challenges regarding the shelf-
life, complexity and high cost are still present. Compared with biomolecules, non-bio recognition
elements assure lower-cost, long shelf-life, inherent stability, and comparable sensitivity and

(2291 Teng et al. *! functionalized exfoliated graphite (EG) with zincon, a molecule

specificity
with high ability of complexation to zinc ions. By taking advantage of the n-m interaction, zincon
was conjugated with EG and dropped on screen-printed electrodes (SPE) for the detection of
mobile zinc ions in the early diagnostic of prostate cancer. By DPV, the system presented LOD of
5 ng.ml™! and range of detection of 250 to 1500 ng.ml! in tris HCI buffer solution. The system was

also performed in serum samples from mouse prostatic cancer showing low sensitivity of 2500

ng.ml.

An emerging strategy on the electrochemical detection of metal-containing proteins is the use of

non-bio inhibitor molecules that react with the proteins, resulting in changes in the electrochemical
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response. Using a GCE, Moradi et al **) monitored the current signal of the interaction of carbonic
anhydrase (CA) with three different inhibitory drugs (acetazolamide, dorzolamide and
methazolamide). Methazolamide drug was the most potent inhibitor among the drugs and for this
reason it was used to measure CA concentration. By chronoamperometry, in a tris-buffered saline
solution containing both the drug and the enzyme (pH 7.4), the system showed a decrease in the
current upon addition of the CA, confirming the binding of the drug with the enzyme molecules.
The inhibitory strategy showed current response when varying CA concentration from 0 to 600

ng.ml'and LOD of 6 ng.ml"". The system showed stability over 3 months.
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Table 1.6 Recognition elements-based electrodes for zinc ion sensing

Electrode Recognition Analyte Solution LOD_l Rangi Method Limitations Ref
element (ng.mlY)  (ng.ml?)
Carbon-GOx - S 410to Chrono- Low range of detection for [101]
Poly(red) film Enzyme Zinc fon PBS (pH 7.0) 9 14500 amperometry biofluids
MMP-9 antibody on . i KCL in Fe(CN)g]* "+ 0.1to . oo [213]
AUNPs-PDA-Silica Antibody MMP-9 (bH 7.0) 0.06 150 cv High cost of antibodies
MMP-2 antibody on . i 0.0005 High cost of antibody and [214]
AUNPs-rGO Antibody MMP-2 PBS (pH 7.4) 0.00011 to 50 DPV limited range of detection
MMP-1 antibody on . i High cost of antibody and [215]
AuUNP/PEI/rGO Antibody MMP-1 PBS (pH 7.4) 0.22 11050 DPV limited range of detection
GCE'AUNPS' - . - - 3—/4— - - - [197]
CCPGCGDGE Peptide Zinc ion KCL in Fe(CN)g] 0.68 1.4 to 68 EIS Limited range of detection
) . Peptide . . 34 Not 0.01to o [201]
Au-Oxytocin (Hormone) Zinc ion KCL in Fe(CN)g] informed 20.000 EIS Need validation in biofluids
CNT-AuUNPs- . 0.01to One-time use and fluctuation
- [219]
Peptide Peptide MMP-7 PBS (pH 7.4) 0.006 1000 DPV on the signal
Au/Peptide/Dextran Peptide MMP-9  Tris-buffer (pH 7.5) 15 540050 EIS Complex Sy”ltjzzs's' one-time.  z3
rGO-MOF- . . L 0.02 to .
[198]
G-quadruplex Nucleic Acid Zinc ion PBS (pH 7.0) 0.004 950 DPV Complex synthesis
AuUNP-decorated . . 0.0001 Limited range of detection [224]
graphene-DNA Nucleic Acid p53 PBS (pH 7.4) 0.000006 0.1 EIS for biofluids
MMP-9 and 0.0092 Not .
- - [228]
Au-Graphene-PSE Aptamer MMP-2 PBS (pH 7.4) and 0.95  informed DPV Complex synthesis
Functionalized Non S Tris HCI buffer 250 to Low sensitivity in serum [203]
Zincon-graphite SPE  bioelement Zinc ion (pH 7.5) 5 1500 DPV samples
GCE Non Carbonic TBS buffer 6 0-600 Chrono- No nanostructured surface [230]
bioelement anhydrase (pH 7.4) amperometry was studied.
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6. Conclusion and Future perspectives

The present review described the recent innovations in the field of electrochemical detection of
zinc-related biomarkers present in cancer related fluids. Different strategies for improving
sensitivity and selectivity of electrochemical sensors towards quantitative detection of zinc and
zinc-containing proteins are available in a variety of environmental and biological fluids.
Functionalized-nanostructured materials demonstrated incredible ability to boost sensors’
performance with fast, accurate, and sensitive detection of zinc-related biomarkers. A detailed
analysis has confirmed that the sensitivity of electrochemical sensors can be significantly superior
through various paths, including the use of nanocarbon, nanometal, and recognition elements on
the electrode surfaces. However, further development in this research field must be made to be
able to address the major challenges, including: 1) satisfactory stability and controlled synthesis of
sensors’ surfaces; ii) proper immobilization of recognition elements on nanostructures; iii) design
of novel non-bio recognition elements-based electrodes; iv) better sample validation, including
biofluids not only buffer solutions; v) cross interference within the similar elements present in
biofluids; vi) real clinical scenario validation; and vii) storage capability. In addition, it is essential
to better understand the electrochemical behavior in the complex biological samples, such as
serum, urine, and saliva. The translation of electrochemical systems presenting high sensitivity
and specificity to the clinical practice is still a challenge because of the nonspecific adsorption of
numerous biomolecules present in the biofluids at the electrode surface. This can drastically block
the electrochemical signal, increasing the background noise and decreasing the specificity of the
sensor. The use of nanostructures it is one of the strategies in place to overcome biofouling,
however, if it is not sufficient, few directions must be conducted as the design of polymer

antifouling layers, nano porous membranes, and hydrogels. Furthermore, the miniaturization of
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electrochemical sensors to desirable portable devices may be developed through efficient
connectivity and integration between distinct areas of research, ensuring large scale production,

accessibility, and cost reduction.
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Chapter 2. Zincon-Modified CNTs Electrochemical Tool for Salivary and Urinary Zinc
Detection

This chapter includes a published peer-reviewed paper. The bibliographic details of the coauthored

paper, including all authors, are:

Daniela Vieira, Jérome Allard, Kathleen Taylor, Edward J Harvey, Geraldine Merle

Published in: Nanomaterials 2022, 12(24), 4431; https://doi.org/10.3390/nano12244431

My contributions to the paper involved: Experimental design, implementation, and performance;

Data collection and analysis; Preparation of the manuscript.

The chapter Il “Zincon-Modified CNTs Electrochemical Tool for Salivary and Urinary Zinc
Detection” shows the ability of a simple molecule to assure high selectivity for the electrochemical
detection of mobile zinc in a variety of media, including a buffer solution containing important bio
metals, and two artificial biofluids, urine and saliva. The simple molecule, zincon, was covalently
attached to CNTs increasing its stability and improving the electron transfer capability between
the electrode surface and zinc ions. The designed zincon-CNT system presented great ability on
the detection of mobile zinc, showing LOD of 20 and 30 ng-ml ™! in urine and saliva, respectively,

and efficacy of ~70% after 1 year storage at room temperature.
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Abstract: Recently, the abnormal level of zinc emerged as a powerful indicator or risk factor for
metabolic, endocrine, neurodegenerative, and cardiovascular diseases, including cancer.
Electrochemical detection has been explored to quantify zinc in a precise, rapid, and non-expensive
way; however, most of the current electrochemical systems lack in specificity. In this work we
studied a highly selective and sensitive electrochemical method to detect quickly and reliably free
zinc ions (Zn®*"). The surface of the working electrode was modified with zincon
electropolymerized on carbon nanotube (CNT) to enable the binding of zinc in complex body
fluids. After being physicochemically characterized, the performances of the zincon-CNT complex
were electrochemically assessed. Square Wave Voltammetry (SWV) was used to determine the
calibration curve and the linear range of zinc quantification in artificial saliva and urine. This
zincon- CNT system could specifically quantify mobile Zn?" in salivary and urinary matrices with
a sensitivity of ~100 ng.ml ™! and a limit of detection (LOD) of ~20 ng.ml!. Zincon-modified CNT
presented as a desirable candidate for the detection and quantification of free zinc in easily body

fluids that potentially can become a diagnostic non-invasive testing platform.
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1. Introduction

Metallomics is a systematic study on the identification and concentration of essential metals for
life processes. It is becoming fundamental for the understanding of biological systems. Metals are
crucial for bodily function and are directly involved on a variety of biochemical processes such as
osmotic regulation, catalysis, metabolism, and cell signaling!'~3!. Despite their vital role, metal
deficiency or overexpression are associated with several health conditions. The monitoring of the
concentration of some essential metals may help to identify, track progression, and evaluate the

impact of therapeutic agents in a variety of diseases >,

Zinc (Zn) is one of the most abundant trace elements in the body and it is essential for more than
300 enzyme functionalities [*%]. Zinc plays a crucial role to intracellular communication, immune
system, homeostasis, apoptosis, DNA repair and replication, balancing oxidative stress, and the
aging process (%1% The deficiency or excess of zinc is potentially a powerful indicator of risk
factor for various health issues, including metabolic, endocrine, neurodegenerative, cardiovascular

diseases, and cancer [*>!!1, Salivary and/or urinary zinc level is abnormal in a variety of cancer

(8121 “including prostate 3-151 oral [1%17] breast 118211 " pancreatic '>%2], brain *!, lung?¥ and

bladder %! (Table 2.1).
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Table 2.1 - Some examples of abnormal expression of salivary and urinary zinc for different types

of cancer.
Cancer Salivary Zinc Urinary Zinc Reference(s)
(ng.ml?) (ng.ml?)
Healthy™* Unhealthy* Healthy* Unhealthy*

Prostate ~270 ~630 ~400 ~675 [13-15,26]
Oral ~360 ~150 - - [16,17]
Breast ~600 ~1010 ~320 ~602 [15.18-21]
Pancreatic - - ~400 ~945 [15,22]
Brain ~540 ~410 - - [23]
Lung - - ~570 ~1500 [24]
Bladder - - ~470 ~1000 [25]

* Mean values. Note the concentration may change depending on sex, age, and stage of the disease; —no data found

in the literature.

The detection and quantification of zinc through saliva and/or urine is ideal because it enables non-
invasive sampling, high volume collection, and ease repeatability of measurements when

[15.27] Common applied methods to quantify zinc

compared to blood, plasma, or tissues specimens
involve atomic absorption spectroscopy, inductively coupled plasma mass spectrometry, and
Raman spectroscopy *?%l; however most tests utilize sizable machinery and highly qualified
personnel, are time consuming, and costly. Salivary and urinary zinc could be easily accessible

through electrochemical techniques with a user-friendly, precise, and specific quantification

without invasive or costly testing.

The most common electrochemical systems applied to detect and quantify zinc involve mercury
and bismuth electrodes [*832]. Besides their great ability to detect zinc, mercury is extremely toxic,
and bismuth is usually applied as a co-deposited film, being invalid for many applications 273!,
Other materials such as carbon-based electrodes (carbon nanoparticles, carbon nanotube e,

graphene), show very low limit of detection (LOD), reaching nM [?82%33]; however, carbon alone
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does not present specificity and barely have been tested in body fluids for zinc detection and
quantification. One of the emergent strategies to assure the specificity of carbon-based electrodes
towards zinc detection is through the functionalization of carbon with molecules that allow
complexation with zinc P43, EDTA 6] amino acids 7 and zincon *%! are promising mediators

[34,35

for electron transfer by complexing and de-complexing zinc 1. In this way, zincon stands out

as metal chelator (Pb, Cu and Zn) and demonstrates great ability on the detection of metallic

[26.38.39] Recently, zincon

content in environmental and biological samples by colorimetric methods
has been explored as a complex agent in electrochemical systems for heavy metals quantification
(Zn and Pb) 2391, Most of studies applied zincon electro-polymerization to modify the carbon-
based electrodes [**1 which must be extremely well controlled to avoid the blockage of the active
sites [*443]. A zincon exfoliated graphite electrode, to quantify free zinc ions in prostate fluid, was
built via the n- © stacking interaction #°). Unfortunately, this novel system presented a high LOD
and poor stability probably because of the instability of the non-covalent bind between the ink and

the exfoliated graphite. New alternatives must be investigated to ensure stability and conductivity

of zincon carbon-based electrodes.

In this work, we engineered a fast, non-invasive, precise, and specific electrochemical zinc sensor
based on the covalent grafting of zincon on multi-walled carbon nanotubes (CNTs). CNTs offer
excellent intrinsic properties such as high surface area, chemical stability and high electrical
conductivity (10°-107 S/m)1*®), becoming one of the most attractive nanomaterials in
electrochemical sensing “7*). Through a better immobilization and stabilization of zincon on
CNTs, we hypothesized that the system’s performance will be strongly enhanced and that the
electron transfer will be facilitated leading to an increased LOD and specificity and a minimization

526,50

of interferences— a critical feature given bodily fluids have thousands of metabolite 1. Among
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the different immobilization methods ), the covalent grafting was chosen via an in situ radical
polymerization using potassium persulfate as a radical initiator, followed by refluxing with
concentrated hydrochloric acid . The resulting zincon-modified CNT sensor was
physiochemically characterized and tested in buffer and artificial biofluids, i.e., saliva and urine,
demonstrating great ability to quantify zinc when simulating its concentration for different types

of cancer.

2. Materials and Methods

2.1 Materials and Chemicals

Zincon monosodium salt and glassy carbon electrodes (GCE) were purchased from Alfa Aesar,
Haverhill, MA, USA. Copper sulfate (99.99%), magnesium sulphate (99.99%), manganese
chloride (97%), iron sulfate heptahydrate (98%), calcium chloride (93%), anhydrous, cobalt
chloride hexahydrate (98%), and nickel sulfate hexahydrate (99%) were purchased from Sigma
Aldrich. Carbon nanotubes (CNTs) were purchased from Sigma-Aldrich, Darmstadt, Germany.
Artificial saliva (#1700-0305) was purchased from Pickering laboratories, Park Way, Mountain
View, CA, USA. Artificial urine (control #IS5080) was purchased from Aldon Corporation, Avon,
NY, USA (Table 2.2). All the other chemicals and materials used in this work were purchased from

Fisher Scientific, Scotia Court, ON, Canada.
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Table 2.2 - Chemical composition of commercial artificial urine and saliva.

Artificial Saliva (g.I) 1] Artificial Urine (g.I't) 2
Sodium Chloride 1.594 Urea 25
Ammonium Nitrate 0.328 Sodium Chloride 9
Potassium Phosphate 0.636 Disodium Hydrogen orthophosphate 2.5
Potassium Chloride 0.202 Potassium dihydrogen orthophosphate 2.5
Potassium Citrate 0.308 Ammonium chloride 3
Uric Acid Sodium Salt 0.021 Creatinine 2
Urea 0.198 Sodium sulphite 3
Lactic Acid Sodium Salt 0.146
Mucin 5

2.2 Zincon-Modified CNT

Zincon-modified CNT was prepared adapting the protocol of Zhang et al. 7!, Briefly, 1 g of zincon
monosodium salt (100%, Alfa Aesar, Haverhill, MA, USA) was dissolved in 100 mL of ultrapure
water (Milli-Q, Merck, Darmstadt, Germany), and then 50 mg of multi walled carbon nanotubes
(CNTs) (>98%, Sigma-Aldrich, Oakville, ON, Canada) was added. After sonication for 1 h, the
black solution was stirred for another 3 h at room temperature. Afterwards, the mixture was purged
with nitrogen gas for 30 min to remove oxygen and 0.25 g of potassium persulfate (>99%, Fisher
Scientific, Scotia Court, ON, Canada) was added into as a radical initiator. The solution was stirred
continuously at 70 °C for 3 h, followed by at 85 °C for 1 h. The solution was filtered through a
0.22um nylon membrane (GVS, Fisher Scientific, Scotia Court, ON, Canada), washed several
times with ultrapure water and redissolved in concentrated hydrochloric acid (HCIl) (35-39%,
Fisher Scientific, Scotia Court, ON, Canada) for 12 h at 100 °C. Finally, after being filtered through
a 0.22um nylon membrane, the zincon-modified CNT product was washed several times with
ultrapure water until pH 7 is reached. The black powder was dried overnight at 45 °C in incubator
(Blue M 100A, Blue Island, IL, USA). Solution containing 1 mg.ml™! zincon-modified CNT in

ethanol (89-91%, Fisher Scientific, Scotia Court, ON, Canada) were prepared and stored.
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Solutions containing 1 mg.ml™! of pristine CNT was also prepared. Glassy carbon electrodes
(GCE) (5 mm, Alfa Aesar, Haverhill, MA, USA) were polished with 0.05um AlO3 (Fisher
Scientific, Scotia Court, ON, Canada) suspension to achieve a shiny surface. GCEs were cleaned

by sonication in 10% H>SO4 (98%, Fisher Scientific, Scotia Court, ON, Canada), 50% acetone (=

99.5%, Fisher Scientific, Scotia Court, ON, Canada) and ultrapure water each for 10 min,
successively. The electrodes were dried at room temperature. Finally, 10 uL of the zincon-modified
CNT solution was dropped onto the cleaned GCE and dried at room temperature. Pristine CNT

was also performed following the same procedure.

2.3 Materials Characterization

The morphology of CNT and zincon-modified CNT electrodes was investigated by Scanning
Electron Microscopy (SEM, Inspect F50, FEI Company, Hillsboro, OR, USA). ImagelJ software
(National Institutes of Health, Stapleton, New York, United States) was applied to measure the
diameter of CNT and zincon-modified CNT (n = 10). Fourier transform infrared spectroscopy (FT-
IR—PerkinElmer) was carried out in the wavenumber range of 4000 to 400 cm™! to confirm the
grafting of zincon on CNT. Electrochemical experiments were performed using a potentiostat
(VersaSTAT 4, Princeton Applied Research, Oak Ridge, TN, USA) with a three-electrode system
cell, where GCE, CNT, zincon-modified CNT were used as work electrodes, Pt wire as counter
electrode and saturated calomel electrode (SCE) as reference electrode. The electrochemical
behavior was tested in different solutions, such as, 1 mM KsFe (CN)g in a 0.1 M KCl (99%, Fisher
Scientific, Scotia Court, ON, Canada), buffer (0.1 M Tris-HCI pH 7.5), artificial saliva (Pickering
laboratories, Park Way, Mountain View, CA, USA) and artificial urine (Aldon Corporation, Avon,

NY, USA) solutions in presence and/or absence of zinc (Zinc acetate, anhydrous, >99.9%, Fisher
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Scientific, Scotia Court, ON, Canada). Note that saliva and urine solutions were diluted by 50%
with buffer (pH 7.5). Cyclic voltammetry (CV) was carried out in the presence and absence of
zinc. The potential was scanned from —0.8 V to —1.3 V (vs. SCE) at scan rate of 50 mV.s™'. Square
wave stripping voltammetry (SWV) was performed to characterize the electrochemical detection
of Zn using CNT and zincon-modified CNT electrodes. The potential of deposition was selected
at —1.40 V (vs. SCE), applied for 300 s, and followed by a SWV, from —1.4 V to —0.7 V (vs. SCE),
at 10 Hz, amplitude of 25 mV, and step potential of 40 mV. A pre time (adsorption time) of 180 s
was applied (with no potential applied, electrical connections were disconnected to the electrode).
All analysis were performed in triplicates (n = 3). Linear fit was obtained using OriginPro
(OriginLab Corporation, version 2018G, Northampton, MA, USA) software. Different parameters
of zinc deposition (time and potential) were studied to verify the best performance. Zincon-
modified CNT electrodes were tested using different concentrations of zinc solutions (from 0 to

1000 ng.ml™!). Experiments were performed in triplicates.

Limit of detection (LOD) was calculated according to the Formula (1):

LOD =3 x (SD/S) (1)

where, SD is the standard error intercept and the S is the slope of the calibration curve (S), both

extracted from origin software after linear regression.
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2.4 Statistics

The data were analyzed using OriginPro (OriginLab Corporation, version 2018G) and presented
as mean = SD. Repeatability standard deviation was obtained by the square foot of the variance.

Stability was calculated according to Formula (2):

Stability = 100% — |Relative deviation| 2)

dif ferent time detection value—baseline)

% 100.

where relative deviation = ( baseline

3. Results and Discussion

3.1 Materials Characterizations

In this work, we proposed a covalent polymerization of zincon on CNTs to maximize the
specificity and ability of the modified CNTs for the quantification of free zinc. As noted above the
synthesis was performed in water solution, adding potassium persulfate (KPS) as a free radical
initiator, followed by HCI reflux. Zincon not only acted as a reaction monomer but also as a
dispersant of pristine CNT in water because of the presence of hydrophilic and hydrophobic chains,
dismissing the use of additional dispersants >3, CNTs tend to agglomerate due to the van the der
Walls forces. Here, the presence of sulfonated group in zincon assures hydrophilicity and
electrostatic repulsion to overcome the van der Waals attraction of CNT, while the hydrophobic
part form 7t- 7 stacking interaction with the CNT [#7), The covalent functionalization enables strong
interfacial interactions on CNTs. In addition, it is expected a better dispersion, facilitating the flow
of electrons and enhancing the interaction between the analyte and the electrode surface [**), The
suggested mechanism of the covalent grafting facilitated by KPS and, the morphology of CNT and
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zincon-modified CNT is demonstrated in Figure 2.1A. The surface morphologies of zincon-
modified CNT, and CNT electrodes are shown in Figures 2.1B,C. Low magnification SEM
analysis showed a higher quality dispersion of CNT onto electrodes as less aggregates are observed
on the zincon-modified CNT electrode surface. As mentioned, this is probably the result of the
sulfonic groups on benzene ring that ensure adequate electrostatic repulsions 4”33, In Figure 2.1B,
the coating appears to be denser for CNT- compared to the zincon-modified CNTs coating. The
pristine CNTs are tangled together, due to the van der Waals attractions between tubes. After
grafted with zincon, the materials because of the sulfonic group of the zincon, have a much better
dispersibility than pristine CNTs. At higher magnification, the morphology of the CNTs appears
to be unchanged, confirming that after the zincon polymerization treatment, no obvious alterations
of the tubular structure of CNTs could be observed (Figure 2.1B). The CNT fiber’s diameter was
measured using ImageJ software (n = 10). Untreated CNTs and zincon-modified CNTs presented
similar diameters of 18.07 + 3.15 nm and 18.54 £+ 1.42 nm, respectively, indicating that the graft
of zincon does not affect the tubular structure of CNTs. Similar effect has been already observed
using same chemical treatment to graft poly(p-styrenesulfonic acid) onto multi-walled carbon

nanotubes(*’],
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Figure 2.1 - (A) Suggested mechanism of covalent grafting facilitated by KPS and, schematic of
(B) CNT and (C) zincon-modified CNT followed by SEM images (low and high magnitude),
where hexagon, gray dots, blue dots, red dots, and star represent aromatic group, oxygen element,

carbon element, nitrogen element and Sulfonic acid, respectively.

The successful grafting of zincon on CNT was confirmed by FT-IR (Figure 2.2A) and cyclic
voltammetry (CV) (Figure 2.2B). The FT-IR spectrum of zincon-modified CNT (Figure 2.2A)
showed, as expected, additional peaks compared to pristine CNTs at ~1660 cm ™! and at ~1530
cm ! are attributed to C=N stretching and N=N stretching, respectively. The peaks at ~1500 cm ™'
and ~1350 cm™! are due to the benzene ring vibration of the zincon %67 The broad band in the

region at ~1250 cm™! to 750 cm™! could be attributed to the stretching of C—C and C—O in the

carbon after the treatment with concentrated hydrochloric acid for 12 h B¢, It should be noticed
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that the as-received CNTs were purified by the manufacturer and partial oxidation during
purification by the manufacturer can result in the presence of groups on the surface of pristine
carbon nanotube. The peak ~3700 cm ™!, for both CNT and zincon-modified CNT, could be related
to the absorption of water molecules as a result of an O-H stretching mode of hydroxyl groups
[47.36] The peaks at ~2670 cm™!, 2320 cm ™!, 2097 cm™!, and at 1990 cm™! could be attributed to the

C=C asymmetric stretching in graphite-like CNT structure 81,

The cyclic voltammogram of zincon-modified CNT (Figure 2.2B) clearly showed the reduction
(~0 V and —0.6 V vs. SCE) and oxidation (0.4 V and ~0.1 V vs. SCE) peaks for zincon **! and

demonstrated a good stability after 10 cycles of CV (Figure 2.2.C).
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Figure 2.2 - (A) FTIR spectrum of CNT and zincon—-modified CNT, where black arrows show the
zincon peaks. (B) CV showing the reduction and oxidation peaks of zincon present on CNT after
grafting process. The zincon—-modified CNT showed good stability after (C) 10 CVs on tris—HCI

(pH 7.5), scan rate 10 mV/s. The blue arrows mean the direction of the CV from + to -.

Carbon structures have been previous modified with zincon through the electropolymerisation of

(261 However, as mentioned before, both

poly-zincon films “**! or n-n stacking interaction
techniques may suffer from loss of conductivity because of the enclosed surface and/or the zincon

attachment instability- signal loss after few measurements if the polymer attachment is not well
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controlled 4+

1. The covalent polymerization grafting process assures a more robust and stable
connection between the zincon compound and the CNTs in comparison to noncovalent procedures,

generating a more effective electrode interface %!,

3.2 Electrochemical Behavior

Cyclic voltammetry of the ferrocyanide/ferricyanide redox couple (Fe (CN)s>7#) was used to
verify the grafting of zincon on CNT (Figure 2.3A). As expected, an increase of ~42% in peak
current density (/pa = ~10 pA), and a decrease of ~53% in peak width (AE, - ~77 mV) can be
observed in the Fe (CN)s> '+ voltammograms (Figure 2.3A), after deposition of CNTs on GCE
because of the electron transport kinetics at the electrode. Successive attachment of zincon onto
CNTs leads to a drop of ~58% in peak current density (/pa = ~7 pA) and growing of ~47% in peak
width (AE, - ~145 mV), attributed to a loss of conductivity. These results were consistent with

FTIR and previous CV, confirming the successful grafting of zincon on CNT.
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Figure 2.3 - CVs for GCE, CNT and zincon—-modified CNT in (A) 1 mM KsFe (CN)s ina 0.1 M
KCl and (B) tris HCI (pH 7.5) containing 0.5 mg-ml™* of zinc. The blue arrows mean the direction

of the CV from + to -.
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Besides the reduction of the redox currents when compared to CNTs, in Figure 2.3B it is clear that
zincon-modified CNT influences the quantification of zinc. CVs response in buffer for GCE, CNT
and zincon-modified CNT showed an increase on both reduction and oxidation peaks when zincon
was applied. A shift in the reduction potential was observed for the different electrodes (Figure
3B). The unmodified GCE and pristine CNT showed reduction peaks at ~—1.3 V and ~—1.25 V,
respectively; whereas the zincon-modified CNT showed reduction peak at ~—1.34 V. Pristine CNT
electrode showed the lowest peak separation (~0.23 V), indicating higher reversibility of Zn%Zn*?
and higher number of active sites [®3]. However, the peak current intensity is lower than zincon-
modified CNT. The reduction current intensity increased by ~140pA for the modified electrode
when compared to pristine CNT, suggesting the greater capability of the compound for the

quantification of zinc.

The mechanism behind the detection is probably attributed to the zincon quadridentate ligand
property, coordinating zinc ions with two oxygens (OH and COOH) and two nitrogens (N=N and
NH) (2630841 Further, the complexed Zn*? is preconcentrated onto the electrode surface at —1.4 V
(vs. SCE) for 300 s, allowing the reduction for Zn’. Followed by a potential scan (from —1.3 V to
—0.7 V), the zinc stripped back to the solution (Zn® — Zn"?) and the current intensity is measured
in function of concentration of zinc (Figure 2.4). Note that the pH is a very important parameter
to assure the complexation. Zincon can also complex with other metals, such copper, iron, cobalt,
and nickel; however, the optimized pH for these metals and zincon complexation is at pH~5 (64651,
The optimized zincon-zinc complexes occur in pH > 7.0, being inefficient for pH < 6.0 12664 To

ensure the complexation between zincon-zinc, a pre-time of 180 s was used before metal

deposition and the stripping steps.
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Figure 2.4 - Schematic of complexation mechanism of zincon—-modified CNT and Zn*?; (1)
adsorption, (I1) reduction and (111) stripping step. The hexagon, gray dots, blue dots, red dots, and
star represent aromatic group, oxygen element, carbon element, nitrogen element and sulfonic

acid, respectively.

We first studied the ability of zincon-modified CNT on the quantification of free zinc in a buffer
setup. The linear range and limit of detection (LOD) of zinc by zincon-modified CNT was
determined by square wave voltammetry (SWV), varying the concentration of zinc from 0 to 1000
ng.ml™!, in a Tris HCI (pH 7.5) buffer solution. Figure 2.5 shows the increase of the ability for the

quantification of zinc when zincon was grafted on CNT.
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Figure 2.5 - . Study of the electrochemical detection of Zn*2 on 0.1 M Tris—HCI (pH 7.5) solution.
(A) CV in absence and presence of 0.5 mg.ml™* of Zn*2. (B) SWV showing the increase of current
after grafting of zincon on CNT in Tris—HCI solution containing concentration of Zn*? = 1 ug.ml =,
and (C) SWV of zincon-modified CNT varying Zn*2 concentration from 0 to 1000 ng.ml™* and its

linear fit (n = 3).

Figure 2.5A shows the CV of zincon-modified CNT in presence and absence of zinc. The zinc
reduction and oxidation peaks, at ~—1.3 V and ~—1 V (vs. SCE), respectively, were found in a well-
defined shape. As expected, no peaks were found in buffer without addition of zinc. In order to
confirm the improvement of zinc detection by the complexation mechanism with zincon, we
compared the current responses for CNT and zincon-modified CNT in presence of 1 ug.ml™! of
zinc (Figure 2.5B). The zincon-modified CNT electrode showed more efficacy for the detection
of zinc, where the current intensity enhanced by ~40 uA when compared to pristine CNT (160 nA
and 120 pA, respectively). Further, LOD was determined by SWV for zincon-modified CNT in a

buffer solution varying the concentration of zinc. Figure 2.5C shows the linear response of current
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intensity in function of the concentration of zinc. Zincon-modified CNT system was able to
quantify 50 ng-ml™! of zinc and presented a LOD of 15.4 ng-ml!. A zincon-modified exfoliated
graphite electrode based on = stacking was designed in order to quantify free zinc in prostate fluids
(591, The system could only quantify 250 ng-ml ™! of free zinc whereas our electrode could quantify
50 ng-ml !, 5-fold less than the = stacking system, probably attributed to the stronger connection
between zincon and carbon structure via a covalent in situ polymerization. It has been previously
shown using UV—vis spectroscopy that zincon in solution with same quantity of bivalent metals
such as Zn, Cu, Cd, Pb, Co, Ca, Ni, Ba, Mg and Mn, only changes in color with Cu?* similarly to
Zn>". Based on this observation [*%] an interference study was performed on the zincon-modified
CNT electrode (Figure 2.6). We chose Ca, Cu, Co, Mg, Mn, and Fe since they are the most
common metals in body and quite often presented in body fluid samples >°% and may interfere
with Zn" detection. The detection of these bivalent metals was performed using CV and SWYV,
and as it can be seen, peak of Zn*? (about potential —1 V) is well separated from other metals

(Figure 2.6).
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Figure 2.6 - CV in absence and presence of 0.5 mg-ml~* of bivalent metals in 0.1 M Tris—HCI (pH
7.5) solution. SWV showing the increase of current after grafting of zincon on CNT in Tris—HCI

solution containing concentration of Zn*? and other metals at a concentration of 0.5 mg-ml™.

SWVs showed that the presence of other metals did not affect the peak heights, confirming that all
the tested metallic ions exhibited no apparent interference in Zn? detection. To further study,
interferences and contaminants, the viability of the zincon system reported here as a sensor was
verified in 2 different artificial body fluids—urine, and saliva. Urine and saliva have been
specifically explored as diagnostic fluids, because they are a source of biomarkers, allowing non-

invasive analysis !>?7). Figure 2.7 shows the CV and SWYV for zincon-modified CNT in artificial

urine and saliva solutions.
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Figure 2.7 - Salivary and urinary zinc quantification using zincon—-modified CNT electrode. CV
in absence and presence of zinc and SWV varying zinc concentration from 0 to 1000 ng-ml~t in

artificial (A) urine and (B) saliva, respectively (n = 3).

The ability of zinc quantification in body fluids was studied by CV and SWV. In artificial urine
(Figure 2.7A) a background reduction peak (at ~—1.4 V) was observed when zinc was absent, this
is probably because of the elements present in the artificial urine (Table 2.2). Stronger and well-
defined reduction and oxidation peaks were observed in presence of 0.5 mg-ml™! of zinc. Same
behavior could be seen by SWV, where in absence of added zinc a background current was
observed, increasing the intensity as the concentration of zinc increased. Similar behavior was
observed in artificial saliva with the increase of concentration of zinc; however, no background
signals were found in absence of zinc (Figure 2.7B). The zincon-modified CNT showed affinity
for the detection and quantification of free zinc when simulating both body fluids, presenting linear
detection from 125 ng-ml™! and LOD of ~30 ng'ml™! and ~20 ng-ml™! for urine and saliva,

respectively. We have tested repeatability of the system by the repeatability standard deviation,
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which can be measured by the square root of the variance. For the buffer, saliva and urine, the
repeatability standard deviation was +7.07 pA, £0.55 pA and £3.28 pA, respectively. The system
showed stability of ~65% after 1 year. The designed zincon-modified CNT system not only showed

considerable sensitivity but also presented the advantages of simplicity and lower LOD.

Salivary and/or urinary zinc levels are a powerful indicator of risk factor for a variety of cancer as
shown in Table 2.1. The designed zincon-modified CNT system could quantify zinc in various
circumstances, being an additional possible source of information for both the diagnosis and
judgement of treatment efficacy. When compared to different works in the literature (Table 2.3),
the zincon-modified CNT showed great potential to be applied as zinc sensor. Investigating current
studies, only a few were able to quantify zinc in saliva or urine, and most of them were performed
in serum or other fluids, needing an invasive procedure. Our system also presented competitive
results when compared to commercial colorimetric zinc rapid test for biological fluids, including
urine and saliva, where the quantification is from 200 ng-ml ™! (Zinc Assay Kit—abcam 102507),
~2-folder lower than the zincon-modified CNT demonstrated here. Our engineered electrode

demonstrated simplicity, low-cost, specificity and great ability to detect and quantify free Zinc.
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Table 2.3 - Comparison of reported electrochemical quantification of zinc in different body fluids.

Range of LOD
Strategy Detection 1 Disadvantages Sample Ref.
_1 (ng.mI™)
(ng.mI™)
In situ bismuth co- Seminal
Bismuth-Graphene Oxide 20-8000 6 (buffer) deposition/Zinc needs Fluid [67]
extra extraction steps

Zlnco_n exfoliated 250-1500 5 (buffer) Zinc ne_eds extra Serum (261
graphite extraction steps
Nafion-Gold electrode 180-2500 18 (buffer) Zinc needs extra Serum [68l

extraction steps
Polyethyleneimine, poly
(sodium 4-
styrenesulfonate), and 20-2000 9 (buffer)
mercury nitrate on
Carbon fibers

Use of mercury ~ Blood and g
compound (toxic) Urine

. - 15 (buffer) Saliva and This
Zincon-modified CNT 125-1000 20 (urine) Urine  work
30 (saliva)

4. Conclusions

Here, we report a new generation of organic/inorganic nanocarbon based sensing material using a
striking synthetic approach capable of quantify mobile zinc ions in biofluids, i.e., saliva and urine.
Currently, time consuming, and costly techniques requiring highly qualified personnel and sizable
machines are available to measure and monitor metal level. Given the specific binding between
zincon and zinc, and that a cheap and practical biosensing platform is preferred, carbon nanotubes
were chosen and chemically modified to attach zincon onto the inert and conductive surface. The
electro-capability of this sensing materials for zinc quantification was unprecedented with a LOD
of ~20 and 30 ng-ml! in urine and saliva, respectively, a linear range of detection of 125-1000
ng-ml! and proven to be selective towards this bivalent cation. The zincon-modified CNT system
is a specific, fast, simple, and non-expensive alternative for the quantification of zinc in easily

body fluids. Given the clinical importance of measuring free zinc ions, the development of this
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composite nanomaterials points the way to removing a key technical bottleneck for easy, low cost
and fast detection of disease biomarkers and could offer a route to cost reduction and lowering

hurdles to more widespread adaptation of point of care testing.
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Chapter 3. Stripping metalloprotein with bismuth nanomaterials tethered on carbon
surface.

This chapter includes a published peer-reviewed paper. The bibliographic details of the coauthored

paper, including all authors, are:

Daniela Vieira, Edward J Harvey, Geraldine Merle

Published in: Applied surface Science 2023, Volume 635, 157636;

https://doi.org/10.1016/j.apsusc.2023.157636

My contributions to the paper involved: Experimental design, implementation, and performance;

Data collection and analysis; Preparation of the manuscript.

In the previous chapter II, we introduced how a non bio recognition element could replace
bioelements to assure specificity without loosing the sensitivity. However, mobile zinc is more
accessible and easier to transfer electrons with the electrode surface when compared to zinc-
containing proteins. For the following chapters, we will verify the selectivity of non bio
recognition element towards the detection of zinc-containing proteins, where the isolated active
site gives a great challenge to overcome. The chapter Il “Stripping metalloprotein with bismuth
nanomaterials tethered on carbon surface” shows how a designed structured system could bring
many advantages towards the detection of carbonic anhydrase I (CA-I), a zinc-containing protein.
By taking advantage of a longer sulfonic structure and its inhibitory effect, combined to the high
conductivity of carbon, and the selectivity of bismuth we successful reached the buried redox
center of the protein. The result is a system able to detect CA I in buffer and in artificial saliva,

showing LOD of 11 ng.ml™..
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Abstract

An increasing number of metalloproteins has shown to play essential roles in physiological
processes. The Zn(II)-dependent metalloprotein, carbonic anhydrase (CA), is a hallmark of
metabolic change in cancer cells. Being able to evaluate CA expression is crucial for the early
detection of malignant tissues. The fabrication of sensor based on bismuth nanomaterials tethered
on mesoporous carbon through a conductive spacer arm is reported. By coupling this hybrid
material with stripping analysis, its functionality in measuring CA levels in body fluids is
validated. Notably, the zinc finger metalloprotein biosensor system successfully and reliably
tunnels zinc within the protein shell allowing the detection of increased concentrations of
metalloproteins in saliva. The sensor displays high specificity, sensitivity, repeatability, and most
of all a limit of detection of 4.8 ng-ml™! for zinc ions and 11 ng-ml ! for CA metalloprotein. Given
the clinical significance of carbonic anhydrase in tumour development, these findings are the first
step towards fast, low cost and stable sensor technology and will revolutionize the field of cancer
diagnosis.

Keywords: bismuth nanoparticles, spacer arm, zinc-containing protein, stripping analysis,

carbonic anhydrase, cancer biomarker
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1. Introduction

Bismuth-film electrodes have gained much interest and recognition in the last decade to replace
the mercury-based electrodes to monitor trace of heavy metals and organic compounds. With a
wide negative potential window, Bi has the ability to synergistically interact with metallic ions
such as zinc with reduction potential more positive and thus allowing their detection. These
exceptional properties make them attractive for electrochemical sensing free metallic ions in
environmental analysis but also could possess a tremendous potential for biomedical applications.
An efficient detection platform with high selectivity and sensitivity for metalloproteins would have
immense significance in the fields of clinical diagnostics. Metalloproteins are a special class of
proteins with a metal ion cofactor, which play a central role in energy conversion based cellular
processes !'3]. Because they catalyse efficiently the most important biological reactions such as
structural stabilization or signal transduction, sensitive feedbacks such as concentration, function
and conformation about these metallic redox center in the metalloproteins within biological
samples could give valuable insights and relevance to human diseases >3,

Carbonic anhydrase (CA) represents an attractive zinc-containing protein, which has been

[4.5]

established to be involved in different pathophysiological processes , hotably in the

=111 This zinc metalloenzyme catalyzes the reversible

development and progression of cancers |
hydration of carbon dioxide to bicarbonate ions and protons (CO, + H,O <> HCO; + H¥) 4312131,
It provides bicarbonate ions to neutralize the intracellular pH, whereas protons acidify the
extracellular microenvironment (pH 6.2 to 6.5)['>!4. As a result, the extracellular matrix degrades,
causing the migration and invasion of cancerous cells *>?]. Given that only limited information
can be obtained via biochemical assays at high costs, electrochemical sensors represent promising

[15-18]

candidates for future clinical diagnostics Currently, electrochemical detection of

metalloprotein is done via the binding to a recognition molecule such as immunological compound
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or aptamer [18,19]

. Despite being extremely specific to detect target molecules, these platforms are
expensive and do not allow continuous measurement, thereby their transition to a non-research
environment has been hampered. Other strategy to detect continuously relevant molecules is to
measure directly the electrochemical signal of the metalloproteins generated directly by the
reduction and oxidation of metallic redox center in the structures when a redox potential is applied
[3:201 Unfortunately, it is usually embedded within the protein shell, at few nanometres from the
surface of the enzyme. Taking into account that the maximum distance electron can travel is up to
20 A B2l a functional working-electrode design is needed to achieve an efficient electronic
coupling between metalloprotein and electrode surface. Efforts to maximize charge transfer have
been focusing on protein engineering [>*°1 immobilization of the biocatalysts on the electrode [?*-
241 to minimize the tunneling distance and finally the use of nanostructures as electrodes to increase
enzyme concentration and reduce tunneling.

Given the large success of bismuth electrodes to detect zinc in water sample analysis/>> "), the
advantageous role of Bi electrodes have been further applied to detect free zinc ions in body fluids
28.291301 311 132] byt also bound in metallothionein protein down to 1 pg.ml! 3, The immense
potential of nanoscale dimensional materials has been well documented to maximize
enzyme/electrode interaction and minimize tunneling distance for efficient charge transfer.
However, no work has been reported to examine the combining effect of bismuth with nanoscale
materials in the detection of zinc-containing protein. Herein, we demonstrate for the first time, the
importance of modified Bi nanostructures for the construction of zinc-containing protein-based
sensor. Significance of each component as well as the performance of this biosensor in buffer and

simulated body fluid were examined and its viability for applications in real sample analysis

proven.
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2. Materials and Methods

Functionalization of Carbon nanoparticles (S-CN)

Mesoporous carbon nanoparticles (CN) were sulfonated following Wahab et al (2011) 4!, Briefly,
4 mmol of sulfanilic acid (98+%, Alfa Aesar™) was mixed in 5 ml of ultrapure water (Milli-Q,
Merck) containing 0.2 g of mesoporous CN (<500 nm particle size, Sigma Aldrich). The resultant
solution was cooled down by an ice-bath in a three-neck flask. Then, 5 ml of 0.27 g sodium nitrate
(Sigma Aldrich) was mixed in 5 ml of ultrapure water and added to the first cooled solution. The
mixture was stirred until the solution became deep orange. After, 9.9 mmol of Sodium borohydride
(Sigma Aldrich) was mixed with 5 ml of pure water and added dropwise to the solution and stirred
for 1h in an ice-bath. At the end, the sulfonated carbon nanoparticles (S-CN) were filtered, and the
retained particles were washed using a nylon filter membrane (pore size 0.22 um, Sigma Aldrich)
with ultrapure water, followed by 1% wt/wt NaOH (Fisher Scientific), acetone (Fisher Scientific),
ethanol (Fisher Scientific) and, finally, methanol (Fisher Scientific). Cleaned S-CN were dried in
an oven overnight at 60 °C and stored at room temperature. S-CN solutions was prepared for future
use adding 1 mg of S-CN in 1 ml of ethanol + 100 pL of Nafion (1%, Dupont). The resultant

solution was ultrasonicated for 30 min.

Preparation of sulfonated carbon nanoparticles bismuth electrodes (S-CN-Bi)

Bismuth ions were electroreduced on S-CN. Briefly, a glassy carbon electrode (GCE) (5mm
diameter, Amatek) was well hand-polished with alumina solution (MasterPrep™ polishing
suspension 0.05 um — Buehler) and rinsed with ultrapure water. Afterwards, 10 uL of S-CN in
ethanol/nafion solution was dropped on GCE surface and dried at room temperature. The S-CN

electrode was immersed in an aqueous solution of 0.01 M Bi (NO3); (Sigma Aldrich) for 3h,
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allowing the chemical bound between Bi** ions and SO~ groups presented in S-CN 3. The
electrode was rinsed with ultrapure water to remove unbound materials. Lastly, Bi*" ions were
electroreduced to Bi at potential of -0.6V (vs SCE) for 400s in an aqueous solution of 0.5 M boric
acid (Sigma Aldrich), resulting in S-CN-Bi electrode. Different parameters of Bi reduction (time

and potential) were studied to verify the best performance of the electrode.

Physicochemical properties

The morphology of CN, S-CN and S-CN-Bi electrodes was investigated by Scanning Electron
Microscopy (SEM, Inspect F50, FEI Company, Hillsboro, OR, USA) and by transmission electron
microscopy (STEM/TEM, FEI Tecnai F20, 200 kV). Crystalline behavior was examined using an
X-Ray diffractometer (Bruker D8 Discovery Instrument) operating at a voltage of 40 kV and a
current of 20 mA with CuKa (A = 1.5406 A) radiation and a programmable divergent slit. Samples

were scanned in the 20 range 10°-90° with a scanning speed of 2° min .

Electrochemical performance

Electrochemical experiments were performed using a potentiostat (VersaSTAT 4) with a three-
electrode system cell, where GCE, CN, S-CN and S-CN-Bi were used as work electrodes, Pt wire
as counter electrode and saturated calomel electrode (SCE) as reference electrode. The electrodes
were tested in zinc solutions to verify the ability of Zn*? detection. Cyclic voltammetry (CV) was
carried out in 0.1 M tris-HCI (pH: 4.5) aqueous solution, in the presence and absence of zinc ions.
The potential was scanned from —0.8 V to -1.3 V (vs SCE) at scan rate of 10 mV.s!. Square wave
stripping voltammetry (SWV) was performed to characterize the electrochemical detection of Zn™
using S-CN-Bi electrodes. The potential of deposition was selected at =1.40 V (vs. SCE), applied
for 300s, and followed by a SWV, from -1.4V to -1V (vs SCE), at 25Hz, amplitude of 25 mV, and
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step potential of 0.2 mV in 0.1M tris-HCI (pH 4.5). Different parameters of Zn deposition (time
and potential) were studied to verify the best performance. S-CN-Bi electrodes were tested using
different concentrations of Zn*? solutions (from 0 to 1000 ng.ml™").

Cyclic voltammetry (CV) was carried out in phosphate-buffered saline (PBS) solution (pH 6.0)
aqueous solution in presence and absence of carbonic anhydrase (CA). The potential was scanned
from —1 V to -1.7 V (vs SCE) at scan rate of 5 mVs". Chronoamperometry was performed at -
1.7V (vs SCE), during 300s, varying the concentration of CA, from 0 to 1000 ng.ml"!. CV and
chronoamperometry were applied to verify the specificity of S-CN-Bi to detect CA when
simulating the cancerous environment. CV was carried out in PBS solution (pH 6) in presence and
absence of CA, Collagenase and CA + Collagenase. The potential was scanned from —1 V to -1.7
V (vs SCE) at scan rate of 5 mV.s™'. Chronoamperometry was performed at -1.7V (vs SCE), varying
the concentration of proteins from 0 to 500 ng.ml™!. In order to study the electrode sensitivity to
salivary CA, CV was performed in a PBS (pH 6) solution containing 50% of artificial saliva, in
presence and absence of CA applying the same parameters used in the PBS experiment. Limit of
detection (LOD) was calculated according to the Formula (1):

LOD =3 x (SD/S) (1)
where, SD is the standard error intercept and the S is the slope of the calibration curve (S), both

extracted from origin software after linear regression.

Statistics

The data were analyzed using OriginPro (OriginLab Corporation, version 2018G) and presented
as mean + SD. A one-way ANOVA and Tukey test were performed to evaluate statistical

significance. P-value smaller than 0.05 means significant difference.
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3. Results and discussion

In this work, the synergistic interaction between bismuth nanostructures and carbonic anhydrase
via a direct electron transfer was studied. The zinc metalloprotein sensor was constructed after the
deposition of sulfonated carbon nanostructures followed by bismuth grafting and electroreduction

as illustrated in Figure 1.

Functionalization
with SO groups

Figure 8- Schematic of particles on GCE surface and SEM pictures (low and high magnification)
showing particles distribution for carbon nanoparticles (CN), sulfonated-carbon nanoparticles (S-

CN) and bismuth deposited on sulfonated-carbon nanoparticles (S-CN-Bi), respectively.

The most common approach to functionalize carbon is through high concentrated sulfuric acid
combined with high temperature, however this usually leads to oxidative destruction, increasing
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surface defects and harming the amount of sulfonated group in the final material 263, In this
work, sulfonated carbon was functionalized using diazonium salts at low temperature and the
sulfonated carbon nanoparticles (S-CN) were obtained after chemical reduction using sodium
borohydride 4. Nanoscale carbon was employed to increase the surface to volume ratio and also
to ensure higher electrical properties!*’l, whereas the sulfonated group served to increase the
surface adhesion and dispersion of the nanocarbon (Figure 1), and enabled the bismuth ions to
attach at the surface of the carbon. In Supplementary information S1 it is possible to observe the
effect of the functionalization by sulfates groups on carbon nanoparticles. In water solution,
charged particles were better dispersed than non-functionalized particles. SEM pictures showed
similar effect, where non functionalized particles were agglomerated, and sulfonated carbon
nanoparticles presented a homogeneous distribution on GCE surface (Figure 1). This effect may
be explained due to the hydrophilic characteristics gave by the sulfonated groups on the CN,
dispersing them much better when compared to non-functionalized particles [*4. The
electrovalent bond between the pendant sulfonic acid groups (-SO™) on the carbon and Bi'?
occurred after immersing the S-CN electrode in  Bi(NOs); aqueous solution. Finally, Bi* ions
were electrochemically reduced into Bi’ to form bismuth nanoparticles around S-CN particles 4!,
TEM and STEM pictures (Figure 2C-D) showed the presence of well distributed bismuth
nanoparticles with a diameter of ~2 nm on the nanocarbon support. Note that in Figure 2D, the
STEM mode efficiently showed the high contrast of bismuth particles when compared to TEM as
expected in the dark-field imaging. This was also confirmed with EDS (Supplementary
information S2) and XRD analysis (Figure 2E). The diffraction peaks at 26~ 25° and 44° were
presented in all samples and represent the carbon structure (002) and (101) plan, respectively 4142,

The well-defined shape presented in (101) plane for carbon (non-sulfonated) could be related to
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the existence of the a axis present in the graphite structure, indicating a high degree
of carbonization *!*?. For S-CN we observed a weaker and larger diffraction peak in (101) plane,
showing the presence of amorphous carbon structure that may be consisted of polycyclic aromatic

carbon ring 4?1,
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Figure 9 — TEM images of (A) CN, (B) S-CN and (C) S-CN-Bi materials. The contrast and size
of Bi nanoparticles was determined via STEM at low and high magnification (D). Note that the
red arrows indicate few bismuth nanoparticles. XRD patterns (E) of GCE, CN, S-CN and S-CN-

Bi electrodes. Bi rhombohedral structure was identified without any impurities or oxides.

The pattern for S-CN-Bi shows two diffractions peaks at 26 =~ 60° (017) and 72° (300), representing
the Bi rhombohedral structure (JCPDS card No. 5-519) 4341 compared to the bare and S-CN
electrodes (Figure 2D). The high intensity of the C (002) peak related to carbon structure is
believed to conceal the characteristic diffraction peak of Bi structure at 20 ~25° (012). A crystallite
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size of 1.38 = 1.19 nm for bismuth nanoparticles was obtained from XRD pattern based on Scherrer
equation and showed similarity to the size obtained by TEM. No other diffraction peaks
corresponding to an oxide, or an impurity were observed from the XRD pattern indicating

crystallized Bi with a high purity.

Successful deposition of each coating of material was further confirmed with heterogenous
electron transfer studies using cyclic voltammetry (Supplementary information S3). The redox
peaks of the ferri/ferrocyanide couple are identified at 0.236 V and +0.059V at the bare GC
electrode. The impact of mesoporous carbon as a surface area and conductivity enhancer is
evident as an increased redox current and decreased AE, between the redox peak potentials is
observed. With the subsequent deposition of the sulfonated organic layer, a lower redox current
combined with increased in AE; is observed. Finally, the electrodeposition of Bi nanoparticles led

to a slight increase in redox current and a lower AE, (Supplementary information S3-C)
indicating a superior electron transfer (46471,

To verity the interactions of Bi nanomaterials with zinc ions, square wave voltammetry (SWV)
response of S-CN-Bi electrode was studied toward decreased concentrations of Zn*'. Figure 3
shows the stripping behavior and the linear function of Zn concentration vs current, respectively.
The optimized parameters of Bi** reduction was determined by setting the potential of reduction

at -0.6 V (vs SCE) for 400s; and for Zn*? the potential of deposition selected was -1.4V (vs SCE)

for 300s (Supplementary information S4 and SS5).
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Figure 10 - (A) SWV response for S-CN-Bi electrodes in different concentrations of zinc
solutions, from 0 ng.ml to 500 ng.ml, using potential of deposition of zinc at -1.40V (vs SCE),
for 300s and (B) linear function of zinc concentration and the current response, showing LOD of

~4.8 ng.ml, (n=3).

The most common way to build bismuth electrodes consists of the in-situ method, where
simultaneous plating of Bi® and the target metal (as such Zn, Pb, Cd) occurs on the electrode
surface, whereas in the ex situ method, bismuth is plated separated and before target metal
detection 26481 Although in situ method presented a better detection threshold than ex situ, it
becomes inadequate for a point-of-care system, where free Bi ions are evidently not available in
saliva, blood or tissues samples. ®501. With the ex situ method, the S-CN-Bi electrode showed a
limit of detection of ~4.8 ng.mI* comparable to previously published zinc sensors using carbon as
substrate for plating ex situ bismuth (~5 and 40 ng.mlIt) 59521 Other zinc sensors using gold [2852

and graphene 2154 offer a high conductivity with a poor limit of detection of pug.ml™,
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Following the optimization of S-CN-Bi electrodes with Zn**, we further studied the analytical
parameters of the S-CN-Bi sensor in the presence of carbonic anhydrase. CVs of GCE, CN, S-CN
and S-CN-Bi electrodes in presence and absence of 0.5 mg.ml! CA in PBS (pH 6) were performed
(Figure 4A). The current response in function of protein concentration was studied by
chronoamperometry and it is illustrated in Figure 4B. Note that CA presented better detection at
low pHs (5.5 and 6) (Supplementary information S6). However, pH 6 was selected because of

its similarity to body fluids, such as saliva pH !,
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Figure 11 — (A) CVs showing the ability of S-CN-Bi electrode to detect CA in 0.5 mg.ml*
CA/PBS, pH=6, scan rate 5 mV.s) and (B) current response of S-CN-Bi electrode in function of
CA concentration at -1.7V (vs SCE), from 0 ng.mI? to 500 ng.ml?. (n=2, p-value < 0.05),

significant difference between current response for respective concentrations.

While no reduction and oxidation peaks of CA were detected at GCE and CN electrode, a slight
reduction peak appeared at S-CN electrode at around ~ -1.55V (vs SCE). A stronger and more
defined reduction peak was observed at the S-CN-Bi electrode only in the presence of CA (Figure
4A). The apparent reduction potential of CA at ~ -1.5V (vs SCE) appears to be similar to the

reduction potential of zinc and might be attributed to the reduction of Zn*? to Zn° within the CA.
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To understand the synergistic interactions between Bi and CA, chronoamperometric response of
the S-CN-Bi electrode toward CA concentration was studied. A decrease in reduction currents is
observed with increasing concentrations of CA (Figure 4B), presenting LOD of ~11 ng.ml™!. Note
no coherent response was observed for CN and S-CN electrodes (Supplementary information
S7). It has been already established that aromatic sulfonamide and some anions such as SO [°°]
have an inhibitory effect on CA [°-81. Recent work [*®! has showed that the inhibition of CA by
sulfonamides results in a diminution of the current intensity as the concentration of CA increased.
The study attributed this effect to the synergistic interaction and the complex formation that
occurred between the sulfonamide and CA, and not to the hindrance of the electrode surface to the
enzyme. Another study also found similar current response in function of protein concentration
when applying CA inhibitory drugs in the electrochemical detection of CA [°°!. The decrease of the
current response was attributed to the binding of the drugs with CA and formation of a bulky
complex. The study showed that the complex species were electroactive due to the unfolding
structure of the CA upon its binding with the drugs, providing some routes for the electrochemical
reaction of the electroactive amino acid residues at the sensor surface. In this work, three combined
effects are believed to positively act towards CA electrochemical detection: i) the complex
formation between SO and CA, giving that the same current behavior at increased CA
concentration was observed by Khodarahmi et al (2019); ii) a higher affinity of Zn towards Bi; and
ii1) the length of linker of S-CN-Bi nanostructure which may allow a better electron tunneling from
CA to the electrode surface. The distance created by adding the S-CN link was simulated and
calculated by comparing C-Bi and S-CN-Bi structures using MarvinSketch software
(Supplementary information S8). S-CN-Bi structure (11 A) appeared to be ~ 50% longer than

C-Bi structure (5A). As the zinc core inside CA is ~ 20A distance from the protein surface 2!, a
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longer structure may facilitate the access to Zn**, and thereby improve the electron transfer process
— which usually occurs at 15A %% Through these combined effects, S-CN-Bi electrodes has

demonstrated a great ability to electrochemical detect CA.

Moreover, it is crucial to assess the selectivity of the S-CN-Bi electrode towards CA, as it is based
on metal affinity and electrochemical signature. To demonstrate the good selectivity of this
advanced material, a mixed zinc-protein PBS solution (pH 6), simulating cancerous environment

was used to perform electrochemical characterization (Figure 5).
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Figure 12 - CVs of S-CN-Bi electrode in absence and presence of CA, collagenase, and both
proteins (0.5 mg.ml of each protein in PBS, pH=6, scan rate 5 mV.s™) and (B) current response
of S-CN-Bi electrode in function of CA concentration at -1.7V (vs SCE), from 0 ng.mlI to 500
ng.ml™ when collagenase was present in the solution (n=2, p-value < 0.05), significant difference
between current response for respective concentrations. No peak could be detected in absence of
protein. Note there was no significant difference when compared to only CA, meaning the

collagenase did not interfere in the CA detection.
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In the presence of the two zinc finger proteins, two reduction peaks at -1.5V and -1.45V were
observed for CA and collagenase, respectively. In the mixed solution the peaks are overlapped and
more defined. Figure SB shows the current response as a function of mixed-protein concentration.
The dependence of electrochemical response of S-CN-Bi electrode in the protein cocktail to CA
concentration is clearly observed and similar to findings obtained in absence of collagenase
(Figure 4B). It is worthwhile noticing that no response was obtained in solution containing only
collagenase (Supplementary information S9). These behaviours were expected as SO have an
inhibitory effect only in CA and not in collagenase. Besides collagenase could be detected by CV
due to the Bi-Zinc affinity, there was not a complex formation between SO~ and collagenase, not
affecting the current response at -1.7V. The sensor showed stability over 1 year of the study. No

further analysis were performed related to the sensor’s stability.

Previous electrochemical characterisations were performed in buffer and therefore did not
complete replicate a real biological system as they do not have for instance the same composition,
viscosity, or ionic strength. In order to investigate the voltammetry response from a more
biological aspect, we employed artificial saliva — as salivary CA 1is an alternative source for

) 161621 “preast [6365) and lung

monitoring a variety of cancers, including head and neck (HNSCC
(66 In addition, saliva testing is a non-invasive and cost-effective approach for diagnostic
approaches °*!. Similar to previous experiments carried out previously, CV was taken in a mixture
of artificial saliva and CA (Figure 6A). Comparison was made between the voltametric responses
derived from buffer and artificial media, a similar reduction peak at around -1.55V is observed in
presence of CA, with a decrease as CA concentration increases, presenting LOD of 8 ul.ml™!. In

this study, S-CN-Bi system showed great ability in the detection of CA, presenting LOD of ~11

ng.ml! in PBS (pH 6). Besides of the higher LOD in saliva, probably because of its higher viscosity
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and impurities, this work brings a new avenue in the strategies applied to detect protein in body
fluids and could be applied as a fast and non-invasive tool in the early detection or monitoring of

cancer over the salivary CA concentration (Figure 6B).

(A) (B)
Salivary CA Ref.
"] Conditio (ng.mi*)
-100 4
_ Healthy ~ 100 e
T patient
21 HNSCC ~ 415 .
=
£ 4004 (4.1-fold change)
© 5q0 - (4]
Breast 130
500 ——125 ugmi’ (1.3-fold change)
700 ' _Egg ng'm:- [66]
- b _— pug.m ) Lung ~ 66 66
200 . L (-1.5-fold change)

T
-1.8 -1.0

Figure 13 — (A) CVs of S-CN-Bi electrodes in artificial saliva in presence and absence of CA,
from -1V to -1.7V (vs SCE) at scan rate of 5mV.s™ and (B) Concentration of CA in a healthy and

cancerous saliva

4. Conclusion

To summarize, this study showed that Zn(II)-dependent metalloprotein concentration in saliva
could be detected via the traditional stripping analysis using Bi nanoparticles tethered on carbon
surface with a flexible and conjugated spacer arm. As the metalloprotein sensor is developed by
simple chemical synthesis and electrochemical fabrication techniques, it strongly reduces
variability and could easily been scale up. The sensing material was specifically designed by
attaching ~ 2nm bismuth particles (Bi) on an arm to reach the 20A distance of the Zinc coordination
site to the electrode surface. The great ability of S-CN-Bi electrode towards CA detection was

supported based on three effects: the complex formation between SO~ and CA; the stronger
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affinity of Bi with zinc; and the nanostructured length allowing better electron tunneling from CA
to the electrode surface. Through these combined effects, the S-CN-Bi electrode demonstrated
excellent ability on the electrochemical detection of CA in a low LOD of 11 ng.ml! in a mixed
protein PBS solution, being selective and sensitive to this protein. The S-CN-Bi electrode could
also present signal of detection when simulating salivary CA. Via an easy and fast way, we have
demonstrated that CA may be detectable by S-CN-Bi electrode in a non-invasive method,
including a variety of samples as such saliva, blood, urine and sweat. The S-CN-Bi electrode

presented as a promising clinical diagnostic and prognostic sensor for the detection of CA.
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Supplementary information: Stripping metalloprotein with bismuth nanomaterials tethered on

carbon surface

CARBON SULFONATED
CARBON

Figure S 4.1 - CN and S-CN in ultrapure water. Clearly S-CN presented better dispersion of

particles in water when compared with CN
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Figure S 4.2 - EDS patterns for (A) CN, (B) S-CN and (C) S-CN-Bi.
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Figure S 4.3 - Cyclic voltammograms in 1 mM KsFe(CN)e in a 0.1 M KCI at 10 mV/s for GCE

(dashed line), (A) CN, (B) S-CN and (C) S-CN-Bi, respectively
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Figure S 4.4 - Study of different parameters to electroreduced Bi ions in 0.5 pug.ml? of Zinc +

0.1M tris HCI. (A) The potential of deposition was varied from -0.4V to -0.6V (vs SCE), setting

t=400s, and (B) the time of reduction was analysed from 300s to 600s, setting U=-0.6V (vs SCE).

The best condition found to electroreduce Bi ions was -0.6V (vs SCE) for 400s.
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Figure S 4.5 — Study of different parameters to detect Zn ions in 0.5 pg.ml? of Zinc + 0.1M tris
HCI. (A) CV of S-CN-Bi electrode in 1 mg.mI"t Zn Acetate + 0.1M ABS (pH=4.5) aqueous
solution, from -0.8V to -1.3V (vs SCE) at scan rate 10mV/s. (B) The potential of deposition was
varied from -1.2V to -1.5V (vs SCE), setting t=300s, and (C) The time of reduction was analysed
from 50s to 600s, setting U= -1.4 V (vs SCE). The best condition found to detect Zn ions was -

1.4V (vs SCE) for 300s.
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Figure S 4.6 - Study of the best pH in PBS to detect CA
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Chapter 4. Detecting the PEX Like Domain of Matrix Metalloproteinase-14 (MMP-14)
with Therapeutic Conjugated CNTs

This chapter includes a published peer-reviewed paper. The bibliographic details of the coauthored

paper, including all authors, are:

Daniela Vieira, Jake Barralet, Edward J Harvey, Geraldine Merle

Published: Biosensors 2022, 12(10), 884; https://doi.org/10.3390/bios 12100884

My contributions to the paper involved: Experimental design, implementation, and performance;

Data collection and analysis; Preparation of the manuscript.

Previous chapter Il “Stripping metalloprotein with bismuth nanomaterials tethered on carbon
surface” we showed how bismuth nanoparticles deposited on functionalized-carbon surface, with
a flexible and conjugated spacer arm, could reach the buried redox center of carbonic anhydrase
(CA), a zinc-containing protein. The present chapter IV also reveals an alternative way to the
recognition bioelements by only applying non bio molecules on the detection of zinc-containing
protein. In previous chapter II, the inhibition of CA by the SO showed a diminution of the current
intensity as the concentration of CA increased. This synergistic interaction and the complex
formation between the SO and CA initiated a new track of thought, where inhibitory molecules
could interact with proteins giving current responses in function of the protein concentration. As
mentioned before, the first approach towards the zinc-containing protein detection was achieved
by aiming the well-known catalytic domain. In the following chapter IV “Detecting the PEX Like
Domain of Matrix Metalloproteinase-14 (MMP-14) with Therapeutic Conjugated CNTs”, we
designed a functionalized-carbon system with a MMP-14 inhibitory molecule, NSC-405020, that

interacts with the hemopexin domain of MMP-14, an overexpressed cancerous zinc-related
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biomarker. The inhibitor-loaded CNT system successful detected and quantified MMP-14 using
electrochemical impedance spectroscopy with a linear range of detection of 10 ng.mL™! to 100

ng.ml™!, and LOD of 7.5 ng.ml .
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Abstract: Matrix metalloproteinases (MMPs) are essential proteins acting directly in the
breakdown of the extra cellular matrix and so in cancer invasion and metastasis. Given its impact
on tumor angiogenesis, monitoring MMP-14 provides strategic insights on cancer severity and
treatment. In this work, we report a new approach to improve the electrochemical interaction of
the MMP-14 with the electrode surface while preserving high specificity. This is based on the
detection of the hemopexin (PEX) domain of MMP-14, which has a greater availability with a
stable and low-cost commercial molecule, as a recognition element. This molecule, called NSC-
405020, is specific of the PEX domain of MMP-14 within the binding pocket. Through the
covalent grafting of the NSC-405020 molecule on carbon nanotubes (CNTs), we were able to
detect and quantify MMP-14 using electrochemical impedance spectroscopy with a linear range
of detection of 10 ng.ml! to 100 ng.ml™!, and LOD of 7.5 ng.ml!. The specificity of the inhibitory

small molecule was validated against the PEX domain of MMP-1. The inhibitor loaded CNTs
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system showed as a desirable candidate to become an alternative to the conventional recognition

bioelements for the detection of MMP-14.

Keywords: MMP-14; electrochemical detection; PEX domain; CNT; surface modification; cancer
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1. Introduction

Matrix metalloproteinases (MMPs) are zinc family protein involved in the breakdown of various
components of the extracellular matrix in normal physiological processes, such as embryonic
development, reproduction, and tissue remodeling, as well as in disease processes such as arthritis
and cancer '3, To date, there are 23 MMPs identified in humans 23!, According to their function
and substrate specificity, MMPs are divided in the following groups: collagenases (MMPs-1, 8§,
13), gelatinases (MMPs-2 and 9), stromelysins (MMPs-3, 10 and 11), matrilysins (MMPs-7 and
26), membrane-type (MMPs-14, 15, 16, 17, 23, 24 and 25) and others (MMPs-12, 19, 20, 22, 27
and 28) 3. MMPs are the major proteases involved in the degradation of extracellular matrix [~
6. MMPs present a typical structure consisting of at least three domains: predomain, propeptide,
catalytic and hemopexin [*!. The expression of MMPs is maintained in the body at a constant low
level; however, their abnormal expression has been associated with numerous diseases, including
cancer [4,7,8]. Excessive expression of MMPs is reported in and around tumors and is associated

[791. Given their important role in both

with cancer stage, progression, metastasis, and mortality
physiological and pathological processes, MMPs have become valuable biomarkers to various
specific cancers. Current methods to detect MMPs include liquid chromatography-mass
spectroscopy %121, fluorescence resonance energy transfer 311, surface plasmon resonance 167!
and enzyme-linked immunosorbent assay (ELISA) [!%!°], Despite high specificity and limit of
detection, these techniques require qualified personal and high costs of maintenance and
performance >?*?3), Compared to these molecular approaches, electrochemical techniques are
simpler, faster, low-cost, and user-friendly, which makes them a more appropriate tool for the rapid

[20

detection of proteins 2%, The electrochemical detection is usually facilitated by a recognition

element that will bind specifically to the target molecules 122, Most typically detections are
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accomplished via biomolecules, such as antibody, enzymes, aptamers, nucleic acids, and peptides
attached to gold/carbon substrates 2%?2-24l; however, a crucial feature is not only the binding
affinity but also the interfacial stability, where bioelements in terms of stability in terms of stability,
are limited to physiological conditions and prone to irreversible denaturation and most of the case,

expensive, affecting the activity of the sensors and limiting their use 2°-31,

MMP-14, also known as MT1-MMP, is of particular interest in the field of oncology. It is an
anchored membrane protein and has shown significant contribution in tumor angiogenesis by
cleaving extra cellular matrix molecules as a matrix-degrading enzyme *!%!11. MMP-14 also
coordinates key pro-angiogenic factors, such as VEGF, pro-TGF-f and endoglin, suggesting

crucial role in vessel maturation and formation #1031 Because of the elevated MMP-14

[27] 28]

expression observed in breast [2°2°!, head and neck 1?¢], fibrosarcoma 2671, prostate 1?71, gastric !
bladder 1, ovarian *% and brain B! cancer, the detection and measurement of MMP-14 has an
essential role in the diagnostic and the treatment direction of cancer The catalytic domain is usually
the target domain for the electrochemical detection of MMPs because of communication between
the redox active center (zinc) and the electrode surface. However, the proteolytic site is usually
hidden within the insulating protein shell, making the electrochemical response very challenging
to measure at the electrode 2!, An alternative to the catalytic approach is to use specific molecules
that bind to the other domains, e.g., hemopexin (PEX). Except for MMPs-7, 23 and 26, all humans
MMPs are expressed with a PEX-like domain %), PEX domain regulates key specific functions
in different MMPs 3334); For example, PEX mediates the activation process of gelatinase (MMP-
2) and collagenases (MMP-1 and 13); blocks the glycoproteins TIMPs (MMP-1, 2, 9 and 13) and

clusterin (MMP-25), natural inhibitors of MMPs; assists on the homodimerization of MMP-1, 9

and 14; binds and cleavages different substrates, such as chemokines (MMP-2), Cl1q (MMP-14),
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IGFBP-3 (MMP-19), fibrinogen (MMP-2), etc.; and is crucial for the attachment of MMPs to the
cell surface 4. PEX domain demonstrates easy access and abundance in the protein structure

when compared to the hidden zinc ion on the catalytic core of the protein [,

Currently, only one approach has been employing inhibitory peptide to interact electrochemically
with the PEX domain for the electrochemical detection of MMP-14 26371 These peptides attached
onto gold electrode exhibits a fairly good specificity towards MMP14 with a limit of detection
(LOD) of 7ng-L ! after 30 min, but some concerns associated with reduced shelf life (temperature
sensitivity, denaturation, dependence on pH and ionic strength), complex synthesis and
storage/operational procedure 28444 exist. Given the importance and specificity of PEX domain
in MMPs, enhancing response time and storage/operational stability while lowering cost and
maintaining selectivity is highly attractive because reliable and cheap point-of-care testing
diagnostics are needed to respond to cancer. In this work, we proposed a new avenue to detect
MMP-14 by applying a synthetic chemical inhibitory chemical molecule as the recognition
element. Our hypothesis was that a non biocomponent would bind specifically with the PEX
domain of MMP-14, overcoming the limitations related to the use of unstable biomolecules and
the inaccessible catalytic domain. A simple therapeutic would support low cost, reproducibility,

resistance in less favorable microenvironments and stability in prolonged storage [*331,

In this work, we engineered a fast, precise, and specific electrochemical MMP-14 sensor by
targeting the PEX like domain of MMP-14 using a therapeutic ligated onto multi-walled carbon
nanotubes (CNTs). Among the different inhibitory therapeutic, a synthetic molecule, NSC-405020
(3,4-Dichloro-N-(pentan-2-yl) benzamide) was chosen because of its single action on the PEX
domain of MMP-14. NSC-405020 is a specific noncatalytic inhibitor of MMP-14, that directly

interacts with PEX domain, affecting protein homodimerization but not the catalytic activity 33401,
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CNTs offer excellent intrinsic properties such as high surface area, chemical stability and high
electrical conductivity (10°~107 S/m) !, becoming one of the most attractive nanomaterials in

42441 Furthermore, CNTs act as signal amplifier due to their high specific

electrochemical sensing !
area that allows multitude of proteins to be gathered 1*?1. The resultant inhibitor loaded CNT system

was physiochemically characterized and tested in PBS (pH 7.40) to verify the ability to detect

specifically MMP-14 and not other metalloproteinase.

2. Methodology

2.1 Functionalization of CNTs

Multi walled carbon nanotubes (CNTs) were functionalized in 3 steps: (i) oxidation in an acid
mixture ); (ii) generation of acyl chloride functional groups by suspension in a solution of SOCI,
[46): and (iii) covalent grafting of the small molecule " (Figure 1). Briefly, in the first step, 50 mg
of CNTs (Sigma-Aldrich, Ontario, Canada) were added to 50 mL of HoSO4:HNOs3 (3:1) (Fisher
Scientific, Ontario, Canada) mixture, dispersed for 2 h in an ultrasound bath and then, upheld for
15 h. After, HCIl (Fisher Scientific, Ontario, Canada) was added to the solution. Subsequently,
ammonium hydroxide (Fisher Scientific, Ontario, Canada) was used to neutralize. Finally,
oxidized CNTs were filtered using a 0.22 um nylon membrane (GVS, Fisher Scientific, Ontario,
Canada), washed with ultra-pure water (Milli-Q, Merck, Darmstadt, Germany) until neutral pH
and dried overnight in an oven at 40 °C. The second step consisted of the generation of the acyl
chloride on CNTs surfaces. The oxidized CNTs were suspended in SOCl; (0.1 g of CNT per 20
mL of SOCl) (Fisher Scientific, Ontario Canada) and dispersed for 20 min in an ultrasound bath.
The solution was stirred at 70 °C for 36 h. The resulting acylated CNTs were filtered, washed

several times with anhydrous tetrahydrofuran (Fisher Scientific, Ontario, Canada) and dried
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overnight at 40 °C. 3,4-Dichloro-N-(pentan-2-yl) benzamide, (MMP-14 Inhibitor- NSC-405020
(AmBeed, Illinois, USA)) was grafted onto acylated CNTs. The inhibitor molecule was mixed with
1 mL solution of DMF (Fisher Scientific, Ontario, Canada) and NaH (60%) (Fisher Scientific,
Ontario, Canada) and then stirred for 1 h. The obtained acylated CNTs were then added to the
suspension (molecule-to-CNTs weight ratio 15:1). The reaction was kept at 100 °C for 5 days.
After, the inhibitor loaded CNTs were filtered, washed several times with ultra-pure water and

dried overnight at 40 °C.

2.2 Materials Characterization

The morphology of pristine CNTs, acylated CNTs, and inhibitor loaded CNTs was investigated by
Scanning Electron Microscopy (SEM, Inspect F50, FEI Company, Hillsboro, OR, USA). Particle
diameter was measured with Imagel software taking the average of 10 CNTs. Fourier transform
infrared spectroscopy (FT-IR-PerkinElmer) was carried out in the wavenumber range of 3500 to
500 cm™! to confirm the grafting of the molecule on CNTs. Cyclic voltammetry (CV) was
performed to assure the modification of CNTs from —0.2 V to +0.6 V at scan rate of 10 mv-s .
Electrochemical experiments were performed using a potentiostat (VersaSTAT 4, Princeton
Applied Research, Oak Ridge, TN, USA) with a three-electrode system cell, where glassy carbon
electrode (GCE), acylated CNTs and inhibitor loaded CNTs were used as work electrodes.
Platinum wire was used as the counter electrode, and saturated calomel electrode (SCE) as the
reference electrode. To prepare the acylated and inhibitor loaded CNTs electrodes, 50% of ethanol
(Fisher Scientific, Ontario, Canada) aqueous solutions containing 1 mg-mL ™! of acylated CNTs or
inhibitor loaded CNTs were prepared and stored. GCE (5 mm, Alfa Aesar, Massachusetts, USA)

were polished with 0.05 pm Al,Os (Fisher Scientific, Ontario, Canada) suspension to achieve a

shiny surface. GCEs were cleaned by sonication in 10% H>SOs4 (Fisher Scientific, Ontario,
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Canada), 50% acetone (Fisher Scientific, Ontario, Canada), and ultra-pure water -each for 10 min
successively. The electrodes were dried at room temperature. Finally, 20 puL of the desired solution

was dropped onto the cleaned GCE and dried at room temperature.

2.3 Detection of MMP-14

The detection of the MMP-14 protein was performed via electrochemical impedance spectroscopy
(EIS) within the frequency from 50 kHz to 500 Hz, 12 points per decade, applied potential of 50
mV, and direct potential of +0.20 V. All CVs and EIS spectra were obtained in PBS (pH 7.40)
containing 10 mmol.ml™! of K4[Fe (CN)s]™ (Sigma-Aldrich, Ontario, Canada), 10 mmol.ml™! of
K;[Fe (CN)6]™ (Sigma-Aldrich, Ontario, Canada) and 10 mmol.ml™! of NaCl (Fisher Scientific,
Ontario, Canada) ?* MMP-14 and MMP-1 proteins were unfolded prior experiments. Briefly, 1
ug-mL ™! of protein was incubated for 1 h at 37 °C with 200 uM EDTA (Fisher Scientific, Ontario,
Canada) and 5 mM 2-Mercaptoethanol (Sigma-Aldrich, Ontario, Canada) to generate denatured
MMPs 481 Afterwards, solutions with the desired concentration (from 0 to 250 ng.ml™') were
prepared in PBS (pH 7.4), dropped onto electrodes surfaces (50 pL), and incubated at room
temperature for 10 min. Electrodes were then extensively rinsed with ultra-pure water to remove
any physically adsorbed MMP-14. EIS was performed in presence and absence of the proteins,
applying the acylated and the inhibitor loaded CNTs electrodes. Circuit fit was performed using
EC-Lab® software (Version 10.38, Biologic Science Instruments, France) (Supporting

information S4.1). Resistance to charge (Rct) was extracted from the intercept on the real axis.

Limit of detection (LOD) was calculated according to the Formula (1):
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LOD =3 x (S?D) (1)

where, SD is the standard error intercept and the S is the slope of the calibration curve (S), both

extracted from origin software after linear regression.
2.4 Statistics

The data were analyzed using OriginPro (OriginLab Corporation, version 2018G’ Massachusetts,
USA) and presented as mean + SD. A one-way ANOVA and Tukey test were performed to evaluate

statistical significance. p-Value smaller than 0.05 denotes significant difference.
3. Results and Discussion

To overcome the challenging access to the catalytic core of the protein, we were interested to
investigate and detect the PEX domain. Here, CNTs were chemically modified with PEX like
domain inhibitory molecule to specifically bind one of MMP-14 domains. Pristine carbon
materials are usually chemically inert, and require a prior surface treatment for activating and
facilitating the immobilization of molecules of interest to offer a durable grafting and so a long
term use [*”). CNTs were initially oxidized by a room temperature process in acid mixture of HNO3
and H>SO4, with addition of HCl. Among the available methodologies to produce oxidized carbon
structures, the designated for this work has been shown as the best to enable a high percentage of
hydroxyl and carboxyl groups on CNTs surface [*°]. The generated carboxylates were then further
modified to more reactive acyl chloride groups after reacting with SOCL. After acylation reaction,
the inhibitory molecule NSC-405020 was covalently bounded to the acylated CNTs surface, via

the addition-elimination process of the acyl group, resulting in the inhibitor loaded CNTs (Figure
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4.1A). The covalent bond assures a more robust and stable connection between the organic

compound and the CNTs in comparison to noncovalent procedures, generating a more effective

electrode interface P03,

A) Pristine CNT Oxidized CNT Acylated CNT Inhibitor loaded CNT

0 ‘é
Il NH
COOH COCl C—o0
H,SO/HNOyHCI SOCl, Molecule : treated-CNT
Cl Cl

15h, room temp. 70°C for 36h (15:1)
in DMF and NaH
100°C for 5 days

Inhibitor loaded NTs

B) Acylated CNTs

Figure 4.1 - (A) Schematic representation of NSC-405020 molecule grafted onto CNTSs surface
followed by (B) SEM images for pristine, acylated, and inhibitor loaded CNTs (low and high

magnification).
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SEM images showed mild changes on the surface of CNTs after chemical treatment at high
magnification (Figure 4.1B). Due to van der Waals’ attraction causing significant agglomeration,
the pristine CNTs show a longer length compared to the modified CNT 231, As expected, after
oxidation and generation of acyl groups the acylated CNTs showed a slight reduction in the length
of the nanotubes “*°!); however, they are denser and less aggregated due to the repulsion between
CNTs with chemical groups attached to their surfaces—allowing a better dispersion [°1*21. The
inhibitor loaded CNTs changed notably the dispersion with clearly more aggregated CNTs. The
attachment of organic compounds on CNTs surface also increased the tube diameter (36.08 £ 3.55

nm compared to pristine 18.05 £ 1.11 nm) B3,

Chemical grafting was confirmed with FT-IR analysis and cyclic voltammetry (CV). The FTIR
spectra of pristine, acylated, and inhibitor loaded CNTs are shown in Figure 4.2A. As shown in
Figure 4.2A, pristine CNTs did not show strong peaks when compared to the acylated and inhibitor
loaded CNTs. Weak intensity could be observed at ~2105, 1500, 1267 and 1007 cm™!, typical peaks
related to the C=C bond from the hexagonal CNT structure °?. After oxidation and generation of
acyl groups, weak peaks were observed at ~1813 and 1700 cm’!, that could be attributed to C=0O
bond stretching vibration as a result of carbon oxidation °3343%631; The peak at ~1388 and 1000

cm ! is associated with C—O vibrations from acyl groups °>6,
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Figure 4.2 - (A) FTIR spectrum (top) of pristine, acylated, and inhibitor loaded CNTSs,
respectively. The spectrum (down) of NSC-405020 molecule is also demonstrated. (B) CVs for
GCE, pristine, acylated, and inhibitor loaded CNTs in PBS (pH 7.40) containing 10 mmol.ml™* of

Ka[Fe (CN)s]", 10 mmol mL™* of Ks[Fe (CN)s]" and 10 mmol.ml* of NaCl, scan rate 10 mV/s.

After grafting the inhibitor on CNTs, additional peaks were observed at ~3012, 1513 and 1412 cm™
!, assigned to C—C and C=C vibration of the benzene ring °7->°1. The strong peak at ~675 cm! is
characteristic of C—CI bond present in the chlorobenzene 7). The peak at ~1704 cm™ is
associated with N—H stretching from the molecule structure [°!. Note that because of the grafting
process leading to change in electronegativity of the neighboring atom, some peaks have shifted
from the expected wavenumber, such as C—Cl (~730 cm™) and N-H (~1610 cm™). Cyclic

voltammetry was carried out with ferrocyanide/ferricyanide redox couple (Fe (CN)s*"+) to confirm
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the presence of inhibitor on CNTs (Figure 4.2B). An increase in peak current density (/pa=~10.30
nA), and a decrease of peak width (AE, - ~134 mV) was observed in the Fe (CN)¢*"*
voltammograms after deposition of CNTs on GCE because of the higher active surface area.
Acylated CNT presented a significant improvement in the peak current density (/pa= ~40.45 pA),
and a decrease of peak width (AE, - ~105 mV). It is known that the carbon oxidation and the
generation of acyl groups improve the high electron transfer rate by introducing negative charges
onto CNTs surface and increasing the number of active sites on electrode surface 31, As
expected, CNTs modified with the inhibitory molecule caused a significant drop of peak current
density (/pa= ~12.30 pA), attributed to a loss of conductivity. These results were consistent with

SEM and FTIR, confirming the successful grafting of molecule onto CNTs surface.

The efficacy of the inhibitor loaded CNTs towards the detection of MMP-14 was investigated
using electrochemical impedance spectroscopy (EIS). Figure 4.3A shows the impedance spectra
of the inhibitor loaded CNT electrode for the blank and MMP-14 in concentrations of 10, 50 and
100 ng.ml™!, and its respective limit of detection (LOD) (Figure 4.3B). Note: logarithmic values

were applied in Supplementary information S4.2.
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Figure 4.3 - (A) Nyquist plots of inhibitor loaded CNTs before and after interaction with different
concentrations of MMP-14 for 10 minutes in PBS (pH 7.40) containing 10 mmol.ml-1 of Kz[Fe
(CN)s]” and 10 mmol.mI™* of NaCl. (B) Linear fit of EIS response for different concentrations of
MMP-14, presenting LOD of 7.5 ng.ml™. Significant difference between measurements was
obtained at p-value < 0.05 (n = 2). Protein concentration varying from 10 ng.ml* to 100 ng.ml*,

applied potential of +0.20 V, from 50 kHz to 500 Hz, amplitude 50 mV.

At high MMP-14 concentrations, the real and imaginary part of the impedance increased
drastically; the electrochemical signal is reproducible and stable during each measurement for the
same concentration of MMP-14. A linear relationship between MMP-14 concentration and the
charge transfer resistance (Rcr) values was observed. The inhibitor loaded CNT electrode achieve
a high sensitivity of 2.83 pA.log [MMP-14]"! and a linear correlation of 0.99. The designed
inhibitor loaded CNT system presented LOD of 7.5 ng.ml!, and range of detection from 10 to 100
ng.ml' (Supplementary information S4.3). Most common electrochemical systems applied to

[32,49

detect MMPs up to now have been using carbon and gold as substrate I combined with

biomolecules, such as aptamers, antibodies, enzymes, or peptides as the recognition element 4],
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Carbon-Gold-Pb-Peptide sensor was applied for the detection of MMP-2 [62], The sensor exhibited
linear detection from 1 pg.ml! to 1 pg.ml™!, high sensitivity of 28.4 pA.log [MMP-2]"! and low
LOD of 0.40 pg.ml! but was fabricated with peptides through several steps in a complex synthesis
using polyaniline gel as substrate and C-AuNPs-Pb*" as impedance enhancer. In a recent study,
silver nano particles were combined to peptides and receptor to allow the detection of MMP-2 by
anodic stripping voltammetry [®*), The method offered a significant improvement when compared
to the traditional ELISA assay, presenting range of detection from 0.5 pg.ml™! to 50 ng.ml™! and
LOD of 0.12 pg.ml!. Besides innovative approach, the presence of bioelements is still a challenge
to assure low cost and long stability. Vertically aligned single-wall CNTs were used as substrate to
attach antibody and enzyme for the detection of MMP-3, presenting linear detection from 0.4 to
40 ng.ml!, sensitivity of 77.6 nA.log [MMP-3]"! and LOD of 4 pg.ml! [®¥, Despite great
sensitivity, the labelling approach applied consumes time, involves complex sample handling and
is expensive (%], Peptide decorated gold-CNT electrode recognizes the MMP-7 protein, presenting
linear detection from 0.01 to 1000 ng.ml' and LOD of 6 pg.ml™! [ A screen-printed electrode
was designed by grafting antibodies into 2D structures, graphene oxide and MoS,, aiming to
amplify the analytical signal for the detection of MMP-7 [¢7). Indeed, the 2D nanostructured
immunosensor showed improvements and presented range of detection from 10 pg.ml™! to 75
ng.ml! and LOD of 7 pg.ml!. 2D graphene structures were also employed to detect MMP-1
protein in an immunosensor based on a gold nanoparticle, polyethyleneimine and reduced
graphene oxide [%®!. The system showed great performance in different body fluids with range of
detection from 1 ng.ml™!' to 50 ng.ml"! and LOD of 0.2 ng.ml"!. However, the graft of antibodies
into 2D graphene structures in both works did not overcome the limitations of immunosensors,

including high cost and issues with stability. Only one approach has explored the detection of

159



MMP-14 through the electrochemical interaction with hemopexin domain. In both works,
inhibitory thiolated PEX-14 binding peptides (named ISC) were attached to gold electrodes
exhibiting a fairly good specificity towards MMP-14, presenting linear detection from 0.4 pg.ml™!
to 0.05 ng.ml! with LOD of 7 pg.ml! after 30 min; despite the ability of detect very low
concentration of MMP-14, the challenges discussed previously, such as instability and complexity
of'bio elements, remains present. An important note to compare the present work to the ISC peptide
is the limited concentration range of detection showed by the peptide system. The designed
inhibitor loaded CNT system, presented in this work, revealed as an alternative to the conventional
recognized bio elements, with ability to detect MMPs in a clinically relevant concentration range,
presenting low cost, reproducibility, and stability in a real-world microenvironment (the loaded
CNT system showed stability within 6 months of the study when stored at room temperature). The
inhibitor loaded CNTs could be applicable for a variety of cancers as shown in Table 4.1. The
LOD of 7.5 ng.ml"! includes the possibility of quantification of MMP-14 levels not only in the
cancerous cells but also in different body samples, such as serum and tissues. Note: Cancerous

091 The present study

tissue weight varies from ~10 mg to ~48 g depending on the anatomic site
showed the ability of the loaded CNTs in the detection and quantification of MMP-14 in a standard

PBS solution, without interference of other biomolecules. Further analysis in biologic samples as

such as tissue, serum and cells should be evaluated.
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Table 4.1 - Abnormal expression of MMP-14 for different types of cancer and body samples

MMP-14 Level MMP-14 Level
Type of Cancer Sample Ref.
(Healthy) (Non-Healthy)
Serum 8.55 + 1.66 ng.ml™ 16.91 +5.87 ng.ml* [25,26]
Breast
Cell - ~26.7 ng.mg >
Tissue 0.80 + 1.1 ng.ml*! 5.00 + 4.3 ng.mg™*
Head & Neck [26]
Cell - ~14.5 ng.mg™**
Tissue <0.01 ng.mg** ~1.12 ng.mg**
Fibrosarcoma [26,27]
Cell - ~36.1 ng.mg™*
Prostate Tissue <0.01 ng.mg** 0.6 +0.05 ng.mg™* [27]
Gastric Tissue ~1.34 ng.mg** ~3.57 ng.mg™* [28]
Bladder Tissue 7.45+1.18 ng.mg™* 81.78+9.87 ng.mg* [
Ovarian Serum ~6 ng.ml* ~12 ng.ml2* [30]
Brain Tissue ~1 ng.mg** ~10 ng.mg** [31]

“-”: data not provided; “*”Study did not provide the SD value.

Existing MMP inhibitors target the hidden active center in the catalytic domain and, as a result,
impacts activity of many MMPs instead of MMP-14 alone 1*3]. The interest in detecting the PEX
domain is not only because PEX domain is easily accessible but also for selectivity purpose.
Indeed, the inhibitory molecule selected for this study has demonstrated specificity for MMP-14
PEX domain, not affecting the catalytic or other MMP PEX domains 3%, The small inhibitor
interacts at the surface of proteins in a specific region named binding pocket, where small-

molecules bind easily with little energetic cost "%, The conformation changes associated with
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inhibitor-protein binding is specific to every single protein. Few proteins present null (pre-formed
pocket) to minor structural changes to revel the binding pocket, easily allowing the interface with
small inhibitors; while others exhibit extensive structural rearrangement in order to establish
interactions with the inhibitors through the binding pocket "%). In this work, we supposed that the
exclusivity of inhibitor/protein interaction might be due to that the small molecule NSC-405020 is
in the particular binding pocket of MMP-14, shaped by Met-328, Arg-330, Asp-376, Met-422, and
Ser-470 3 (Figure 4.4A). By taking advantage of the inhibitory molecule/protein binding
interaction in the PEX domain of MMP-14, a layer of protein was accumulated around CNTs,
hampering the electron transfer between the electrode surface and the analyte (Figure 4.4B). As a
result, the resistance of the system increased linearly as a function of the protein concentration

(Figure 4.3B).
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Figure 4.4 - (A) The inhibitor/protein interaction between small molecule NSC-405020 and the
binding pocket of MMP-14 and (B) Schematic of the MMP-14 detection through the binding

mechanism of protein and inhibitory small molecule as the recognition element.

The specificity of the system was further confirmed in presence of MMP-1, another PEX domain
based MMP which presents abnormal expression in different types of cancer ["!"2l. The EIS
response obtained in the presence of 50 ng.ml! of protein is shown in Figure 4.5. Clearly, no
noticeable change was observed, demonstrating the specificity of the selected molecule as the
recognition element to interact to the binding pocket of MMP-14. Note that the performance of
acylated CNTs without the molecule attached was also verified and no obvious resistance was
observed (Supplementary information S4.4). The inhibitor loaded CNTs system demonstrated
selectivity, microenvironmental stability (room temperature and PBS) and low cost when

compared to the conventional biosensors.
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Figure 4.5 - EIS response for the inhibitor loaded CNT after individual interaction with 50 ng.ml’
! of MMP-1 and MMP-14 in PBS (pH 7.40) containing 10 mmol.mI? of Ka[Fe (CN)s]" 10
mmol.ml*? of Ks[Fe (CN)s]” and 10 mmol.ml* of NaCl. The inhibitor loaded CNT showed

specificity to MMP-14 (applied potential of +0.20 V, from 50 kHz to 500 Hz, amplitude 50 mV).
4. Conclusions

In this work, we focused on the detection of MMP-14 protein by targeting the PEX domain instead
of the conventional catalytic domain. MMP-14 is overexpressed in a variety of diseases, including
cancer. By taking advantage of the specificity and binding properties of an inhibitory small organic
molecule, NSC-402050, an inhibitor loaded CNT system was designed. Pristine CNTs were
modified by 3 steps: oxidation, addition of acyl groups and, molecule attachment. The successful
grafting was well established by FT-IR, CV, and SEM analysis. The inhibitor loaded CNTs system

performance was verified in MMP-14 (PBS, pH 7.4) and demonstrated LOD of 7.5 ng.ml™!. The
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specificity was also demonstrated against MMP-1, a MMP type protein that contains PEX domain
and is present in abnormal levels in different types of cancer. From our knowledge, this is the first
time that an inhibitory small molecule was applied as the recognition element, overcoming the
challenges offered by the regular bioelements, such as enzymes, peptides, aptamers, and
antibodies. The inhibitor loaded CNT is a desirable candidate to become an alternative method to
the complex and expensive diagnostic tools currently available for the detection of MMP-14.
Further studies should be performed to conclude the interference with different biomolecules in a

real clinical environment (body fluids, tissues, cells, etc.).
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Supplementary information: Detecting the PEX Like Domain of Matrix Metalloproteinase-14

(MMP-14) with Therapeutic Conjugated CNTs
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Figure S 4.1 - Circuit fit for inhibitor loaded CNT electrode after interaction with 50 ng.mlI! of
MMP-14 in PBS (pH 7.40) containing 10 mmol.mI* of Ka[Fe (CN)s], 10 mmol mI* of Ks[Fe
(CN)6]” and 10 mmol.mI* of NaCl, applied potential of +0.20V, from 50kHz to 500Hz, amplitude

50 mV.
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Figure S 4.2 - Linear fit of log Rct response for different concentrations of MMP-14. Protein
concentration varying from 10 ng.ml™* to 100 ng.ml%, applied potential of +0.20V, from 50kHz to

500Hz, amplitude 50 mV.
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Figure S 4.3 - EIS response of inhibitor loaded CNT after interaction with MMP-14, varying

concentration from 0 to 250 ng.ml™, in PBS (pH 7.40) containing 10 mmol.mI of Ka[Fe (CN)e]",

10 mmol.mI! of Ks[Fe (CN)s]” and 10 mmol.ml* of NaCl (applied potential of +0.20V, from

50kHz to 500Hz, amplitude 50 mV).
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Figure S 4.4 - (A) EIS response of acylated CNT after interaction with 50 ng.mI! of MMP-14 and

(B) EIS response in absence of protein for acylated and inhibitor loaded CNT in PBS (pH 7.40)

containing 10 mmol.mI of Ks[Fe (CN)s], 10 mmol.mI* of NaCl, applied potential of +0.20V,

from 50kHz to 500Hz, amplitude 50 mV.
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Conclusions and Future Perspective

This work explored the use of inorganic and organic molecules as recognition elements on the
detection of zinc-related biomarkers, including mobile zinc and zinc-containing proteins (carbonic
anhydrase and metalloproteinase-14). The relevance of these biomarkers on cancer development
and progression was discussed along the previous chapters. Traditionally, bioelements, such as
enzymes, peptides, nuclei acids and aptamers, have been widely applied on the design of
electrochemical sensors for biomarkers detection due to their high specificity towards the target
species, as such as proteins. However, as previously mentioned, their poor stability, complex

synthesis, and high cost, limit further application as a clinical tool.

In this work, carbon nanostructures were functionalized with simple molecules as alternatives to
the established recognition bio elements, aiming for more stable and accessible sensors. Non-
surprisingly, carbon nanostructures showed their versatility, simplicity, and widely applicability as
substrates for electrochemical systems. Functionalization of carbon nanostructures is usually
performed via two strategies, non-covalent and covalent binding, through different techniques like
adsorption of molecules by van der Waals force, n-m interactions, hydrogen bonds, oxidation,
end/defect, and side wall covalent functionalization. Among infinite possibilities of anchoring
molecules onto carbon surface, we selected in our work to: 1) functionalize sulfonated groups on
carbon nanoparticles by a low-temperature procedure; and ii) covalent bind fasten molecules onto

CNTs surface.

In the chapter 3, we discussed the low-temperature functionalization with auxiliary diazonium salts
as alternative to the typical strong acids, which is less destructive to generate sulfonated groups,

assuring a better surface and homogeneity of sulfonates (SO) groups in the final material. While
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the covalent binding between CNTs and the molecules, employed in both chapter 2 and 4, enabled
a strong interfacial interaction on CNTs and a better dispersion, facilitating the flow of electrons

and enhancing the interface between the target specie and the electrode surface.

Non biological recognition elements were selected aiming the optimized interaction with the target
species. For the mobile zinc, zincon was selected because of its selectivity towards zinc ions at
specific pH range. In chapter 2, we clearly demonstrated its ability towards the detection of mobile
zinc, even when other bio metallic elements are present (Ca, Cu, Co, Mg, Mn, and Fe). The well-
defined peaks in SWV represented a linear current response as function of the concentration of the
target zinc. Additionally, we tested the system with different zinc-containing proteins; but no
current responses were recorded probably due to the lack of accessibility to the zinc center in the
protein shell. The system was well evaluated in artificial urine and saliva. Zincon-CNTs showed
as a good candidate for the detection of mobile zinc in a variety of cancerous samples, as it showed

range of detection within the values described in the literature.

In chapter 3, we engineered a sulfonated-carbon bismuth nanoparticle system to detect carbonic
anhydrase (CA), a zinc containing protein. Bismuth is a well known metal to form spontaneously
“amalgam” with zinc, but without the high toxicity of the conventional metallic mercury. Bismuth
has been widely applied in the electrochemical detection of mobile zinc; however, to date, there
were not studies in the literature showing its ability to detect zinc-containing proteins (probably
due to the isolated protein structure discussed several times in the previous chapters). Usually, the
distance between the external and the redox center of a protein in the catalytic domain is ~20 A.
We hypothesized that using nanostructure would bridge the gap between electrode surface and zinc
center, thus facilitating the transfer of the electron. The sulfonated-carbon nanoparticle structure

permitted a longer arm when compared to only carbon nanoparticles (as demonstrated in Figure

173



S3.8). In addition, we showed that the sulfonated structure allowed the electrodeposition of very
small bismuth nanoparticles, ~2nm, which provided more active sites to enhance the electron
transfer with the zinc core within the protein shell. A key element in this system was the sulfonated
(SO) group, which complexed the carbonic anhydrase and so presented an inhibitory effect on
the protein. In chapter 3, a comprehensive discussion described the findings. Indeed, we observed
that the unique specificity of sulfonated-CN-bismuth system towards the electrochemical detection
of carbonic anhydrase was possible because of the combined effects of 1) the complex formation
between SO and CA, causing a decrease of the current response in function of CA concentration;
i1) the higher affinity of zinc towards Bi; and ii1) the length of linker of S-CN-Bi nanostructure that
allow a better electron tunneling from CA to the electrode surface. The electrode was tested against

MMP-1, a zinc-containing protein, and no signal was measured, demonstrating its specificity.

In chapter 4, a small chemical molecule NSC-405020 (3,4-Dichloro-N-(pentan-2-yl) benzamide),
well know as a drug to inhibit matrix metalloproteinase-14 (MMP-14) was applied. NSC-405020
is a specific noncatalytic inhibitor of MMP-14, that directly interacts with its PEX domain,
affecting protein homodimerization but not the catalytic activity. To date, this is the second work
in the literature using PEX as the target domain to electrochemically detect MMP. The pioneer
work studied the detection through peptides which provided specificity and sensitivity, but also all
the limitations that recognition bioelement possesses. In chapter 4, the therapeutic conjugated
CNTs showed great ability on the detection of MMP-14 using EIS with an incremental increase of
resistance with increasing protein concentration. This result confirmed that the immobilized
inhibitor can interact at the surface of proteins in a specific and unique region named binding
pocket, where the small molecules bound easily with little energetic effort. Due to the exclusive

binding pocket of MMP-14, designed by Met-328, Arg-330, Asp-376, Met-422, and Ser-470, the
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system only showed capability of detection for MMP-14 and not for MMP-1, another PEX-based

MMP which presents abnormal expression in different types of cancer.

The discoveries presented in chapters 2,3 and 4 confirmed the possibility of developing
electrochemical sensors based on the grafted of simple molecules onto carbon surfaces, where the
stability, cost, shelf-life, accessibility, and storage capability are significantly improved. The
selected target species, mobile zinc, carbonic anhydrase, and MMP-14 are all of great interest in
the field of oncology. Although more development using non biological strategies have been done
in the direction of mobile zinc detection; there are still a considerable lack when applying these
strategies in biofluids, where most of the studies focused on the environmental samples. In chapter
2, we could demonstrate the efficacy of zincon-CNT system in two artificial biofluids, urine and
saliva; however, further studies should be performed in blinding manner with clinical samples

from healthy and unhealthy patients.

This scenario is different when analysing electrochemical sensor for the detection of proteins,
where the majority of them have been developed only applying bio elements, especially antibody
and aptamers. Chapters 3 and 4 significantly contributed to understand the interaction of simple
molecules with zinc-proteins; and how these interfaces could be translated to an electrical signal.
The inhibitory effect of non bioelements when complexing and/or interacting with the selected
proteins (carbonic anhydrase and MMP-14) showed linear current responses and demonstrated as

an alternative approach of developing biosensing systems towards proteins.

Although the designed sensors showed great ability as diagnostic tools, further studies must be

accomplished for the fully understanding of their applicability. Few suggestions include:
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e Tests in real samples from unhealthy patients (urine, saliva, plasma, cells) and comparison
with ELISA and mass spectrometry techniques in order to study the standard deviation
between the methods.

e The miniaturization of the sensors, aiming for a disposable point-of-care (POC) device,
providing instantaneous results, and supporting the treatment guidance.

e The design of a unique device where zinc, CA and MMP-14 could be simultaneously

measured.

Despite the mentioned suggestions to effectively transfer the research finds into clinical scenario,
we strongly believe that this work opened new avenues to the current literature. We successful
demonstrated the great ability of simple molecules as alternative choices to the bioelements on the
detection and monitoring of relevant zinc-containing cancerous biomarkers. All the designed
electrochemical systems demonstrated as simple, cost effective and assertive ways to support early
detection of cancer, understand its development and stage, and in the future, assisting in the

treatment guidance.
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