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RESUME

Les maladies liées au cancer sont I'une des principales causes de déces et représentent le plus grand
obstacle a l'augmentation de I'espérance de vie dans le monde. Le fardeau du cancer augmentant
chaque année, il est indispensable de mettre au point de nouveaux dispositifs médicaux performants
et peu colteux pour aider a établir un diagnostic et/ou un pronostic sur le lieu de soins. Pour étre
applicables sur le lieu de soins, les senseurs médicaux doivent €tre entre autres rentables, faciles a
utiliser et miniaturisés. Les senseurs ¢lectrochimiques offrent tous ces avantages et d'excellentes
performances en détection pour une multitude de biomarqueurs de maladies. Parmi les
biomarqueurs du cancer, les métaux libres et les protéines contenant des ions métalliques tels que
le Zn sont aujourd'hui des cibles populaires pour le développement de senseurs en raison de leur
role dans de nombreux processus biologiques liés a la maladie. Récemment, des senseurs
¢lectrochimiques a base de bismuth se sont révélés trés prometteurs pour la détection a haute
sensibilit¢ du Zn. Dans ce travail, nous proposons le développement d'un senseur micro-
¢lectrochimique a base de nanoparticules de sulfure de bismuth pour la détection du Zn. Nous
avons mis au point une synthése hydrothermale simple et novatrice a trois réactifs pour du sulfure
de bismuth carboxylé, qui présente 1'avantage unique d'avoir des groupements fonctionnels d'acides
carboxyliques en sa surface, ce qui permet d'autres modifications chimiques de la surface du
dispositif. La réticulation de l'acide aminé 1-histidine a la surface du senseur a été étudiée comme
moyen d'en améliorer les performances électrochimiques. Des senseurs basés sur les nanoparticules
de sulfure de bismuth et le sulfure de bismuth modifi¢ par I'histidine ont été préparés et testés
¢lectrochimiquement par des techniques voltamétriques afin d'en optimiser les parametres de
détection. Le senseur préparé a partir des nanoparticules non modifiées a montré une limite de
détection du Zn dans une solution tampon de TBS en laboratoire de 1,98 pg/mL et une relation
linéaire entre le courant et la concentration de Zn dans la plage SuM - 50uM, qui est d’une
pertinence biologique. Le biocapteur de sulfure de bismuth modifié¢ par I'histidine a montré une
performance électrochimique supérieure en voltampérométrie cyclique par rapport aux
nanoparticules non modifi¢es. Cependant, la détection du Zn dans ce systeme n'a pas encore été
optimisée pour réduire le bruit des mesures a un degré permettant la caractérisation et 1’é¢talonnage
précis du dispositif. D'autres expériences axées sur l'optimisation des parametres de détection sont

nécessaires sur le senseur a base de sulfure de bismuth modifié par 'histidine afin de développer
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pleinement le prototype. En conclusion, ce travail a permis de mettre au point un nouveau systeéme
de sulfure de bismuth hautement personnalisable pour la détection électrochimique du Zn, avec des
caractéristiques hautement souhaitables pour une application potentielle au niveau du point de

services en sante.
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ABSTRACT

Cancer-related diseases are a leading cause of death and represent the greatest barrier to increasing
life expectancy globally. With the burden of cancer increasing annually, there is a great need to
develop new low-cost and performant sensors to help establish a diagnosis and/or prognosis in the
point-of-care setting. To be applicable to the point of care, medical sensors must be cost efficient,
easy to operate and miniaturized among other characteristics. Electrochemical sensors offer all
these advantages with excellent detection capabilities for a multitude of disease biomarkers.
Among cancer biomarkers, free metals and metal ion-containing biomarkers such as Zn are popular
targets for the development of electrochemical sensors today because of their key activity in many
disease-related processes. Recently, bismuth-based electrochemical sensors have shown great
promise in high sensitivity Zn detection. In this work, we proposed the development of a bismuth
sulfide nanoparticle-based microelectrochemical sensor for the detection of Zn. A novel and simple
3 reagents one-pot hydrothermal synthesis of carboxylated bismuth sulfide was developed, with
the unique prosperity of having surface carboxylic acid functional groups, allowing further
chemical modifications of the sensor surface. Cross-linking of amino acid l-histidine was
investigated as a mean to enhance sensor performance. Sensors based on the bismuth sulfide
nanoparticles and histidine-modified bismuth sulfide were prepared and tested electrochemically
through voltametric techniques to optimize detection parameters. The sensor prepared from the
unmodified nanoparticles showed a limit of detection of Zn in laboratory TBS buffer solution of
1.98 ng/mL and a linear relationship between current and concentration in the SuM - 50uM range,
which is biologically relevant. The histidine modified bismuth sulfide biosensor showed superior
electrochemical performance in cyclic voltammetry compared to unmodified nanoparticles.
However, Zn sensing in this system has not yet been optimized to reduce noise to a degree allowing
precise sensor characterization and calibration. More experiments focusing on optimization of the
detection parameters are needed on histidine-modified bismuth sulfide in order to fully develop the
system prototype. In conclusion, a novel highly customizable bismuth sulfide framework for the
electrochemical sensing of Zn was developed in this work, with highly desirable features for a

potential point-of-care application.
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CHAPTER 1 INTRODUCTION

Cancer-related diseases are a leading cause of death and represent the greatest barrier to increasing
life expectancy globally [1]. The search for easily detectable cancer markers is an ongoing
challenge, decidedly complicated by the diseases’ heterogeneity. With the worldwide burden of
cancer increasing yearly [2], there is a great need to develop new medical devices suitable for early,
point-of-care detection of occult cancers and to monitor disease progression and treatment efficacy,
or lack thereof [3]. Moreover, most cancers still lack an effective and non-invasive early detection

method [4].

Biomarkers, as defined by the World Health Organisation are measurable substances within the
body or its products which are predictive of a disease (diagnosis) or an outcome (prognosis) [5].
Biomarkers can also give valuable information on exposition and help in disease screening or
staging [6]. Given that most biomarkers are specific to cancer subtypes and not applicable in all
situations, a marker cannot by itself serve as primary means of screening [7]. However, they can
be of great utility in the clinical setting to support another diagnostic modality, to suggest
undertaking further tests, differentiate between malignant or benign disease or evaluate the
response to treatment [8]. Figure 1.1 presents a classification scheme for biomarkers according to
their biological source, molecular nature and use in supporting medical care. The ideal biomarker
would achieve all of the above aspects, while being accessible to detect in terms of simplicity and
cost of the equipment required, in order to be implemented as part of a point-of-care solution [7].
It is important to note that while many powerful tools are available to researchers for identification
and quantification of biomarkers, the widespread availability of low-cost and accessible point-of-
care solutions remains a challenge to this day. Searching the proteome is advantageous in this area
as many protein-based markers can be found circulating freely in the extracellular environment and
in bodily fluids, rendering them easy to detect with the appropriate non-invasive or minimally
invasive techniques such as blood draws and urine or saliva collections, which are considered ideal

[3, 9, 10].



Sources Categories Sub-categories Classes
Peptides,
Blood Protein - g!obular protgms,
fibrous proteins, Antecedent
membrane proteins biomarkers
Saliva Genes, mutations,
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DNA | epigenetics, DNA Screening
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MicroRNA,
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Amniotic fluid prostaglandins
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Rea;::;:si::ygen biomarkers
Tissue/Cells Metabolites »| dicarboxylicacid

inorganic ions

Figure 1.1 Overview of biomarker source, nature and clinical usage [6]

Technologies to detect biomarkers can be largely divided into antibody-dependant and antibody-
free techniques. Historically, antibody-mediated approaches have been and are still seen as the
mainstay for biomarker detection in clinical and laboratory settings, most notably the enzyme-
linked immunosorbent assay (ELISA) and immunofluorescent assay. They are the most accurate,
precise and specific, however they also require more complex tools and advanced technical
expertise, and are slow to display results [11]. ELISA is currently the gold standard when it comes
to biomarkers [12] and new emerging technologies are always compared to it to assess their
performance and suitability. Other antibody-mediated techniques such as rapid antigen detection
tests (RADT), while being generally specific, have limited sensitivity and do not allow for precise
quantification of the target marker. Another major drawback of these techniques is the destruction
of the tissue, which limits their use in further applications. While antibody-free techniques are
generally more prone to non-specific interactions and interference, they tend to be significantly
faster, cost-efficient and accessible. Of which, two major groups of technologies are the

electrochemical and optical methods. They make ideal candidates for point-of-care use and for



population screening, whereas immunoassays are likely to remain uncontested for laboratory usage
[11].

Electrochemical sensing is a well-established and heavily researched technology from which we
have seen developed sensitive, rapid and cost-effective sensory devices for detecting a multitude
of molecules and elements of interest in diverse environments. It relies on the principle of
conversion of chemical energy into electrical energy, which can be measured as a signal through
the transfer of electrons and ions between substances or materials. The technology is most known
for its use in advanced batteries, fuel cells and wastewater treatment and analysis. However, there
1s an increasing amount of literature applying electrochemical sensors to cancer research [13].
Numerous advances in nanomaterials and surface functionalization have been made in the last
decade of such sensors, with increasing biological or chemical complexity in order to achieve

optimal detection performance as well as miniaturization [14].

Among cancer biomarkers, free metals and metal ion-containing biomarkers are popular targets for
the development of electrochemical biosensors today because of their key activity in many
biological processes. Among metals, Zn, the second most abundant in the human body after iron,
is of particular interest in cancer research because of its role in cell differentiation, cell growth,
transcription, and protein synthesis, which can be upregulated in cancer and therefore represent a
valuable source of information for monitoring the disease [15]. In fact, numerous enzymes and
transcription factors regulating such physiological functions depend on Zn?>* binding to exert their
function, notably the redox-active metallopeptidases class of metalloproteins. Metallopeptidases
(also known as collagenases) are a large family of divalent ion -mostly zinc- dependant enzymes
which have the biological function of cleaving different proteins and peptide chains, found
involved in all of the major processes of life [16]. A subclass of particular interest for monitoring
cancer are the matrix metallopeptidases (MMP), which are involved in digesting extracellular
matrices (ECM) by cleaving many of its constituents such as collagen [17, 18]. These enzymes
play an especially important role in cancer pathogenesis as the degradation of the ECM, whose loss
of integrity is considered a hallmark of the disease, allows proliferating neoplastic cells to invade
nearby tissue and thus contribute to metastasis [19-21]. Many studies have demonstrated the
correlation between expression of MMP and the staging of cancer and metastatic potential of a

tumour. Out of the many subtypes, MMP2 and MMP9 (type IV collagenases/gelatinases) have



been found to be upregulated in almost all cancers, and are believed to be excellent candidates for
early cancer detection and following treatment progression in the brain, breast, lung, colon, head
& neck, renal, bladder, pancreatic, oesophageal, stomach and ovarian carcinomas [22-25]. MMPs
can be found simultaneously in the tumour microenvironment and in biofluids, namely serum and

urine [26].

Since these MMPs of clinical interest are comprised of a functional Zn?* ion within their core, they
are excellent candidates for electrochemical detection. Our hypothesis is that Zn can be detected
electrochemically in laboratory solutions using an nanometal-enhanced glassy carbon electrode
(GCE), and that these results would be applicable to MMP detection in further experiments not
part of this project. To this end, post-transition metals such as bismuth (Bi) have shown a great
affinity for Zn and other electronegative heavy metal ions in electrochemical measurement settings
[27, 28]. The excellent properties of Bi-modified electrodes render them ideal for this project,

where we aim to:

(1) Synthetize and characterize Bi nanostructures with a high surface-to-volume ratio and high Zn

affinity.

(2) Chemically modify the nanostructures with specific amino acids such as histidine to enhance

electrocatalytic activity.

(3) Modify the surface of a microelectrochemical probe with the synthetized Bi nanostructures and

investigate Zn detection capabilities in in vitro buffer solutions.

Chapter two of this work will present a review of the recent literature on Zn and Zn-dependant
enzyme sensing in medicine, with a particular focus on electrochemical technologies, their
strengths, and their fields of application. Chapter three will present the detailed methodology
applied for this project, whereas its results will be presented in chapter four. Finally, chapter five

will outline limitations and future recommendations from our work to conclude this thesis.



CHAPTER 2 LITERATURE REVIEW

Precise and sensitive Zn detection in biological systems can therefore represent a crucial source of
information on health and disease and could drastically improve performance in delivering proper

and timely healthcare to certain patients through effective diagnostic strategies.

2.1 Zn and Zn-binding Proteins in Mammalian Physiology

Zn, an essential micronutrient and trace element, is the second most abundant metal in mammalian
physiological systems after Fe and the second most abundant divalent ion after Ca®*. It notably
serves as a cofactor for numerous and enzymatic and transcription factor proteins, which
contributes to the regulation of gene expression, cell signalling, and immune functions [15]. The
field of metalloproteomics, which studies exclusively metal-dependent proteins and their role in
biology is a newly established field of study, it is gathering significant attention since it is estimated
that one third of all proteins in the human body require a metallic co-factor to exert their function
[29]. More specifically, it is currently known that over 300 enzymes and 3000 transcription factors
depend on Zn. It is also the only element known to be involved in all six classes of enzymes, being
oxidoreductases, transferases, hydrolases, lyases, isomerases and ligases [29-31]. Zn can be found
in majority bound to these proteins or in its free, unbound form. While free Zn represents the lesser
fraction of total Zn, it is an important signalling molecule and alteration in its basal levels have
been found to be closely associated with certain cancers [31-33]. This is thought to be a
consequence of DNA damage caused by increased oxidative stress. While the role of free Zn is
poorly understood, it is known to be by itself an antioxidant and helps to protect cells against
excessive production of reactive oxygen species. Moreover, a loss of DNA repair functions from
Zn-dependent enzymes is a contributing factor to genomic instability and development of cancer.
Free Zn in the intra and extracellular environments is tightly regulated by specific transporters and
protein levels, to which most is bound [34]. Reported concentrations in human tissues are found in
the pg * mL! order of magnitude [35], whereas physiological Zn concentration in serum is known
to be in the 0.1 pg * mL! order of magnitude [36]. With these data from the literature, benchmarks

for the LOD required in free Zn sensor design can be set.



2.2 Zn in Cancer

While there is a clear association between Zn deficiency and risk of cancer development, it is to
note that high levels of Zn have also been associated with certain cancers. Although not fully
understood, this contradiction can be explained in part by differential dysregulation of certain Zn
transporters in the different cancers [33]. Furthermore, free Zn measurements are often imprecise,
as the quantities being measured are small and could be affected by many variables such as the
cellular microenvironment and the measurement techniques used. Significant controversies still
exist, and more research would be needed to elucidate the roles and mechanisms of Zn in cancer
pathogenesis and progression. Notably, regarding prostate cancer, literature describing both an
increase and a decrease of free Zn in the cancerous tissue can be found, with each side being
strongly critical of the other [37-39]. Table 2.1 presents a selection of some of the most incident
cancers worldwide [40] and their corresponding Zn-associated measurements in cancerous tissues
reported in the literature. Quantitative measurements of Zn have been performed on tumor samples
and in the plasma or serum of cancer patients and healthy controls. Cancers of the breast, colon,
head and neck, liver, lung, pancreas, prostate and stomach have been included in the table because
of their high incidence and/or high mortality and the amount of literature investigating the
connection between Zn contents and the cancer. However, many more cancers have been
investigated in relation to Zinc and other divalent metal ions and a great review on the topic can be

read from Wang and colleagues [33].



Table 2.1 Overview of frequent cancers with associated Zn related findings

Breast Adenocarcinoma F: 47.8 [40] High Zn mn breast [33, 41]
Low Zn in serum
. M: 13.1 Low Zn in colon
Colon Adenocarcinoma F: 10.0 [40] Low 71 in serum [42, 43]
Head and Squamous cell M: 123 High Zn in saliva (44, 45]
neck carcinoma F: 4.3 [40] Low Zn in serum ’
Liver Hepatocellular M: 14.1 Low Zn in liver [46]
carcinoma F: 5.2 [40] Low Zin in plasma
Lun Asd eﬁgggj;n;rﬁa M: 31.5 High Zn in lung 33]
g quam F: 14.6 [40] Low Zn in serum
carcinoma
. . M: 5.7 High Zn in pancreas
Pancreatic Adenocarcinoma F: 4.1 [40] Low Zn in plasma [33,47]
1 k
Prostate Adenocarcinoma M: 30.7 [40] Low Zn 1n.prostate ’ [33, 37,
Low Zn in serum 48]
. M: 15.8 Low Zn in stomach
Stomach Adenocarcinoma F: 7.0 [40] Low Zn in serum [42, 43]

* Controversial



2.3 Zn-dependent metalloproteins

As previously stated in this work, many proteins and enzymes requiring Zn to function can be
found involved in biological processes leading to cancer and can be detected electrochemically or
by other means. This section will present a selection of important proteins with an established
interest in electrochemical detection with a particular focus on MMPs, whose detection represents

the rationale behind this work.

2.3.1 Matrix Metallopeptidases

MMPs are a family of Zn?*-dependant endopeptidases involved in the crucial biological function
of remodeling the ECM, which is a dynamic network of proteins providing structural integrity to
cells and tissues. ECM remodeling by MMPs is done by enzymatic cleaving of its constituents,
namely collagen, gelatin, laminin and fibronectin at specific sites. For this reason, MMPs are also
commonly referred to as collagenases. This remodeling process allows for tissue growth and organ
development, wound healing, neovascularization as well as regulation of inflammation [17, 18].
Moreover, MMPs target directly other factors involved in cellular behaviour such as other
proteinases or protease inhibitors, cell adhesion and chemotaxis molecules, growth factors and
surface receptors [49]. There are a total of 23 different MMPs found in humans which can be
divided into secreted and membrane-bound, and are expressed by stromal cells (fibroblasts,
endothelial cells, neutrophils, lymphocytes and macrophages among others) [50]. Overexpression
of MMPs has been found in virtually all cancers [22]: at least three key steps in metastatic
transformation are mediated by processes requiring MMP action. First, degradation of the ECM
allows transformed cells to escape their anatomical niche. Second, degradation of surface receptors
allows for immune system evasion and removal of cell-to-cell adhesion, which modifies cellular
behaviour. Third, neovascularization promoted by MMP allows for sustained growth of tumors,
which is otherwise limited by lack of available nutrients and oxygen [51, 52]. Overall, the
microenvironment finds itself altered which may result in it being more suitable to support

neoplastic transformations.

MMPs inhibitors are actively being investigated for cancer treatment, however, translational
research has proven challenging, with little to no improvement in patient outcomes as of recently

[53]. There is a high functional redundancy within MMP structures and cleaving sequences on



peptides, which in part explains the difficulty of designing specific inhibitors for cancer treatment
[54]. This also explains the difficulty in designing MMP-specific biosensors based on cleaving
sequences alone, as was experienced by our research group and will be detailed further in this

chapter.

Among MMPs, MMP2 and MMP9 are the most investigated in the field, as higher levels of these
proteins have successfully and repeatedly been associated with higher risk of metastases and are a
marker of poor prognosis in numerous cancers [55-58]. A pan-cancer review of MMPs and their
diagnostic and prognostic values by Gobin and colleagues [22] shows MMP9 has an area under the
curve (AUC) of receiver operating characteristics (ROC) between 0.90 and 0.95 for oesophageal
carcinoma and head and neck squamous cell carcinomas, which is considered of excellent
diagnostic value [59]. Overall, for almost every The Cancer Genome Atlas cancer type, there was
an MMP with an AUC of at least 0.9. Interestingly, MMP11 was found to have the highest number
of significant AUC values, despite being less investigated in research. We can therefore establish
the important diagnostic and prognostic values of MMPs sensing, including MMP9, which could
become highly beneficial for cancer monitoring and a valuable diagnosis aid in the point-of-care

setting.

2.3.2 Carbonic Anhydrase

Carbonic anhydrases (CA) are another family of Zn-dependent enzymes which have the important
function of catalyzing the reversible conversion between carbon dioxide (CO») and water (H2O) to
bicarbonates (HCOj3") and protons (H*). This reaction, which takes place extracellularly and
intracellularly, serves to regulate acid-base balance, pH and carbon dioxide transport [60]. In
cancer, CA function has been linked to tumor growth and metastasis. Cancer cells, which have an
altered metabolism in order to survive and sustain their growth, require a slightly more alkaline
intracellular pH and acidic extracellular pH in the microenvironment. This equilibrium can be
mediated by CA action. Otherwise, acidosis due to high lactic acid and poor tumor perfusion
impairs growth [61]. Certain isoforms of CA, notably CAIX and CAXII have been found to be
overexpressed in cancers and these enzymes are actively being investigated as biomarkers for

detection and monitoring of the disease [62, 63]. They are believed to be excellent candidates for
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electrochemical detection as their catalytic activity allows for an strong electron signal to be picked

up by appropriate electrodes.

2.3.3 Other Zn Metalloenzymes

Of the more than 3000 Zn-dependent metalloproteins found to this day, many have been found to
have relevance in cancer pathological processes. Table 2.2 presents an overview of some of the
most significant Zn-dependent metalloproteins not previously described in this work, which could

also be of diagnostic or prognostic value with the appropriate sensors.

Table 2.2 Overview of Zn-dependent metalloproteins

Antioxidant, DNA

Metal ion binding protection, inhibition of
Metallothioneins Yes [64-66]
and homeostasis apoptosis, cell

proliferation, angiogenesis

Acts as tumor

Varied: DNA . Used as
suppressors, transcription
Zinc-finger binding, RNA factors, genome stability aptamer, 67.71]
proteins binding, Protein and DNA repair no direct
binding sensor
Other functions

Regulation of

Intra and proliferation,
extracellular differentiation, apoptosis,
S100 ) No [72-75]
signalling, metal energy metabolism, cell
homeostasis migration and invasion

Overexpressed in cancer
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2.4 Techniques and Methods for Zn and Zn-dependant Protein Sensing

Early detection is crucial in cancer and patient survival is improved when detected early. Currently,
about half of cancers are detected at a late or advanced stage, where treatment options are reduced
and sometimes limited to palliative care [76]. To this day, advances in medical imaging and
pathology performed from tissue biopsy which is the gold standard in diagnostic, are considered
inefficient in early stage detection since they rely on tumor phenotypic properties [77]. Early and
specific biomarker detection, including Zn dependant makers, could greatly impact how quickly a
diagnosis can be made, and therefore treatment initiated since biomarker expression changes begin

in very early stages of the disease, in preneoplastic stages [10].

With the diagnostic and prognostic value of Zn-dependant proteins in cancer solidly established by
the literature, the design of sensors capable of detection of these elements is an active area of
ongoing research. Here, sensors must have a low enough LOD and limit of quantitation (LOQ), the
latter being the lowest quantity of analyte which can be reliably not only detected but measured
with acceptable accuracy and precision [78] . As mentioned in section 2.3.1, free Zn is found in a
range of pg * mL!, and differences between healthy and cancerous tissue can be very low, ranging
from few to over 80 ug * mL! [79], although this is highly dependent on tissue type and cancer
type, and more research would be needed in this area to set diagnostic standards for free Zn in
tissues or serum [80]. In a point-of-care setting, markers circulating in the serum, saliva or urine
make for a more appropriate approach, where minimally invasive collection procedures can be
employed, and a tissue biopsy cannot be performed or isn’t indicated yet. These “peripheral”
sensors would complement pathology or suggest that further tests are needed, as it is unlikely a

single marker can in itself be of diagnostic value [11, 77].

Many techniques are currently used in the laboratory setting for Zn and Zn-dependant proteins.
Some are exclusive to free ions or proteins and others are capable of being used for both free ions
and proteins. Versatile techniques are considered advantageous in the point-of-care setting, as

reduced equipment can translate into reduced costs.
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2.4.1 Features for a Point-of-Care-Ready Sensor

While many powerful instruments are commercially available for biomarker sensing in clinical
medicine and in research, few possess the ensemble of qualities and features required for it to be
applicable to the point of care setting. Ideally, on top of being of acceptable sensitivity and accuracy
sensors developed for this purpose must be accessible, in terms of cost and ease of operation. Figure

2.1 highlights the proposed ideal specifications of a point-of-care ready sensor.

Validity Reproducibility
Point-of-care
sensor
- Unskilled
Rapidity operation

Figure 2.1 Desired characteristics for a point-of-care biomarker sensor

Firstly, validity is the prime measure for any diagnostic test, including sensors. They refer to the
ability of a test to be accurate in acceptable performance for the context and when compared to the
gold standard. Validity is measured by sensitivity and specificity [81]. Selectivity refers to the
crucial ability of a sensor to respond to a given specific analyte or biomarker in an environment
with contaminants or substances which may interfere with it [82]. An example of this would be an
electrochemical sensor not differentiating the signal between Zn?>" and Cu?". Depending on the

exact target of the sensor, such as a particular protein isoform, this can be a difficult task.
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Repeatability and reproducibility are two aspects of precision: the former refers to the ability of a
test to produce the same result to an acceptable variability and precision when conditions of the
test are constant and it is performed by the same operator and instrument; the latter is the ability to
generate the same result to an acceptable variability and precision when the test is performed by
different operators using different instruments, in different conditions [83]. This characteristic is
crucial for a sensor to reach the market. Lastly, the rapidity to deliver results, the cost-effectiveness
and the ease of use are features which serve to differentiate a point-of-care system from other
mainstream laboratory techniques. They must be easily implantable in smaller clinics and remote
or underdeveloped areas, which may lack the expertise to run expansive analytical systems, and
which may also lack the funds for expensive machinery [84]. Trade-offs with performance can

sometimes be made in this category to better adapt the technology to the point-of-care.

2.4.2 Spectrometric Techniques

In biological fluids, free metals such as Zn and others are often detected through spectrometry, an
analytical technique measuring the mass-to-charge ratio of ions. Large molecules can also be
identified and precisely measured using these techniques, which involves ionization, then
separation and identification of the ions [85]. Among these techniques, mass spectrometry (MS) is
especially powerful and often considered a universal analytical tool as it can be applied to any
possible situation, in known or unknown samples [86]. Techniques such as MS and atomic
absorption spectrometry are routinely used in clinical laboratories for metal detection and are
generally highly sensitive and fast, however require expensive investments, skilled operators and
considerable laboratory space. Most techniques also require extensive sample preparation and the
method is destructive [87, 88]. This renders them poorly applicable to the point-of-care setting and
their use is confined to specialized laboratories or research. For large protein biomarkers,
spectrometric methods are rarely used in clinical laboratories in favor of immunological assays or
spectrophotometric techniques, although they have the potential to greatly outperform them in
terms of detection capabilities [89, 90]. More recently, mass spectrometry coupled to liquid
chromatography (LC-MS) has been gaining ground in clinical laboratories for proteomic studies
and some of the limitations have being addressed, however the method is still too complex and too

expensive for widespread and routine usage, despite greater sensitivity and specificity [90-92].
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Ongoing research and development is being performed on spectrometric techniques, aiming
towards simplification, miniaturization and cost reduction in order to render them better suited to

the clinical laboratories and the point-of-care [86, 93].

2.4.3 Immunological Assays

Immunological assays are bio-analytical techniques widely used to measure circulating large
analytes, protein biomarkers, RNA, DNA and cells in biofluids. They rely on antibody binding to
an antigen (analyte) for signal transduction. These methods are the most commonly used in clinical
laboratories today as well as research owing to their high-throughput, high sensitivity and
specificity, and the wide range of possible applications [94]. Known techniques such as
immunofluorescence, flow cytometry, radioimmunoassay and ELISA belong to this category.
Clinically, ELISA represents the workhorse technique for protein biomarker detection today [95].
While many variants of the technique exist, it generally involves immobilization of the analyte of
interest onto a surface and using targeted antibodies labeled with enzymes to bind and produce a
measurable signal, typically through luminescence, indicative of the concentration of the analyte
within the sample [96]. The direct ELISA approach is illustrated in figure 2.2. As previously
mentioned, ELISA is the current gold standard when it comes to clinical diagnostic protein
biomarker detection and quantification and is a benchmark to which new and emerging techniques
are compared to assess validity [97]. Although ELISA shows many strengths as a diagnostic tool,
the technique presents difficult to address shortcomings: it is time-consuming since multiple
incubation steps are needed, requires expertise and specialized instruments. Cost, while not being
as prohibitive as spectrometry, could be improved upon as large quantities of reagents and materials
are needed [98-100]. Furthermore, immunoassays in general may not be sufficiently sensitive for
the detection of very low quantities of biomarkers, such as what would be found in the very early
stages of diseases, limiting its effectiveness in early diagnosis and screening [77]. Immunoassays
have and will continue to have an important role in clinical laboratory diagnosis in the near future
for simple and routine assays, however it is theorized that they may get replaced by more
performant and cost-effective spectrometric techniques in the long run, as technology progresses

over time [101].
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Figure 2.2 Working principle of direct ELISA

2.4.4 Optical Techniques

Optical sensing is a group of technologies using light or plasmonic fields and their interaction with
recognition elements for detection analytes in a sample. They can be performed with or without
labels, and are generally found to be highly sensitive and specific, rapid, easy to use and cost-
effective [102]. Label-free techniques are highly advantageous as sample manipulation can be
virtually eliminated from the detection steps. Surface plasmon resonance (SPR) and Raman
spectroscopy (SERS) are among the main optical techniques used and researched today. While
powerful, they show limitations in preventing non-specific interactions (SPR) [103] and may
require expensive equipment not always available to resource-limited settings (Raman) [104].
However, multiple improvements have been achieved with optical technologies and platforms now
exist addressing most shortcomings, such as integrated microfluidics which offer optical
biosensing with portable and simple tools, and are promising candidates for point-of-care
implementation [105]. The detection limit of an SPR-based sensor today is typically in the order

of 10 pg/ mL [106].

2.5 Electrochemical Sensors

The fundamental principle of electrochemistry is the conversion of chemical energy into electrical
energy, which can be measured as a signal through the transfer of electrons and ions between
substances or materials. These processes occur in systems named electrochemical cells, which
consist of electrodes immersed in an electrolyte solution where the reaction involving electron

transfers takes place. Electrochemical sensors utilize this reaction between the electrodes and the



16

analyte in solution to detect and measure its concentration [107]. Electrochemistry-based sensors
measure electrical potential or current changes in specific processes originating from a reduction-
oxidation reaction (redox), where the electron transfer from the chemical species to an electrode
can be precisely measured through a choice of techniques, the most popular of which include the
powerful and flexible cyclic voltammetry (CV) and square-wave stripping voltammetry (SWSV)
[108, 109]. Electrochemical techniques can be classified as voltametric, amperometric,
potentiometric or impedimetric, which depends on the current injection and/or electrical

measurement modalities [110].

Electrochemical sensing is an established technology with a history of use in many industries, such
as environmental and food monitoring, especially in the detection of trace metals [111, 112]. More
recently, there has been significant research focused on biomedical applications, most notably for
glucose sensing in diabetes [113], which represents its major clinical use today, but also in
detection of bacterial infections [104, 114] and traumatic brain injury [115]. Electrochemical
sensors are currently receiving significant attention for their potential applications in point-of-care
cancer monitoring, since they possess the advantage of being extremely low-cost, simple to design
and operate, fast, miniaturized, and easily mass-manufactured. Of all their advantages, perhaps the
most significant is the endless potential of chemical modifications that can be applied to the
electrodes’ surfaces, enabling a wide variety of applications and strategies to be put forth to

augment sensitivity and selectivity of these sensors [116].

Electrochemical sensors are often designed around recognition elements, which can be antibodies,
enzymes or aptamers to facilitate signal transduction and to ensure higher specificity in the
presence of interfering substances. Furthermore, nanomaterials as an electrode structural
modification are becoming increasingly popular as they allow for significant increase in surface
area available to the electron transfer reaction to take place, therefore enhancing sensitivity [117].
Conductive nanomaterials Also allows direct electron transfer from the active site of the
metalloprotein to electrode surface by tunneling of electrons when distance is about 10 A or less
[118]. Certain metals exhibit a particular surface catalytic activity for substrates, or chemical
selection, and therefore contributing to increasing specificity in the presence of interfering
substances [119]. This is notably the case for bismuth and Zn, where Bi-modified electrodes have

shown the potential to interact with metallic ions at a more positive reduction potential than
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otherwise expected from carbon electrodes, allowing their detection [120]. Figure 2.3 depicts these
typical electrochemical sensor design strategies. Design elements depicted in can also be combined
for even more performant sensors, where recognition elements can be attached to nanoparticles
[121]. To be detected with an electrochemical apparatus in an approach not involving recognition
elements, a biomarker must therefore be redox-active. In the case of a protein marker, this would
translate into having an metal ion cofactor such as the metalloproteins, or aromatic compounds
[122]. Zn-dependant proteins expressed in cancer are thus excellent candidates for electrochemical

detection.

interfering species

target analyte ‘/
nanotubes

’ ’ nanosheets
recognition - emr——y

element

electrode B electrode

Figure 2.3 Common design strategies of electrochemical sensors. Recognition elements (A)
including antibodies, enzymes and aptamers for specificity. Nanomaterials (B) used to augment

surface-to-volume ratio and sensitivity.

2.5.1 The Three-electrode Electrochemical Cell

The electrochemical cell is the basic functional apparatus of electrochemical measurements and
the three-electrode setup has been the most widely used in studies historically [123]. Connected to
a potentiostat/galvanostat unit, it allows to perform a multitude of electrochemical techniques such
as CV, electrical impedance spectroscopy (EIS), chronoamperometry, and SWSV without
changing its setup. In the form used for this project, it consists of three electrodes: namely, the
working electrode (WE), the counter electrode (CE) and the reference electrode (REF). Figure 2.4

describes an electrochemical cell as used for this project. The cell contains an electrolyte solution
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required for the flow of current within the system and “close” the electrical circuit. In in vitro
experiments, a supporting electroactive salt must be added to the liquid in order to enable
electrochemical experiments to take place within the cell. They are often KCl combined with
tetrabutylammonium tetrafluoroborate (NBusBF4), potassium ferricyanide (K3[Fe(CN)6]) or
sodium perchlorate (NaClO4) [108]. Commonly used buffer solutions such as phosphate-buffered

saline and tris-buffered saline (TBS) which mimic physiological conditions are often suitable on

Electrode connections

their own without any added electrolyte.
Holes for degassing

/i —L
/
or reagent addition

=E [ — Teflon cap
/— Glass solution reservoir

——— Electrolyte solution

Working electrode

\ — Reference electrode
Counter elctrode

Figure 2.4 The three-electrode electrochemical cell setup [108]

The WE controls the electrochemical event taking place in the cell, on which an electrical potential
is applied in reference to the REF through the potentiostat. The reaction of interest takes place at
the surface of the WE, and therefore physico-chemical modifications are to be applied at this site
to enhance affinity for the analyte and favour electron transfer. It is also the location at which
peptides can be grafted to the system, where changes in impedance (the resistance to the flow of
current) will be detected at the electrode-solution interface. Glassy carbon and gold are the two of
the most used materials for WEs as they are excellent conductors, easy to modify chemically and
to clean, and inexpensive [124, 125]. Moreover, there is now a significant amount of literature
regarding surface modification of glassy carbon electrodes (GCE) which greatly facilitates the

development of novel sensors [126].
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The REF acts as a reference point to measure and apply currents within the cell. In a system, the
redox potentials for a species will vary according to the make of the REF. The most used electrodes
for such systems are silver chloride (Ag/AgCl) and saturated calomel (SCE). Lastly, the counter
electrode completes the circuit since current is flowing between the WE and the CE in the cell.
When oxidation occurs at the WE, reduction occurs at the CE and vice-versa. Since the rate of
reaction is determined by the surface area of the electrode on which it takes place, it is imperative
to have a much larger surface area on the CE than the WE to make sure the former is not the rate-
determining step in the combined redox reaction: we are interested in studying the component of
the reaction occurring on the WE only [127]. High surface area platinum coil wires or meshes are

typically used as they are chemically inert in oxidation and good conductors [128].

2.5.2 Cyclic Voltammetry

In a solution, CV employs the three-electrode setup to perform an electrical potential (E) sweep
across a given range, while recording the current response (I) of the system. In a given chemical
environment, an electroactive species will be oxidized or reduced at a specific potential, which in
turn produces a current response proportional to the species’ concentration, which is indicative of
the reaction rate of the electron transfer. The voltammogram is further influenced by several other
factors to be taken into account, such as the scan rate, or the speed at which E is swept between the
set limits, the diffusion coefficient of the electroactive species, or the speed at which it moves in a
solution, the electrolyte solution composition and pH, and the physico-chemical properties of the
electrode itself, namely the chemical selection and surface area available for the reaction [108].
Figure 2.5 depicts an example cyclic voltammogram of one cycle from a solution containing one
electroactive analyte at a given scan rate. CV is a fast and simple technique to obtain measurements
of analytes and to characterize an electrode surface, however it lacks sensitivity when compared to
stripping voltammetry techniques and in such it is rarely used alone for precise detection of small
quantities of analytes. It serves more as an exploratory technique. This low sensitivity is explained
by the faradic current -the current generated by the flow of electrons involved in the
electrochemical reaction, which is linear to the analyte’s concentration- being interfered with by
capacitive current, arising from the sweep charging/discharging of the electrical double layer at the

electrode-electrolyte interface [109].
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Figure 2.5 A standard cyclic voltammogram of current (I/Amperes) vs potential (E/Volt)
showing reversible oxido-reduction of an electroactive species. Forward direction: oxidation,

reverse direction: reduction. [129]

Trace metals such as Zn can easily be detected by CV as Zn undergoes the following reaction at
the surface of the WE: Zn = Zn(II) + 2e~ [130]. The oxido-reduction peak can be easily seen
on the cyclic voltammogram which also allows with a high enough resolution to differentiate
between the different ions should there be interfering species present (Cu2+, Pb2+ or other divalent
metal cations), such as depicted in figure 2.6. Few sensors have been described in the literature
using only this modality: CV is first employed to characterize the electrode’s conductivity and
chemical selection for the desired species, then typically a method of stripping voltammetry is used

to determine the sensitivity of the system and the lowest possible LOD and LOQ.
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Figure 2.6 Cyclic voltammogram showing the discrete oxido-reduction peaks of Zn, Cd and Pb

with modified Bismuth Film electrodes (BiFE) and Glassy carbon electrodes (GCE) [131].

2.5.3 Stripping Voltammetry

Stripping voltammetry is a popular and powerful technique to quantitatively measure ultra-low
quantities of trace elements in electrochemistry. It involves two key steps: (1) electrodeposition of

the electroactive species and (2) stripping.

(1) The electrodeposition step involves the accumulation of the electroactive species through
either the application of a reduction (anodic) or oxidation (cathodic) potential between the
REF and the WE. The oxidized or reduced species will be deposited on the WE surface. In
the case of trace metal analysis, anodic stripping is mostly used as the application of a
sufficiently negative potential will reduce the metal ion M™" to M, where the zero-valence
metal will easily deposit to the electrode surface [132]. In the case of Zn, the following

reaction will occur;
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Zn?*(aq) + 2e~ - Zn(s) (1)

(2) A reversal potential will be applied to oxidize or reduce the species and revert the previous
reaction which occurred in the electrodeposition step. In anodic stripping voltammetry,
oxidation of the metal back to its ionic state is done via sweeping the potential in the anodic
direction. Equation 2 illustrates this reaction with Zn following the reaction in equation 1.
The potential at which a stripping peak occurs and its current/AUC are recorded, which are

dependent on the nature and quantity of material previously deposited [132].
Zn(s) = Zn** + 2e~ ()

Equations 1 and 2 in the context of anodic stripping voltammetry are illustrated in figure 2.7. In
the stripping step, the potential sweep may be performed linearly, or using other waveforms such
as SWSV or differential pulse voltammetry (DPV). Linear sweep voltammetry is the simplest

technique and requires the least complex instruments [133].

Electrode

Current

Electrode

Potential

Figure 2.7 Electrodeposition (top) and stripping (bottom) steps in conventional stripping

voltammetry techniques [134]

SWSV and DPV both offer greater sensitivity than linear sweeps, however they require instruments

capable of generating and analyzing precise current pulses or current waveforms. Compared to
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DPV, SWSV is generally believed to possess the best advantages and considered the most
advanced technique since it is faster, more sensitive and offers the greatest reduction in capacitance
current [135], which can interfere with measurements as discussed in the previous section.
However, it is to note that some controversy exists on which stripping voltammetry technique is
the most sensitive [136]. Detection limits of SWSV based electrochemical sensors are regularly in
the 1071 M, or 1 ng * mL for trace ions, while for DPV the limits are in the 10 M range [137]. To
calibrate a stripping voltammetry sensor, the peak reduction/oxidation current is recorded at a given
concentration of analyte, then a curve can be plotted consisting of peak current (I) vs concentration.

An LOD and LOQ can then be calculated from the linear regression, which is shown in figure 2.8.
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Figure 2.8 Example of square wave stripping voltametric curves and corresponding calibration

curve for determination of analyte concentration [138]

While effective for free ions and small molecules, SWSV is rarely used for the detection of large
molecules such as proteins where a labelled or recognition element approach is preferred. In the
design of voltametric sensors, great care must be employed to ensure that the sensor is resistant to

interference, as biological samples contain many interfering species [139].
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2.5.4 Electrical Impedance Spectroscopy

Lastly, EIS is an important technique used in biomarker detection when recognition elements are
employed. It relies on the principle of measuring the impendence (Z, the opposition to the flow of
a current in an electrical circuit), at the electrode-electrolyte interface [ 140]. Recognition elements
can serve to bind the target analyte, in which case resistance to the transfer of charge will increase
as the electrode gets obstructed by the analyte. Another popular method for the detection of
enzymes is to chemically link a degradable peptide chain to the electrode, which will get cleaved
by the target analyte, therefore decreasing the obstruction and resistance at the electrode surface
[141]. EIS is regarded as an ultra-sensitive, low cost and non-destructive analytical method with a
resistance to interference as recognition elements are often present, however, the careful
consideration in choice of said element must be made in order to avoid nonspecific binding in the

case of biosimilar molecules and makers, a major limitation of the technique [142].
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Figure 2.9 Working principle of an electrochemical EIS biosensor. Impedance (Z) increases with

binding of the target analyte, decreasing the electrical output and signal of the apparatus.

To conclude this review, a selection of sensors based on technologies described in this chapter will
be presented, along with their lowest reported LOD and catalyst or recognition element strategy

used. Table 2.3 presents a selection of sensors for free Zn ions. Among chosen sensors, the lowest
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LOD belongs to an optical SERS biosensor, which achieved a staggering and unprecedented 10-'4
M, however the reproducibility is low and SERS devices are still poorly adaptable to the point-of-
care [143]. Optical sensors generally outperform electrochemical sensors by three orders of
magnitude, however SWSV sensors have shown to be on the same performance level with an LOD
of 9 ng/L for free Zn ions [144]. For the detection of Zn-dependant proteins, a selection of sensors
targeting cancer biomarker proteins discussed in this chapter are presented in table 2.4. For protein
detection however, performance of electrochemical sensors is comparable to other technologies
such as optical techniques and the gold-standard ELISA. A SWSV electrochemical sensors has
even achieved an LOD of 3*10°'> M for MMP-7 using the strategy to link peptides with MMP-7
cleavage specific sites to the electrode for selectivity and signal amplification, which allowed such
a high sensitivity [145]. Overall, electrochemical sensors show adequate performance compared to
other available technologies and current gold standards in biomarker detection, combined with their
highly desirable advantages for the point-of-care implementation. This renders them an important
and promising research area for the field of medical sensors for cancer monitoring, more

specifically free Zn and Zn-dependant metalloproteins in cancer.
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Table 2.3 Selection of free Zn ion sensors with their characteristics and performance

Electrochemistry SWSV Bismuth 0.05 pg/ml [146]

Electrochemistry Cyclic voltammetry Bismuth + carbon fibre 1.0 pg/L [147]

Electrochemistry SWSV Bismuth oxide 1.0 pg/L [148]
DPV stripping

Electrochemistry Carbon nanotubes 17 pg/L [149]
voltammetry

Electrochemistry SWSV Sulfonated carbon+ Bismuth NP 4.8 ng/mL [120]

Electrochemistry SWSV Carbon nanotube threads 9 ng/L [144]

1-((2-(2-(2-((2-hydroxynaphthalen-1-
Optical Fluorescence yl)methyleneamino)phenylamino)ethylamino) 3ng/L [150]

phenylimino)methyl)naphthalen-2-ol (H2L)




Optical

Optical

Optical

Optical

Spectrometric

SPR

SPR

SERS

SERS

Microwave plasma

torch MS

Chitosan—TBTDS

Gold-Nanocrystalline cellulose

Zincon

N'N-bis(2-hydroxybenzylidene)-4-

aminophenyl disulfide (HBA)

None

10 pg/L

10 pg/L

0.1 pmol/L

10 fmol/L

10 pg/L

[151]

[152]

[153]

[154]

[155]
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Electrochemistry EIS MMP-9 Cleavage site specific peptide 15 ng/mL [141]
Anti-MMP2 Antibodies on Au-
Electrochemistry DPV MMP-2 0.11 pg/mL [156]
NP

Electrochemistry SWV MMP-7 Cleavage site specific peptide 3.1 fg/mL [145]
Electrochemistry ~ Chronoamperometry CA Sulfonated carbon+ Bismuth NP 11 ng/ml [120]
Electrochemistry ~ Chronoamperometry CA 1l Methazolamide 6 ng/mL [157]
Immunoassay ELISA MMP-9 Anti-MMP9 Antibody 4 pg/mL [158]
Optical SPR MMP-9 Anti-MMP9 Antibody 8 pg/mL [159]
Spectrometry MALDI-TOF MS MMP-2 Binding peptide probe 10 ng/mL [160]




Spectrometry

LC-MS

MMP-3

None

0.5 ng/mL

[161]
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CHAPTER 3 CHALLENGES, RESEARCH OBJECTIVES AND
GENERAL METHODOLOGY

3.1 Challenges & Objectives

Upon reviewing the literature on Zn electrochemical sensors and their strategies, it was clear
bismuth materials offered a promising path to developing performant yet accessible point-of-care
sensors. New materials are always being investigated to develop sensors with the lowest possible
LOD and recently bismuth-based electrochemical devices have reached limits in the ng/mL [120]
which are biologically relevant in medical sensing. However, there is still the possibility to improve
the sensitivity of those sensors as there is a gap between the most performant electrochemical
sensors and devices from optical technologies such as SPR which can currently reach LODs in the
fmol/mL [154] for free Zn detection. These devices however require complex fabrication and a
high cost to acquire the technology, which is a major hurdle for implantation in the point-of-care
setting when compared to electrochemistry, which tends to produce easy to fabricate and accessible

Sensors.

In conclusion, despite the recent progress made in medical sensing devices, there still remains a
gap for accessible, point-of-care-ready sensors for the detection of free Zn in cancer with ultra-
high sensing performance comparable to optical technologies. It is believed bismuth materials may
help bridge this gap by providing electrochemical sensors with a high chemical selectivity and

affinity for Zn ions.

The aim of this work is to develop the basis of a novel electrochemical sensor for the detection of
free Zn ions with a simple fabrication scheme and accessible utilisation. The objectives are divided

as follows:

OL1. First, to synthetize and characterize Bi nanostructures with a high surface-to-volume ratio

and high Zn affinity.

02. Second, to chemically modify the nanostructures with specific amino acids such as

histidine to enhance electrocatalytic activity.
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03. Third, modify the surface of a microelectrochemical probe with the synthetized Bi

nanostructures and investigate Zn detection capabilities in in vitro buffer solutions.

3.2 General Methodology

The following chapter will present a detailed methodology for the development and in vitro testing
of the electrode concepts. Based on a review of recently developed similar devices and following
fundamental electrochemical principles, the work on sensors was mostly based on trial and error

to optimize the many parameters and variables involved in order to maximize detection capabilities.

3.2.1 Synthesis of Bismuth Sulfide Nanoparticles

Bismuth sulfide nanoparticles (BiSNP) were chosen as basis for the Zn detection electrocatalytic
ink. While the Bi shows excellent electrocatalytic activity for the reduction of Zn, S allows covalent
modifications. The NP were designed to incorporate carboxylic acids as terminal functional groups
(-COOH) on their surface linked to S to allow for further chemical modification of the framework
through cross-linking through popular reaction such as NHS/EDC [162], used to attach a terminal
carboxy group to a primary amine, such as those present in amino acids. Using this method, the
BiSNP framework could theoretically support a variety of peptides, proteins and polymers grafted
upon it to improve its performance as a biosensor. Amino acid histidine was chosen as the
recognition element for its affinity with divalent metals, which should enhance selectivity and
sensitivity of the carbon electrode. L-histidine has been shown to form complexes with Zn** and

Cu?" and has been found useful in the detection of these ions with voltammetry techniques [163].

3.2.2 Carboxylated Bismuth Sulfide Framework

A hydrothermal reaction was employed to synthetize carboxylated bismuth sulfide nanoparticles
(cBiSNP) in a one-pot synthesis, which is considered an efficient approach in synthetic chemistry,
minimizing chemical waste, saving time and simplifying steps [164]. In the presence of
thioglycolic acid (TGA), bismuth nitrate, Bi(NOs)3, can react to form bismuth sulfide (Bi.S3) at
relatively low temperatures if pressure is kept very high such as in a hydrothermal process. At

reaction temperatures of 160-180°C, a nanorod-like structure can be obtained [165, 166]. The
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reaction was completed with thioacetamide (TAA), another source of sulfur ion. Combining TGA
and TAA with a metal cation in a hydrothermal process results in a carboxylated sulfur ion, where

TGA acts as the -COOH source [167]. The reaction scheme is illustrated in figure 3.1.

o o
- T' L & 0 rf:‘-:'f'mj.flw.c“
I': : ‘9% 2 Ny ‘#?z"]""'*‘" ~OH He by
--._;;"' 2, on M- wuy,
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Bi** —— 1o00— COOH i
TGA NHS/EDC
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g ”"\T""-"""n'é
160°C Sh 0

Figure 3.1 Reaction scheme of carboxylated bismuth sulfide nanoparticles with NHS/EDC cross-

linking of amino acid L-histidine (not to scale).

The reaction scheme depicted in Figure 3.1 can be explained in the following proposed mechanism:
firstly, bismuth nitrate dissolves in water to form free Bi*" ions, which combined with sulfur from
TAA form Bi>S3 nanoparticles when heated at 160°C for 5h. The carboxylic acid group of TGA
can then undergo a reaction with the surface sulfide (S**) ions present in the nanoparticles: the thiol
group of TGA will be displaced by the S, resulting in surface-bound carboxylic acid groups

covalently linked to the nanoparticles themselves.

3.2.3 Nanoparticle Physico-chemical Characterisation

The synthetized cBiSNP and bismuth sulfide nanoparticles coated with histidine (BiSNP-H) were
characterized with Fourier-transform infrared spectroscopy (FTIR) to inspect surface functional
groups and high-resolution images were taken with a scanning electron microscope (SEM).
Average size of nanoparticles was measured manually through SEM images taken at 1.2k

magnification using Fiji software [168] and data was presented as mean + SD.
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3.2.4 Preparation of Bismuth NP-modified Electrode

GCE with Smm diameter were used as the basis electrode for this sensor design. An electrocatalytic
ink was prepared consisting of 1 mg/mL of the chosen NP, 16 pL/mL of Nafionl117 (5% w/v
polymeric solution, acting as a molecular binder [169] to coat the electrode with our NP), in a 80%
v/v ethyl alcohol in water. GCE were prepared by first careful polishing for 5 minutes in a 0.05 um
alumina polishing solution, then washed and sonicated in an ultrasonic bath for 10 minutes in water
and 10 minutes in acetone. The electrodes were then dried under N». 20 uL of the electrocatalytic
ink was then dropped casted on the surface of a GCE and set to dry at room temperature. The
prepared Bi NP electrodes were then ready to be placed in a three-electrode electrochemical cell,

acting as the WE.

3.2.5 Electrochemical Measurements and Zn Sensing

A three-electrode electrochemical cell was used as described in chapter 2. Platinum coil wire was
used as CE and Ag/AgCl was used as REF. To assess electrical conductivity of the designed
cBiSNP and BiSNP-H electrodes and compare them with a bare GCE for control, simple CV were
conducted in a 10 mM aqueous potassium ferricyanide solution. Control CVs were performed in a

range of -0.4 to 0.8 V at a scan rate of 50 mV/s.

SWSV was chosen for Zn sensing for its superior sensitivity compared to other electrochemical
techniques and TBS was chosen as electrolytic solution to carry the measurements as it is an
effective buffer solution, maintaining a stable pH between the 5.8-7.2 range, which is important as
many electrochemical reactions are affected the pH value. Furthermore, TBS shows excellent
biocompatibility as it is isotonic, non-toxic to cells and is often used as a nucleic acid stabilizing
and storage solution. To determine the reduction potential of Zn in our system that will be applied
during pre-concentration step of SWSV, a simple CV was performed in TBS pH 5.1 with 1 mM
Zn nitrate in the range of -1.4 to -0.8 V at a scan rate of 20 mV/s. Through the resulting cyclic
voltammograms, a cathodic reduction peak of Zn was identified. pH at which Zn is detected was
optimized with SWSV measurement of Zn. SmM Zn nitrate-TBS (deposition parameters: -1.4 V
for 300 seconds; SVW parameters: pulse amplitude 25 mV, step height 0.2 mV, frequency 25 Hz,
range -1.4 to -1 mV) was used and pH of the Zn solution was adjusted from 3.6 to 7.1 by adding
NaOH or HCI as needed. Once the optimal detection pH was identified, SVSW Zn measurements
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were undertaken with the same parameters in Zn nitrate-TBS solutions ranging from 5 to 50 uM.
Peak current in the stripping step was recorded and used to plot a calibration curve of concentration
vs 1. In all SWSV experiments, current I was calculated from Al (F-R), which is the differential
DC current obtained by subtracting the reverse pulse reading from the forward pulse reading,

providing with the differential output as is common practice in pulse voltammetry techniques. LOD

was determined from the formula LOD = 3.3 * % were o is the standard deviation of the intercept

(calculated as SE*sqrt(N)) and S the slope of the curve. LOQ was determined from the formula
LOQ =10 * %
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Carboxylated Bismuth Sulfide Nanoparticles

cBiSNP were synthetized according to step one of the reaction scheme depicted in figure 3.1 using
bismuth nitrate, TAA and TGA in a hydrothermal reaction for 5h at 160°C. A second reaction
cross-linking amino acid histidine was carried on the nanoneedle-shaped NP using NHS/EDC. To
confirm successful synthesis of BiSNP and the presence of surface carboxyl groups on the NP,
physicochemical characterization was performed on the powder resulting from the first reaction
step. Macroscopically, the two end products were indiscernible from each other, and the thin black
powder appearance form the first synthesis was preserved. SEM pictures of the NP were taken
before (figure 4.1 A) and after (figure 4.1 B) histidine cross-linking. The nanoneedle morphology
confers a high surface area to volume ratio, therefore enhancing greatly the available

electrocatalytic surface of the electrodes.

NMMD6.7  x20k 3.0 pm

BiSNP-H

NMMD4.8 x18k 5.0 um

NMMD4.7 x18k  5.0pum

Figure 4.1 SEM images taken of cBiSNP powder (A) and cBiSNP-H (B) after histidine cross-

linking. Images show nanoneedle morphology is preserved after chemical modification.
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Figure 4.1 shows that the morphology of the cBiSNP nanoneedles was preserved after NHS/EDC
cross-linking of histidine and the structural arrangement of the NP in a flower-like configuration
remains unchanged. Sizes of cBiSNP were measured manually from SEM pictures and are
presented in Figure 4.2. A total amount of 215 NP were individually measured, and average NP

length was determined to be 1.782 + 0.832 um.
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Figure 4.2 Size distribution of cBiSNP

To characterize the composition and surface functional groups of the synthetized NP, FTIR was
performed on cBiSNP, shown in figure 4.3. Firstly, the IR spectrum shows the presence of bismuth
and sulfur with two strong peaks at 770 & 692 cm™! characteristic of Bi»S3 and attributed to Bi-S
bending vibrations [170, 171] and to C-S stretching, respectively [172]. The peak located at 1200
cm’! may be attributed to bending of C-O bonds. Furthermore, the strong peaks seen at 1515 cm’!
and 1350 cm™' may be attributed to carboxylate salts themselves, which would indicate the presence
of the surface carboxyl groups in their ionized form. The two bands are typical of the ionized groups
in the sodium carboxylate form [173]. The weak broad band seen in the 3500-3000 cm™' region is
also characteristic of carboxylic acid O-H stretch. As the region peak is weaker than the carboxylate
peaks, we can infer the dominant form of the functional group in the ¢BiSNP is the sodium

carboxylate.
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Figure 4.3 FTIR spectra of the carboxylated Bi2S3 nanoneedles in powder form

4.2 Electrochemical Characterization of cBiSNP and BiSNP-H Electrodes

Electrical conductivity of the newly designed electrodes was assessed using potassium ferricyanide
solution [K3Fe(CN)s]/[KsFe(CN)s] as electron transfer agent. The obtained cyclic voltammograms
are depicted in figure 4.4 for a bare GCE negative control electrode (black curve), GCE modified
with the ¢cBiSNP electrocatalytic ink (red curve) and GCE modified with the BISNP-H (containing
histidine) electrocatalytic ink (blue curve). As shown by the inset of figure 4.4, peak anodic current
density at the surface of the electrode decreased from 194 pA/cm? to 132 pA/cm?, which represents
a 32% decrease in conductivity of the surface. However, this decrease in conductivity is expected
to be greater as the electrode surface was coated with high surface area to volume ratio NP, and a
higher surface area leads to higher currents. Despite a greater surface area, the new cBiSNP
electrode showed a significant decrease in current density, indicating of the very low conductive
nature of our material. This is to be expected as Bi is less of an electrical conductor than traditional
carbon structures [174]. In its Bi2S; form, bismuth has a reported electrical conductivity (c) of 6

Siemens * m™! [175] while glassy carbon has a conductivity of 6803 Siemens * m™! [176], which is
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over 1000 times greater. The hypothesis is that by using bismuth to coat a carbon electrode,
specificity will be gained at the loss of electrical conductivity. Then, the bare GCE was coated with
the BiSNP-H based electrocatalytic ink to investigate the effects of histidine linking on
conductivity. As shown on figure 4.4, anodic peak current density of the BISNP-H is 62 pA/cm?.
This represents a further 53% decrease from the observed conductivity of the cBiSNP electrode
and a 68% decrease from the bare GCE. This decrease can be explained by the histidine assembly
forming an insulating layer retarding the electron transfer from the analyte to the electrode Bi.S3
surface. Despite a lower electrical conductivity from the addition of histidine to cBiSNP, sensitivity

to Zn ions is expected to be greater as histidine forms complexes with ions in the solution.
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Figure 4.4 Cyclic voltammograms in 10 mM [K3Fe(CN)s] of a bare 5mm GCE (black), cBiSNP
modified GCE (red) and BiSNP-Histidine modified GCE. Inset shows oxidoreduction potentials

as current densities for a Smm electrode for each modified electrode.
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4.3 7Zn Electrodetection

Firstly, Zn reduction peak at the surface of our designed electrodes needed to be elucidated in order
to later apply the correct potential in the deposition step of the SWSV for optimal detection
performance. This is an intrinsic property of the system and is highly dependent on surface coating,
and therefore cannot be inferred from similar electrode designs in the literature. To this end, CVs
were performed in TBS at pH 5.1 with a high Zn concentration (1 mM) to observe the peak cathodic
potential, at which Zn reduction and deposition on the electrode surface occurred and the resulting
current generated by the system. cBiSNP modified and BiSNP-H modified GCEs were compared,
and the results are shown in figure 4.5. Cathodic peak potential occurred more negatively for the
BiSNP-H (-1.32 V) versus the ¢cBiSNP (-1.25 V). This would theoretically enhance specificity as
the Zn reduction reaction is pushed to more negative potentials, it can be more easily differentiated
from interfering species reacting at the same surface. Furthermore, a greater cathodic current
density was generated by the reaction on BiSNP-H (-510 pA/cm?) versus cBiSNP (-415 pA/cm?)
which would suggest superior affinity for Zn reduction and superior electrochemical performance
for BISNP-H compared to ¢cBiSNP (23% increase). However, in future works, more repeats of the
measurements under the same conditions should be completed in order to establish statistical
significance. The observed difference in current densities for Zn reduction could be explained by
the surface histidine forming complexes with Zn ions in solution, therefore increasing the amount
of Zn in close proximity of the electrocatalytic surface, which are then readily available to undergo

redox.
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Figure 4.5 Cyclic voltammograms of cBiSNP and histidine-modified BiSNP (BiSNP-H) Smm
GCE in TBS pH 5.1 with ImM Zn nitrate. Inset shows the cathodic peak potentials and current

densities.

BiSNP-H modified GCE were chosen to investigate the effect of pH on Zn sensing. SWSV was
performed in SmM zinc nitrate TBS solution, varying the pH from 3.6 to 7.1. The voltammograms
are shown in figure 4.6A. Overall, the BiSNP-H electrode showed measurement stability across a
wide pH range, as illustrated in figure 4.6 B. At pH 3.5, measured current was 60pA, which
decreased to 51 pA close to physiological pH at 7.1. This represents a change of -15% over this
range. Peak sensor performance in TBS occurred in a pH range between 4.3 and 5.0. This is
consistent with the literature, which reports Bi film electrodes to operate at highest electrochemical
performance in stripping voltammetry in the 4 to 5 pH range [177]. Other works also report a

greater potential windows in Bi hydrolysis in lower pH [27], which would make this range
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theoretically ideal for a performant Bi-based Zn sensor. While the relationship between potential
window and current is not straightforward, generally a higher potential window for an electrode
can lead to greater currents being generated by the studied reaction. However, due to practical
considerations, the use of a pH closer to physiological pH is more commonly used in Zn biosensors
in the literature, since biologically relevant samples have a pH range between 6.5-7.4 [178].

Therefore, a pH of 6 was chosen to conduct further Zn sensing trials in TBS.
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Figure 4.6 SWSV voltammograms (A) of BISNP-H modified 5mm GCE in TBS buffer with
5 mM Zn nitrate, varying the pH of the buffer solution from 3.6 to 7.1. Peak SWSV current (B)
as a function of TBS buffer pH.

cBiSNP were investigated and optimized first for their Zn detection performance in TBS. SWSV
was performed on Smm GCE with the previously designed electrocatalytic ink. The physiologically
relevant range of 0 to 50 uM was investigated, in Zn increments from 0, 5, 10, 20, 30 and 50 uM.
Figure 4.7 A shows the resulting voltammograms. The lowest concentration tested, 5 uM, results
in a current density of 70.0 uA/cm?, which is 3.3 times greater than the current measured when no
Zn was present (21.1 pA/cm?) suggests a signal of good quality would have been obtained if lower
concentrations were to be tested on the system and that 5 uM does not represent the limit of the

system. The peak SWSV current for each Zn concentration was plotted in a calibration curve
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presented in figure 4.7 B. Within the 5 uM to 50uM range, our sensor shows a linear relationship
between Al and [Zn], with an adjusted r-square of 0.93. The linear regression was Y = 2.93*[Zn]
+71.16. Based on a linear regression including 0 uM Zn (regression: Y = 3.49*[Zn]+ 52.13,
adjusted r-squared 0.88), LOD was calculated according to the [UPAC method of 3.3*SD/S to be
30.23 uM and the LOQ (10*SD/S) to be 100.80 uM, or 1.98 ng/mL and 6.60 ug/mL, respectively.
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Figure 4.7 SWSV voltammograms (A) for Zn detection from cBiSNP-modified GCE in TBS
pH 6.1. The electrodes were exposed to Zn solutions of SuM, 10uM, 20uM, 30 uM and 50 uM.
Calibration curves (B) of the sensor showing linear relationship between Al and [Zn] with linear

regression in the 5-50 uM range.

4.4 Preliminary BiSNP-H Results

Zn detection from BiSNP-H are only available as preliminary results and need more
experimentations to optimize the detection performance and stability of the electrocatalytic ink in
SWSV. The current state of the biosensor is presented in figure 4.8. The signal obtained from the
sensor currently has a very low signal-to-noise ratio, limiting its analysis. Furthermore, the current
obtained for this sensor is greatly diminished at the same Zn concentration when compared to the
cBiSNP-based sensor (53.5 pA/cm? vs 172.5 pA/cm?) and shows a reduction of 69% at 30 uM Zn.
A linear regression was performed in the 5 to 50 uM range, which resulted in an adjusted r-square

of 0.56, which is too low to establish the linear relationship between Al and [Z]. For this reason,



43

an LOD and LOQ were not calculated. The system however responds to Zn and considering the
results of the CV in high Zn concentrations in Figure 4.5 which show superior electrochemical
performance of BiSNP-H compared to ¢cBiSNP, it is hypothesized that given more experiments to

optimise the new coating BiSNP-H will show superior performance in SWSV for Zn detection.
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Figure 4.8 SWSV voltammograms (A) for Zn detection from BiSNP-H modified GCE in TBS
pH 6.1. The electrodes were exposed to Zn solutions of SuM, 10uM, 20uM, 30 uM and 50 uM.
Calibration curves (B) of the sensor showing linear regression between Al and [Zn] in the 5-50

uM range.

4.5 General Discussion

The aim of this thesis was to develop an electrochemical sensor to detect a cancer biomarker, free
Zn ions, in laboratory solutions. To this end, a modified bismuth sulfide-based carbon electrode
was designed with high affinity for Zn, and the successful engineering of this sensor was
demonstrated in this work. Further modifications and optimizations of the sensor have been

undertaken and are in the preliminary stage at the time of writing this thesis.

A challenge in developing electrochemical Zn sensors is optimizing the chemical selectivity of the
surface. While carbon is an excellent conductor, it does not allow to easily differentiate our target

analyte from interfering species, namely other divalent ions. To address this challenge, bismuth in
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its Bi2S3 form was chosen, which has been shown to possess great affinity for Zn in the
electrochemical context, as the basis of our sensor which would then be modified to attempt to
further enhance its sensing performance. First, the Bi2S3 was successfully prepared in the form of
nanoneedles with an average size of 1.78 um, whose morphology bears a high surface-to-volume
ratio. This allows for a greater surface area in contact with the solution and enhance the
electrochemical reaction taking place, which would translate into a higher sensitivity for the sensor.
The novelty in this material is the one-pot hydrothermal synthesis resulting in NP with surface
carboxylic acid functional groups (¢cBiSNP), which has not been previously described in the
literature. We therefore designed an electrochemical Bi>S3 framework which has the potential to
be further modified according to one’s needs and objectives in sensing. The surface carboxylic
acids can be involved in a multitude of chemical reactions to attach other molecules or recognition
elements to the framework, and their presence was confirmed through FTIR (figure 4.3). The
cBiSNP modified electrodes were tested through CV and showed a decrease in cathodic peak (Icp,
-32%) and anodic peak (l.p) currents when compared to GCE. This was expected as bismuth is a
lesser conductor than carbon, however this is at the advantage of higher selectivity for Zn ions.
Furthermore, the cBiSNP were investigated as Zn sensor through SWSV and the following results
were obtained: an LOD of 30.23 uM or 1.98 pg/mL and a linear relationship between Al and [Zn]
in the physiologically relevant 5-50 uM range. Due to the low number of experimental repeats, the
LOD is higher than would have been expected from to the calibration curves (figure 4.7), and this
is due to the high standard error of the intercept. Performing more experiments would allow to
reduce this error and increase the LOD. This LOD is comparable to other electrochemical Zn
sensors published in the literature, and the same order of magnitude has been achieved as seen in
table 2.3. A sensor based on a carbon fibre/bismuth electrode achieved an LOD of 1.0 pg/mL [147],
which is similar to what was achieved in this work from the cBiSNP. However, the cBiSNP
sensor’s LOD is approximately 3 orders of magnitude of the most sensitive electrochemical sensor
described in table 2.3, which achieved an LOD of 4.8 ng/mL using sulfonated carbon and bismuth
[120]. Both of the published sensors mentioned here used a slightly different strategy where the
bismuth is coupled to another more conductive material (in this case carbon) as basis for the
electrocatalytic surface. Since bismuth is a poor conductor, coupling it with carbon proves an

effective way to increase surface area while also retaining a high conductivity at the electrode



45

surface, which was not seen in the cBiSNP alone. Therefore, modifying this framework to couple
it to carbon could be an interesting lead for further experiments aiming at increasing the sensitivity

of this sensor.

The second aim of this thesis was to chemically modify the surface of our designed framework
with amino acids to attempt to enhance its electrochemical sensing performance. L-histidine was
chosen as it is reported to form complexes with Zn ions in solutions and therefore would increase
sensitivity of the sensor through this affinity. From the cBiSNP framework, a cross linking reaction
was performed following the well-established NHS/EDC protocol. The presence of histidine on
the Bi12S3 NP could not be verified though physicochemical characterization techniques and further
experiments should be undertaken to elucidate their composition. The newly formed BiSNP-H
were investigated through CV and showed a further decrease in electrical conductivity from the I,
(-68%) when compared to the GCE and 58% less than the cBiSNP. This suggests the presence of
an additional layer over the cBiSNP which we hypothesize is histidine. When investigated through
CV for the detection of Zn, BiISNP-H showed a slightly superior electrochemical performance than
cBiSNP electrodes: peak Zn reduction I was at -510 pA/cm? for BiSNP-H and -415 pA/cm? for
cBiSNP, which represents a 23% increase in 1. Zn sensing through SWSV was only available as
preliminary results in this work. In its current state, the BiISNP-H sensor shows a low signal-to-
noise ratio, rendering performance analysis difficult at this stage (figure 4.8). Furthermore,
Acurrent density was significantly lower at every Zn concentration in SWSV for BiSNP vs ¢cBiSNP.
For these reasons, an LOD was not calculated with the data of this sensor. More experimentations
would be needed to optimize the stability of the BISNP-H coating and detection parameters in order
to obtain higher quality sensing data. The hypothesis is that the histidine layer changes the
electrochemical behavior of the system and the same detection parameters which were applicable
to the cBiSNP sensor are not applicable to the BiSNP-H, and that given more experiments, would
achieve a superior electrochemical performance in the detection of Zn, as suggested by the CV

data.

The novel electrochemical sensor framework presented in this work offers an exciting potential
avenue to the field of Zn sensor development with a high degree of flexibility as many parameters

of the design can be configurable and optimized according to varying needs and hypotheses.
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CHAPTER 5 CONCLUSION (AND RECOMMANDATIONS)

5.1 Conclusion

In conclusion, a novel sensitive Bi2S; NP-based electrochemical Zn sensor was successfully

developed and tested in laboratory solutions.

A highly customizable Bi,S; framework with high surface-to-volume ratio was designed which
allows easy chemical modifications to be applied. Electrochemical testing of the nonmodified
framework through SWSV shows Zn sensing performance comparable to the current literature and

an LOD of 1.98 pg/mL was achieved.

The proposed sensor contributes to research in the development of point-of-care medical devices
in cancer care, which would greatly benefit patients as better and earlier monitoring of the disease
has been shown to significantly improve outcomes. Clinicians would have access to an easy-to-use
and rapid sensor providing information about the stage of the disease and helping in clinical
decision making when further tests would be needed. The developed sensor framework is
inexpensive and easier to operate than current gold standard medical laboratory technologies and

offers possibilities for miniaturization.

The novel electrochemical sensor framework presented in this work offers a contribution to the
field for future Zn sensor development with a high degree of flexibility as many parameters of the

design can be configurable and optimized according to varying needs and hypotheses.

5.2 Limitations

"1 A high degree of variability exists on individual electrodes repeatedly used in laboratory
settings. Furthermore, the fabrication process not being optimized represents an added
source of variability in the measurements. Standardized manufacturing of single-use

sensors would palliate this flaw when implemented.

"1 The presence of histidine on the surface of cBiSNP could not be elucidated and therefore
the observed effects of histidine-modified NP could be due to another by product of the
NHS/EDC cross-linking reaction.
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Due to practical issues, triplicates for electrochemical sensing measurements could not be
performed. Therefore, statistical significance of the presented data cannot be established

and the observed results could be due to chance alone.

The developed sensor was only tested in controlled laboratory TBS buffer solution. The
complex nature of biological fluids was not taken into account and could greatly affect the

electrochemical behavior of the sensor.

Measurements were obtained with a laboratory-grade benchtop potentiostat/galvanostat
unit, which are expensive and offer greater sensitivity than portable units, which are more
desirable for point-of-care implementation. Therefore, a miniaturized version of the sensor

might be less applicable to the point-of-care than the work presented in this thesis.

5.3 Future Recommendations

[]

More physico-chemical characterizing experiments should be undertaken on both
developed NP, namely cBiSNP and BiSNP-H to precisely elucidate their structure,
composition and properties. Experiments such as MS, FTIR, Energy-dispersive X-ray
spectroscopy and X-ray crystallography would completement the data acquired in this

thesis.

More experiments should be dedicated to optimizing the stability and deposition methods

of the electrocatalytic ink used to apply the NP to the electrodes.

More SWSV experiments should be performed after optimization of the technique and

parameters to establish statistical significance in the results.

Novel surface modifications of the developed cBiSNP framework could be investigated to
developed new and more performant sensors, and possibly aiming at different analytes.
Examples would be different amino acids than histidine, possibly smaller molecules which
would cause less physical hinderance, or molecules which show high affinity to Zn or other

ions such as peptides and biomimetic nanostructures [179].

Future works should investigate whether the ability of the sensor to detect Zn translates into

detection of Zn-dependant proteins such as MMPs and CA.
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