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Abstract

In nanotechnology, the synthesis of semiconductor nanoparticles known as quantum dots
(QDs) has gained much interest due to their excellent optical and electronic properties
compared to traditionally used organic dyes. In practice, quantum dots are usually
prepared from toxic elements of group II-VI and group II-VI on the periodic table,

including compounds such as PbTe, PbS, CdSe and CdTe. Their inherent toxicity and

reported leakage of Cd*" / Pb*" ions from the core of QDs into their surrounding

environment have limited the biological applications of these QDs. Modern research has
therefore focused on developing less toxic QDs such as CulnS and AgInS/ZnS QDs.
However, challenges with these QDs are their synthetic methods which have been mainly
reported to be time-consuming, costly and, use harsh conditions such as high temperature
and organic solvents, thus limiting their biological applications. Bio-conjugation, the
chemical modification of biomolecules, has been reported to improve quantum dots'
biocompatibility and biological targeting. Although bio-conjugation of Cd-free QDs has
been reported, only some researchers have focused on their electrochemical
characterization of ternary QDs. Electrochemical techniques play an essential role in
studying electrons that may undergo quantum confinement effects, which are reflected in
their electrochemical behaviour. This study synthesized water-soluble glutathione-capped
AgInS core QDs and AgInS/ZnS core/shell QDs via the reflux, heat-up and mono-wave
50 synthesis methods. Various synthetic conditions such as reaction time, pH, Ag: In
ratios, ZnS shell layers, capping agent, GSH concentration and stabilizing agent on the
fluorescence properties of the ternary AgInS/ZnS based QDs were examined. Optimal
conditions were obtained using the reflux method for AgInS core QDs synthesis at pH
7.58, Ag: In molar ratio of 1:4, and glutathione (GSH) concentration of 0.145 mmol after

45 min. FTIR analysis confirmed the formation of GSH capping on the QDs the via S-




metal bond. The successful passivation of AgInS core by ZnS shell resulted in a PLQY
increase from 31.6 to 35.4% for AgInS core and AgInS/ZnS core/shell QDs, respectively.
The as-synthesized QDs were conjugated to Bovine serum albumin (BSA) to form
AgInS/ZnS-BSA bioconjugate. The fluorescence intensity was enhanced after the
conjugation of QDs to BSA, indicating improved quality of the QDs. Electrochemical
properties of AgInS core, AgInS/ZnS core/shell, QDs and AgInS/ZnS-BSA bioconjugate
were evaluated using cyclic voltammetry (CV), differential pulse voltammetry (DPV),

square wave voltammetry (SWV) and electrochemical impedance spectroscopy (EIS).

A comparative study of the electrochemical properties of AgInS QDs and AgInS/ZnS
QDs showed that AgInS core QDs and AgInS/ZnS core/shell QDs exhibited chemical and
electrochemical composition-dependent properties enabling the use of the materials in
both electronics and bio-applications. Studies of the electrochemical properties of AgInS-
BSA and AgInS/ZnS-BSA bioconjugates showed enhanced peak currents suggesting
higher conductivity and electrical properties. EIS confirmed improved charge transfer
resistance for AgInS/ZnS-BSA core/shell bioconjugate. Developing an immunosensor
using AgInS/ZnS-BSA bioconjugate for electrochemical sensing of vascular endothelial
growth factor (VEGF) was done using DPV. The immunosensor was tested against VEGF
at different concentrations and had a satisfactory response. The method’s linear range was

from 0.003 to 0.017 pg/ml. The LOD and LOQ were determined to be 1.5 x 10~ pg/ml

and 5 x 107 pg/ml, respectively. The immunosensor showed improvement in stability

over a period of five weeks.
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PREFACE
Objective and Overview of Thesis.
This thesis focuses on synthesizing and optimization of AgInS-based QDs and their

bioconjugates. The study of the AgInS and AgInS/ZnS QDs focusing on their optical

properties, electrochemical properties, and application in sensing vascular endothelial

growth factor using electrochemistry. This study's primary objective was developing
synthetic methods for ternary AgInS QDs and their bioconjugates for electrochemical

applications.
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Introduction




1.1. Background
1.1.1. Vascular endothelial growth factor

Vascular endothelial growth factor (VEGF) is a mammalian antibody that has four
different isomers, one of which, VEGF s, is associated with the growth and metastasis of
several malignancies. VEGF overexpression is usually considered to be a sign of cancer
(Sahin et al., 2020). Therefore, identifying and detecting cancer-specific biomarkers is
crucial for improving cancer patient survival rates and early cancer diagnosis (Xu et al.,
2017). Currently, VEGF and other biomarkers are analysed using various techniques
including radioimmunoassay, Enzyme-Linked Immunosorbent Assay (ELISA) and
immunohistochemistry. The drawbacks of these techniques, even though they provide
adequate analytical performance, include the need for advanced instruments, complex
protocols, labour-intensive, and complexity, cost, and time-consuming (Sahin et al.,
2020). Therefore, there is a need for the development of alternative methods for detection
of VEGF for early diagnosis and evaluation recovery of patients (Xu et al., 2017).
Biosensors are possible methods that can overcome limitation of the current detection
methods due to attributes such as excellent analytical specificity, efficiency, and
sensitivity (Sahin et al., 2020).

1.1.2. Biosensors

Biosensors refers to self-contained devices that can convert detected biological processes

into measured signals using a transducer and a bio-receptor that are physically connected.

Depending on the transducer system used, some common biosensors are electrochemical,

optical, piezoelectric, and calorimetric (Nagraik ef al., 2021). Electrochemical biosensors
make use of a three-electrode system such as the reference electrode, working electrode
and counter electrode. These biosensors offer significant advantages compared to other

analytical techniques due to their conversion of biological processes directly into a stable




electrical signal (Napi et al., 2019). As such, electrochemical-based biosensors have been
of great success, offering quicker, user-friendly, affordable instrumentation, precise,
portable, and flexible for multiplexing and label-free sensing of various biomolecules,
including proteins, enzymes, and nucleic acids (Dhara and Mahapatra, 2020). Recently
nanomaterials have been of great interest for developing biosensors with different sizes,
surface areas and electrolytic properties (Goud et al., 2018). Some of the commonly used
nanomaterials in biosensors include metallic sheets, graphene dots, carbon nanotubes,

nanoparticles, and quantum dots (QDs) (Nagraik et al., 2021).
1.1.3.  Quantum dots

QDs are fluorescent semiconductors with three-dimensional motion controlled by their
charge carriers (Tsolekile et al., 2017). They are often synthesized using the groups II-VI
and IV-VI elements of the periodic table and include compounds such as CdSe, ZnS, PbTe
and PbS. However, because heavy metals like Cd and Pb are toxic in nature, recent
research has focused on ternary QDs from the group I-III-VI. AgInSe, CulnS», and
AgInS,, are the ternary QDs that have been studied (Tsolekile et al., 2017). The synthesis

of ternary QDs can be a great challenge due to the properties of precursors such as Ag"

and Cu”, which are soft acids and In*" a hard acid toward sulphur ions. They form binary

products such as copper or indium sulphides (Aladesuyi and Oluwafemi 2020; Girma et
al., 2017). Another challenge is the formation of multiple peaks on PL spectra (May et
al., 2022). However, this can be overcomed by using capping agents, stabilizing agents,
and single precursors with dual properties (Aladesuyi and Oluwafemi 2020). Additionally,
varying the synthetic conditions including cation and anion mole ratios, ligands, pH,
temperature and reaction time during the synthetic process can produce the desired

material. The application determines the synthetic method to be used for preparation of




QDs. Bio-conjugated QDs are effective for use in cancer diagnostics due to their steady

emission and high fluorescence sensitivity (Nagraik et al., 2021).

1.2.Problem statement

Since VEGF is an essential regulator of cancer angiogenesis, developing a technology
intended for its sensitive detection is crucial. To date, numerous established detection and
quantification techniques exist for the analysis of VEGF. However, these techniques are
complicated, costly, time-consuming, and instrument-intensive to perform diagnostic
tests. Therefore, there is a great need to establish detection approaches that are affordable,
extremely sensitive, and highly specific for the detection of this biomarker (Sahin et al.,
2020). Recently, biomarkers have gained great attention in medicine and nanotechnology
(Hasan et al., 2014). Unlike traditional methods, biosensors are compact, portable,
selective, sensitive, and require minimal sample pre-treatment (Sadighbayan et al., 2019).
To improve properties of biosensors and increase its electronic properties, metallic
nanostructures such as carbon nanotubes, nanoparticles and quantum dots are used to
modify the electrode. QDs have been used as an alternative to fluorophores, for the
fabrication of optical biosensors to detect organic substances, pharmaceutical analytes,
biomolecules, etc. Additionally, they have been utilized to identify cancer target sites in
vivo. (Pandit et al., 2016). However, compared to optical biosensors, QD-based
photoelectrochemical biosensors are more simple and portable and can be measured using
electronic output rather than expensive optical equipment (Ma and Zhang 2018).
Photoelectrochemical biosensor are commonly modified using CdS and PbS QDs (Wang

etal., 2019; Ma et al., 2015). However, the reported leakage of the heavy metals such as

Cd*" from the core of the QDs into its surroundings limits their biological application

(Reshma and Mohanan, 2019). Moreover, in vivo and in vitro analyses have demonstrated

Cd ion toxicity. Modern research has focused on synthesising QDs using less toxic
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elements such as carbon, graphene, AgInS,/ZnS, CulnS», and ZnO QDs (Ranibar-Navazi
et al., 2019). However, challenges with these QDs are that their current synthesis methods
are time-consuming, using extreme conditions such as high temperatures and organic
solvents, which limit their biological application (Mal et al., 2016). Bio-conjugation refers

to the chemical modification of biomolecules (Ducharme and Auclair, 2018) and has been

reported to improve on the biocompatibility and biological targeting of QDs (Rosenthal

et al., 2011). Although bio-conjugation of Cd-free QDs have been reported, limited
research has focused on their electrochemical characterization, which may assist in further

understanding the material and their electrochemical applications as biosensors.

1.3.Aims and Objectives

The study aims to develop a method for synthesis of ternary quantum dots and their bio-

conjugation for electrochemical sensing applications.

The specific objectives of the study include:

1.3.1. To synthesize core AgInS QDs and core/shell AgInS/ZnS QDs.

1.3.2. To optimize the synthetic methods used to synthesize the QDs.

1.3.3. The bio-conjugation of QDs to antibodies.

1.3.4. Characterization of the as-synthesized QDs

1.3.5. Electrochemical sensing of vascular endothelial growth factor using the as-

synthesized QDs.




1.4.Research methodology

The synthesis AgInS/ZnS core/shell QDs capped with glutathione (GSH) using reflux
approach along with the investigation of the effect of synthetic conditions including
reaction time, pH, synthetic method, Ag: In precursor ratio, Zn/S shell layers, capping
agent, GSH concentration and the stabilizing agent is explored. The AgInS/ZnS QDs is
conjugated to Bovine serum albumin (BSA). The as-synthesised material is further used

to develop a biosensor using BSA-AgInS/ZnS conjugate for detection of VEGF antibody.

1.5.Delimitations and ethics

The study focus is on synthesizing AgInS QDs and AgInS/ZnS QDs. While the Vascular
endothelial growth factor antibodies will only be sensed using electroanalytical

techniques.

1.6. Research structure

The problem statement aims and objectives, research methodology, and study structure

are all included in the current chapter's introductory review of the research theme. The

succeeding chapters will be as follows:

Chapter 2: Literature Review

This chapter provides the literature review, introducing vascular endothelial growth factor
and the various detection methods. A detailed description of AgInS/ZnS QDs and their
bioconjugates is outlined. Applications of quantum dots in biosensing as well as their

electrochemical studies are included.




Chapter 3: Synthesis, optimization, and characterization of AgInS ODs, AginS/ZnS QDs

and AgInS/ZnS bio-conjugates.

This chapter covers the synthesis, optimization, and characterization of AgInS/ZnS
core/shell QDs and their bioconjugates. It focuses on the general experimental procedure
for synthesizing AgInS/ZnS core/shell QDs, AgInS/ZnS-bioconjugates and
characterization using various techniques. Furthermore, it covers the results and
discussion of the as-synthesized material.

Chapter 4: Sensing of Vascular endothelial growth factor using A1S/ZnS QDs

This chapter focuses on the optical, morphological, and electrochemical properties of the
synthesized AgInS/ZnS QDs and their bioconjugates. Furthermore, it examines the
application of AgInS/ZnS QDs bioconjugates for sensing vascular endothelial growth
factors using electrochemistry.

Chapter 5: Conclusion and recommendations

The conclusions and recommendations from this study are outlined in this chapter.
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Chapter 2

Literature review




2.1. Introduction

This chapter covers a detailed background on nanomaterials with a specific focus on
quantum dots (QDs). This is followed by a description of ternary QDs, different methods
used to synthesize QDs and their bio-conjugates. Also, a detailed description on
AgInS/ZnS core/shell QDs and the effects of experimental parameters (i.e., reaction time,
pH of the reaction solution, the concentration of precursors, molar ratios, reaction time
and capping agents) will be covered. Furthermore, detailed literature on vascular
endothelial growth factor (VEGF) and its detection methods will be covered. Then a brief
description of electrochemistry and various electrochemical studies will be covered.

Lastly, QDs and their bioconjugates and characterization techniques will be discussed.

2.2. Nanomaterials

Nanomaterials are materials with less than 100 nm size at least in one dimension

(Kolahalam et al., 2019). They have excellent high-contrast signal-generating devices,

however, most molecular imaging, diagnostic, or sensing applications may require

conjugation with functional molecules (Kairdolf et al., 2017). Integrating nanomaterials
with sensing devices as active elements in nanotechnology has advanced stable sensing
probes, improved detection signals in small sample quantities, and systems for multiplex
detection (Yiice and Kurt 2017). Based on chemical composition, nanomaterials are
divided into three categories: organic polymeric nanomaterials, carbon allotrope-based
and inorganic nanomaterials made of metallic or non-metallic components like gold

nanoparticles, silver nanoparticles, SiO», and QDs (Pirzada and Altintas 2019).




2.3. Quantum dots (QDs)

Quantum dots (QDs) are semiconductor nanoparticles with size-dependent optical and
electronic properties (Girma et al., 2017). The structure of QDs is composed of a
semiconductor core and a core/shell as shown in diagram 1. The core of QDs is the most
reactive yet unstable layer, and carries the optical properties of the QDs. In the fabrication
and design of QDs, the core is essential. (Vitshima et al., 2022). The shell (e.g., ZnSe,
ZnS, etc.) improves the quantum quality and yield while protecting the core from
oxidation. QDs have better photo-physical properties than traditionally used organic
fluorescent dyes and proteins. The inherent properties of QDs (i.e., significant stocks shift
(100 nm), broad excitation spectra, narrow and sharp emission spectra with an
approximately gaussian shape) offer great possibilities for multiplexed analysis and
multicolor imaging (Bilan et al., 2015). According to Ranibar-Navazi et al., 2019, in
biological applications, the most fundamental parameter is the cytotoxicity and
biocompatibility of any nanocarrier thus, there is an urgent need for producing relatively
harmless QDs. In practice, group II-VI elements like CdSe, CdTe, and CdS and group I'V-
VI elements like PbTe, PbS in the periodic table are typically used to prepare QDs
(Tsolekile et al., 2017). The use of group IV-VI and II-VI QDs possess limitations because
of the presence of carcinogenic heavy metals such as Cd and Pb, which are harmful to the
biological and environmental systems. QDs of group II-VI elements have been used in

bio-imaging and therapeutics due to their excellent optical properties (Ranibar-Navazi et

al., 2019). The reported leakage of heavy metals such as Cd** from the core of the QDs

into their surroundings limits their biological application (Reshma and Mohanan, 2019).
Moreover, it has been demonstrated in-vitro and in vivo that Cd ions are carcinogenic.
Due to toxic heavy metals such as Cd and Pb, recent researchers have drawn interest in

ternary QDs (Tsolekile et al., 2017).




Core/Shell QDs

Core QDs

Figure 2.1. Schematic diagram of quantum dots

2.4. Ternary Quantum dots

Ternary QDs from group I-III-VI (I = Cu, Ag; IIl = In, Sn, Ga, Al and VI =S, Se, Te)
contain less harmful elements and are free of Cd and Hg, therefore, are ideal candidates
to develop economically friendly QDs. Different types of ternary QDs including CulnS,,
CulnSe», AgInS;, AgInSe; have been used in biosensors, bioimaging and drug delivery
(Girma et al., 2017). Among the studied ternary QDs, AgInS QDs have attracted more
attention in the past few years (Mao et al., 2011). AgInS QDs exhibit excellent potential
for light absorption and emission. AgInS-based QDs possess long photoluminescence
(PL) and large stokes shifts, which minimize the impacts of self-absorption in light-

emitting and bioimaging applications (Soheyli ef al., 2020). Numerous studies have been

conducted on synthesizing AgInS QDs with size and composition-dependent physical

characteristics (Jiao et al., 2020). Alloying ZnS in AgInS core QDs results in a blueshift
of the absorption and emission with an enhancement in the PL quantum yield (QY)
(Kobosko et al.,, 2017). Methodologies for synthesizing QDs have thus progressed

significantly in the past two decades and a variety of synthetic strategies, from liquid phase




techniques to vapour phase nucleation and growth have been developed for the Synthesis

of QDs (Pu et al., 2018).

2.4.1. Synthesis of ternary quantum dots

Synthetic methods used in synthesizing QDs include solvothermal, thermolysis, hot
injection, and heating-up methods. The selection of synthetic methods depends on the
application in which the QDs will be used (Tsolekile et al., 2017). The use of organic
ligands in synthesizing QDs is required to coat the nanoparticle surface to prevent
aggregation and convert the material to be water soluble (Pu et al., 2018). Some of the
widely used ligands include mono-thiolated ligands, including Glutathione (GSH), 3-
Mercaptopropionic acid (MPA) and Mercaptoacetic acid etc. (Girma ef al., 2017). These
ligands enable the solubilization of QDs, enabling conjugation to biomolecules like
proteins, oligonucleotides, immunoglobulins, and aptamers, among others (Foubert et al.,

2016).

The synthesis method for core/shell material involves two steps: initially synthesizing core
QDs followed by shell growth (Girma et al., 2017). Usually, core QDs exhibit surface
defects and low quantum yield, this is due to the high surface-to-volume ratio and small
size. Thus, the core is coated with shell materials (i.e., ZnS and CdS) that have a wider
band gap to increase quantum yield, assure stability, and minimize or remove surface
defects (Aladesuyi and Oluwafemi 2020). ZnS is the semiconductor shell material mainly
used for ternary QDs due to its higher band gap, low toxicity and low lattice mismatch

compared to other passivating reagents (Vitshima et al., 2022).

The synthesis of ternary QDs is a significant challenge due to complex chemistry because

of the chemical properties of the precursor cations (Aladesuyi and Oluwafemi 2020). As

aresult of Cu’ and Ag" being soft Lewis acids and In*" a hard Lewis acid, their reactivity




towards sulphur compounds differs (soft Lewis bases). As a result, the unbalanced
cationic precursors often lead to the formation of binary side products (i.e., copper
sulphides, silver sulphides or indium sulphides) rather than the growth of ternary QDs
(Girma et al., 2017). This can be regulated using capping agents and single precursors
with dual properties, which refers to substances that can act as stabilizing agents and
reducing agents in order to control the reactivity of cations (Jose Varghese and Oluwafemi
2020; Aladesuyi and Oluwafemi 2020). Hu ef al., 2018 synthesized highly luminescent
AgInS QDs via a synthetic hydrothermal method. The group used GSH and sodium citrate
as ligands. The luminescent properties of the QDs, including Ag: In molar ratio, reaction
temperature, and reaction time were studied. The as-synthesized QDs exhibited high QY
reaching 21.6 % and a PL lifetime of up to 414 nS. Furthermore, Chen et al., 2019
synthesized AgInS/ZnS core/shell QDs via the hydrothermal method using sodium citrate

and GSH as stabilizing agent and ligands, respectively. In contrast to AgInS core QDs,

the AgInS/ZnS core/shell QDs showed improved yellow to orange emission with long

lifetimes and an increased QY from 21.6 % to 45.7 %.

2.4.2. Effect of synthetic parameters.

The most fundamental parameters considered during QDs preparation include injection
temperature in hot-injection methods, reactivity and stoichiometric ratios of precursors,
the solvent used, surfactants pH and reaction time etc. These parameters assist in adjusting
size, composition, and quality of QDs (Girma ef al., 2017). The PL QY of semiconductor
nanocrystals is affected by numerous parameters, including precursor concentration,
reaction time, and ligands during the synthesis (Jiao et al., 2020). The effects of various
synthesis conditions on the characteristics of AgInS/ZnS QDs will be thoroughly

examined in this section.




2.4.2.1. Effect of precursor ratios

Precursor concentration is one of the most important parameters in controlling the core or
shell thickness. The formation of core/shell nanoparticles requires a low concentration of
precursor at a slow reaction rate to generate a uniform-coated core/shell (Jain et al., 2020).
The equivalent component molar ratio xAg: xIn: xS can be used to illustrate the AgInS
QDs composition (Tong and Wang 2020). For AgInS QDs nanoparticles, chemical
precursors that are more sensitive include In and S (Tsolekile ef al., 2017). Soheyli et al.,
(2019) studied N-acetyl-L-cysteine-capped AgInS QDs with QY near 32% at 615 nm.
They examined molar ratios of In: Na>S, which was adjusted from 1: 0.5 to 1: 3. As the

amount of sulphur precursor increased, a redshift in the UV-vis spectra were observed.

Furthermore, at the highest amount of sulphur precursor (In: Na,S, 1:3) the colloidal QDs
solution turned turbid, indicating aggregation of AgInS QDs. In the absorption spectra,

this was indicated by absorption height at the long-wavelength side in support of their

observation of the turbidity of the colloidal QDs solution. The best PL intensity was thus

obtained at the In: Na>S molar ratio of 1:2. Furthermore, Vitshima et al., (2022) examined
the effect of Ag: In precursor and observed that increasing the amount of In molar ratios
from 1:1 to 1:16 gradually shifted to higher intensities. The highest intensity was observed
at a 1:4 (Ag: In) molar ratio. The highest wavelength was at a ratio of 1:4 and the PL
spectral position was tuned throughout a wide range from 558 to 582 nm. The UV spectra
of'the Ag: In ratios of 1:4, 1:6, 1:8, and 1:16 showed broad excitonic peaks with increasing

In content.




2.4.2.2. Effect of pH

The influence of pH on particle size depends on the mechanism of reactions involved. and
Reduction and precipitation reactions are greatly affected by changes in pH. In aqueous
synthesis, pH directly affects the optical properties of the QDs (Jain et al., 2020). Xiong
et al., (2013) studied the effects of pH on water-soluble AgInS>/ZnS nanocrystals
synthesized via a microwave-assisted approach. The results revealed that the pH value
significantly affected the PL intensity of the AgInS> nanocrystals. As the pH value
increased from 8.5 to 10.5 the PL intensity decreased gradually, and at pH values lower
than 8.5 the solution turned turbid. These observations concluded that this could be due
to the GSH pKa value being 8.7 and the GSH and AgInS; nanocrystals showing stronger
bonding forces at this pH value. Xue et al, studied the effect of pH on GSH-capped
AgInS; QDs. The pH of the reaction solution had a significant impact on the fluorescence
emission intensity of AgInS QDs. The fluorescence intensity increased with the increase
in pH value ranging from 5.03 to 7.12 due to the deprotonation process of functional
groups of the stabilizer. Further increase in pH from 7.12 to 10.02 resulted in decreased
fluorescence intensity due to excess OH™ radicals in the reaction solution. Thus 7.12 was

selected as the optimum pH.

2.4.2.3. Effect of reaction temperature and time

The growth of nanocrystals is ideally enhanced by increasing the reaction time and
temperature, making reaction precursors more reactive. Long reaction times can lead to
the aggregation of small crystals with a wide size distribution, which reduces the stability

of QDs (Tsolekile et al., 2017). To control the reaction kinetics for the formation of

nanoparticles, the temperature is considered as one of the important parameters. In the

case of core/shell formation, low temperatures are favoured for effective coating on the
core rather than separating the nucleation of shell material (Jain et al., 2020). Hu et al.,
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2018 studied the effect of temperature on AgInS; QDs via the hydrothermal method. They
observed that when the temperature reached 110 °C, the PL emission intensity increased
and reached to its maximum. When the reaction temperature increased above 130 °C,
phase separation of InS3 caused a narrow peak to appear at roughly 432 nm, which
significantly decreased the luminescence properties of AgIinS QDs. In another study,
Soarers et al., 2020 assessed and modelled the synthesis of high-quality MPA-capped
AgInS/ZnS QDs. The reaction temperature was kept constant at100 °C, while the reaction
time was optimized. They discovered that the PL intensity increased with time while the
wavelength of PL emission maximum remained unaffected. These studies highlight that
temperature and time play a significant in adjusting the phase and composition of

AgInS/ZnS core/shell QDs.

2.4.2 4. Effect of capping agent

Capping agents, such as surfactants, organic ligands, and polymers, help prevent particle

agglomeration and achieve the appropriate nano-size (Subramanian et al., 2020). Surface-

modifying agents (i.e., 3-mercaptopropionic acid, thioglycolic acid or mercaptoacetic
acid, glutathione and L-cysteine etc) are used in QDs synthesis as stabilizing agents and
to coat the QDs for optimal optoelectronic properties (Masab et al., 2018). Moreover,
capping agents have advantages in reducing the core toxicity and increasing the quantum
yield (Subramanian et al., 2020), thus assisting in producing high-quality material. Wonci
et al., 2022 studied the effects of different capping agents, such as mercapto-propanoic
acid (MPA), glutathione (GSH) and L-Cysteine on Cu-In-S QDs. The absorption spectra
exhibited broad absorption peaks for all capping agents centered around 415 nm, 419 nm
and 421 nm for MPA, L-Cysteine and GSH, respectively. PL spectra of the QDs coated
with these capping agents demonstrated QDs with two emission states. L-Cysteine and

MPA had similar emission states, while GSH displayed higher luminescent intensities and
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stability. This was accounted for by the long thiol alkyl chain of GSH better passivating

the surface of QDs than L-Cysteine and MPA.

2.4.3. Synthesis of quantum dot bio-conjugates

Bruchez and Chan first discovered the ability to conjugate QDs to biomolecules in 1998,
his work has since been applied in various biomedical applications such as bioimaging,
immunoassays and deoxyribonucleic acid (DNA) sequencing techniques (Foubert et al.,
2016). QDs can form conjugates with several functional biomolecules such as proteins,
oligonucleotides, antibodies and small molecule ligands to direct their in vitro and in vivo
pathways to a particular target or an essential therapeutic function. Conjugation of

biomolecules to the QD surface depends on the chemistry of the available ligands to

provide functional groups suitable for covalent attachment or non-covalent binding

(Wagner et al., 2019). The quantity and orientation of biomolecules that can be attached
to a QD surface depend on factors such as the size of QDs, properties of the QDs surface,
nature of the biomolecule, stearic reasons and the technique used for bio-conjugation. The
hydrophilic coating should also be considered as it determines the mechanism of bio-
conjugation by providing the necessary active groups. Two main approaches to
conjugating biomolecules on the QDs surface are covalent linking and non-covalent
binding. Non-covalent binding is determined by hydrophobic, electrostatic or affinity
interactions between biomolecules and the surface of QDs. Non-covalent binding is
mainly based on electrostatic interaction between oppositely charged molecules and high-
affinity secondary interactions such as biotin/ streptavidin (Foubert et al., 2016). Covalent
linkage is accomplished through different bio-conjugation methods using activated
functional groups at the surface of QDs. Covalently linked QD bioconjugates are usually
obtained using standard protein conjugation techniques. The most common method of

covalent linkage involves binding primary amines of biomolecules such as 1-ethyl-3-(3-
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dimethylaminopropyl)-carbodiimide (EDC) to activate the carboxylic acid groups on the
surface of quantum dots (Bilan ef al., 2015). Figure 2.2 shows diagram depicting reaction
steps between a carboxylic acid and an amine using EDC and NHS as coupling agents. N-
hydroxysuccinimide (NHS) or sulfo-NHS are often used with water-soluble EDC. The
reaction occurs via when the carboxylic acid's oxygen attacks the carbodiimide
nucleophilically, resulting in the formation of the highly reactive intermediate known as
O-acylisourea, which reacts with amines to produce an amide bond. The addition of NHS
enables the formation of a second intermediate that is more soluble and stable, which

reacts with the amine to yield the final product (Pereira et al., 2019).
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Figure 2.2: Diagram depicting reaction between a carboxylic acid and an amine using
EDC and NHS as coupling agents.

Serum albumins are applied as protein models for wvarious biochemical and
physicochemical research, including conjugation with nanomaterials, due to their inherent
function as carrier biomolecules in proximal biological fluids. Serum albumins, the most

abundant proteins in mammalian fluids such as plasma, have been used as protein models

for conjugation with nanomaterials due to their inherent function as carrier biomolecules
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(Barba-Vicente et al., 2020). One of the most commonly used serum albumins in the
conjugation of QDs is Bovine serum albumin (BSA). BSA, which has an isoelectric point

(pD) of 4.7 and a molecular weight of 67 kDa, is one of the most important globular

proteins. BSA has 583 amino acid residues, 17 disulfide pairs and a substantial quantity

of cysteine. Maintaining blood pressure balance and distributing medications throughout
the body contributes to the movement of fatty acids, metal ions, and amino acids (Razavi
et al., 2021). For targeted cell imaging, Liu et al., 2015, coated CulnS/ZnS QDs with an
amphiphilic bioconjugate composed of bovine serum albumin (BSA)-poly(-caprolactone)
(PCL). In a pH 7.4 PBS buffer, the CulnS/ZnS QD- BSA/PCL conjugate exhibited high

stability.

2.4.4. Characterization of QDs

The optical, structural, and morphological characteristics of QDs have been studied using
a variety of methods. These include photoluminescence (PL) which determines the
change in intensity or peak shifts, UV-vis spectroscopy used to compare spectra of core and
core/shell NPs and changes in peak shifts; Fourier transform infrared spectroscopy (FTIR)
which determines functional groups. Transmission electron microscope (TEM) which
studies morphological properties of NPs for understating their sizes, shape, dispersion,
etc, Scanning electron microscope (SEM) which studies size and shape of QDs. Dynamic
light scattering (DLS) which measures particle size in NPs suspension as well as shell
thickness by comparing size of core and core/shell NPs and X-ray diffraction (XRD) which
determines the crystallographic structure, identify unknown materials and orientation in

powder solid samples (Mourdikoudis et al., 2018).




2.5. Application of quantum dots and their bio-conjugates

Quantum dots are of great interest in biological applications compared to traditional
organic dyes because of their well-known properties, such as stability, biocompatibility,
water-dispersion properties, broad excitation spectra, and narrow emission spectra. These
properties allow for long-term imaging with a long shelf-life and possess distinct
photoelectrochemical activity (Bilan et al., 2016; Ma et al., 2015). In some instances,
using these quantum dots to identify a specific molecule in a biological environment
requires conjugation, which links quantum dots to the substrate of interest (Zhang et al.,
2019). Asshown in figure 2.3 QDs have been applied in drug delivery and cancer therapy.
Significant progress has been achieved in the design of QD-based drug delivery systems
for cancer therapy. QDs conjugated with mutation-specific antibodies, for example, were
recently used in the immunofluorescence histochemical detection of gene mutations in
clinical samples of lung cancer. According to this theory, the use of specific antibodies
against mutated proteins may be used in the future for lung cancer diagnosis and treatment

(Mo et al., 2017).
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Figure 2.3: Various biological applications of quantum dots. Mo et al., 2017 Applied
Microbiology and Biotechnology 101(7). DOI:10.1007/s00253-017-8140-9.




2.6. Vascular endothelial growth factor (VEGF)

According to Hu and Olsen 2016, VEGF is one of the most crucial growth factors for
regulating vascular formation and angiogenesis. It plays a crucial role as a signalling
protein in pathological angiogenesis associated with many tumours. VEGF is one of six
homodimeric proteins, along with VEGF-A and VEGF-B. VEGF-C, VEGF-D, VEGF-E,
and placental growth factor (PLGF). PLGF is a crucial component of pathological
angiogenesis, VEGF-B plays a function in embryonic angiogenesis, and VEGF-C and D
are necessary for lymphangiogenesis (Hu and Olsen 2016). The VEGF-A commonly
referred to as VEGF produces four distinct isoforms, including VEGFi21, VEGFso,
VEGF 165, and VEGF206. VEGF 165 1s a predominant isoform; it accounts for different
human cancer developments and metastasis (Dehghani et al., 2018). Also, this isoform is
used to explore VEGF functions in animal models of bone healing and in vitro
experiments and is bound to an extracellular matrix (ECM). VEGF consists of different

types of receptors, which include VEGFR1, VEGFR>, VEGFR3, Neuropilin 1(Npri) and

Neuropilin 2 ((Npr2). VEGFR: is considered the primary VEGF signalling receptor and is

mainly expressed in endothelial cells to mediate angiogenesis and vasculogenesis,
including promoting vessel permeability in response to VEGF while functions for
VEGFR; are still debated (Hu and Olsen 2016). Overexpression of VEGF is a potential
sign of cancers, particularly in developing independent blood supplies due to the
requirement of oxygen and nutrients to initiate the metastasis process (Sahin et al., 2020).
VEGF has been utilized as a serum biomarker for several human disorders, including
cancer, proliferative retinopathy, rheumatoid arthritis, psoriasis, and Parkinson's disease.
Due to its importance as a biomarker, this biomolecule has attracted a lot of interest for

sensing and detecting using analytical sensing devices (Dehghani et al., 2018).




2.6.1. Detection methods of VEGF

Traditional VEGF isomer detection and quantification techniques include

radioimmunoassay, mass spectrometry, and enzyme-linked immunosorbent assays
(ELISA) (Dehghani et al., 2018). However, although these methods are sensitive, accurate

and precise, they pose some disadvantages as listed in table 2.1.

Table 2.1: List of traditional detection and quantification methods used to analyse

biomarkers.

Technique

Principle

Disadvantages

Reference

ELISA

Radioimmunoassay

Techniques used in
immunoassays that form
immune complexes using
radiolabeled substances.

An immunoassay that

*Requires trained
personnel

* Time-consuming

* Expensive

* Costly

Eftekhari
et al.,
2019

Eftekhari

*Radiolabelled et al.,
chemicals only have a | 2019
short shelf life.

*Issues related to
discarding of
radioactive waste
*Unable to analyze
mixtures et
*Having difficulty | 2019
cleaning the
instrument and being
sensitive to
contamination  from
previous samples

forms immune
complexes step wise
using radiolabeled
substances.

Eftekhari
al.,

Mass spectrometry | A technique for analysis
that ionizes different
chemical species and
groups the ions according
to their mass-to-charge

ratios

It is, therefore, essential to develop cost-effective, non-invasive, fast, user-friendly,

highly sensitive and selective methods for detecting VEGF in blood serum for various

human disorders. Recently, biosensors have been highly considered for detecting VEGF

due to their exciting advantages such as cost-effectiveness, sensitivity and specificity,

small target detection and non-toxicity.




2.6.2. Biosensors

Biosensors are chemical sensors that recognize systems that use biomedical mechanisms
(Khanmohammadi et al., 2020). They are composed of molecular sensing elements, a
transducer that converts an obtained signal into a measurable physical signal and analytical
devices from which the data is obtained (Sahin et al, 2020). Biosensors are classified
based on transducers used in the fabrication of cancer biosensors such as electrochemical,
optical-electronic,  piezoelectric,  gravimetric  and  pyroelectric  biosensors
(Khanmohammadi et al., 2020; Sahin et al., 2020). Various approaches have been used to
enhance the analytical performance of biosensors which includes incorporating
nanomaterials (i.e., carbon nanotubes, graphene sheets, nanoparticles and QDs) in
biosensing design to provide simpler, quicker, sensitive and hybrid nano-biosensor
platforms with synergetic properties and functions (Sahin et al., 2020; Pandit et al., 2016).
Furthermore, complexes of NPs with different bio-recognition elements, such as
antibodies, peptides, polymers, and aptamers, can improve the performance of detection

systems (Dehghani et al., 2018).

2.6.2.1. Types of biosensors.

Optical biosensors (also known as fluorescent biosensors) are compact analytical devices
that consist of a biorecognition sensing element. The sensing element produces a signal
proportional to the desired analyte concentration that recognizes with an optical transducer
system (Sahin et al., 2020). QD-based fluorescent biosensors are developed due to their
high sensitivity and excellent capability for multiplex analysis. Fluorescence resonance

transfer (FRET) is mainly used for QD-based biosensors. Even though QD-based

photoelectrochemical biosensors have emerged as optical biosensors, they have been

developed due to their high sensitivity without the concern of using expensive instruments
(Ma et al., 2015). Electrochemical biosensors detect the generated electrical output signal

44




and then specifically bind surface-modifying biomaterials, such as aptamers, enzymes,
antibodies, or nucleic acids to the electrode surface. In QD-based photoelectrochemical
(PEC) biosensors, the QD is immobilized on the surface of the electrode, and a
photocurrent signal is generated through the illumination of the electrode. The QDs may
significantly promote photo-to-current conversion efficiency by enhancing the application
of light energy and facilitating charge separation (Ma et al., 2015). Electrochemical
biosensors have been utilized for monitoring, early illness detection and biological
analysis. Amperometric, potentiometric, and impedimetric electrochemical techniques,
among others, have been employed for biosensing applications and offer significant
potential for sensing low to high molecular mass analytes, such as protein markers
(Dehghani et al, 2018). Voltammetry is also an electro-analytical technique used in
biosensing where the current is measured by sweeping the potential such as cyclic
voltammetry (CV), differential pulse voltammetry (DPV), and square wave voltammetry

(SWV) (Sahin et al., 2020). Table 2.1 below summarises some of the electrochemical and

optical biosensing techniques used for detecting VEGF that have been reviewed by

(Dehghani et al., 2018; Sahin et al., 2020).




Table 2.2: Summary of various electrochemical and optical biosensing techniques that

have been used for the detection of VEGF.

Technique Method Bioreceptor Biomarke | Lod Range Reference
of detection r S
Optical Fluorescenc | DNA aptamer VEGF165 2.56 x 10-10 | 5x10-10-5x 10-9 | (Wang and
e M M Si 2013)
(Dehghani
et al.,
2018)
Electrochemical nFIS EIS Serum sample 250 fM-50 pM (Qureshi et
al., 2015)
(Sahin et
al., 2020)
human (Fu et al,
samples 2016)
(Sahin et
al., 2020)
1.85 pM-3.7 nM (Pan et al.,
2017)
(Sahin et
al., 2020)
3 different cancer (Crulhas et
cell lines al., 2017)
(Sahin et
al., 2020)

2.7. Conclusion

This literature review discussed a detailed background on properties and composition of
ternary QDs mainly AgInS/ZnS core/shell QDs. The synthetic methods, factors affecting
the synthesis of ternary QDs, bioconjugation and application of QD-bioconjugates in
biosensing etc are described. Due to the underlying challenges on the synthesis and
synthetic methods for the synthesis of ternary QDs, researchers should focus on designing
and improving the existing synthetic strategies and various routes such as conjugation and
encapsulation of QDs can be employed to produce QDs that are less toxic and applicable

in biological analysis. Furthermore, a detailed background on VEGF and its detection

methods was discussed. Therefore, the development of biosensors as detection methods

that are user-friendly, cost-effective, sensitive and specific for detecting VEGF is of great
importance. Few studies have applied ternary QD-bioconjugates as less toxic materials
for developing biosensors and they possess excellent properties to be used in developing

a biosensor for detecting VEGF.
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Chapter 3

Synthesis, optimization and characterization of AgInS QDs,

AgInS/ZnS QDs and AgInS/ZnS bio-conjugates.




3.1. Introduction

Ternary QDs are of great interest for biosensors and chemotherapy applications etc.
(Girma et al., 2017). The synthesis of ternary QDs can be challenging, and their chemistry
can be complex due to the chemical properties of precursor cations. However, using
stabilizing agents and suitable capping agents can help overcome these challenges and
achieve a good yield. Various synthetic methods have been reported to synthesize ternary
QDs (Aladesuyi and Oluwafemi, 2020), while biomedical applications of QDs require
surface modification and bioconjugation of QDs. This chapter will focus on the synthesis
and optimization of AgInS core QDs and AgInS/ZnS core/shell QDs using three synthetic
methods, namely, (i) Reflux method, (ii) heat-up method and (iii) monowave 50 method.
The aqueous based reflux method is a technique that yields the desired product by varying
reaction conditions (Aditha et al, 2016). The reflux technique has advantages over
hydrothermal techniques including easy operation, safety, and high yield (Xu et al., 2009).
It has been used to synthesize various nanostructured materials, including nanoparticles,
nanowires, nanorods, and core-shell nanostructures etc. In this method the reaction
solution is heated over long period of time to provide the energy required for the reaction.
The size, shape and crystallinity of materials can be regulated by optimizing parameters
such as reaction time, precursor concentration and the type of solvent. To achieve the
appropriate phase and morphology of the product using this method it is important to tune
the following parameters: the sequence of precursor addition, the time of the reflux, and
the cooling rate (Aditha et al., 2016).

Heat-up methods for synthesizing QDs are well known, but they are far less popular than
hot injection methods since most of them involve rapid heating to separate particle

nucleation and growth to produce narrow size distributions. (Luo et al., 2018). Heat-up

methods are generally considered a more efficient for synthesizing nanocrystals because




they can be prepared in a single pot without the injection step (Sinatra and Pan 2017).
Various heat-up methods explored in this chapter include open and closed beaker heat-up
methods. A closed beaker heat-up method is more like a closed system whereby
evaporation takes place, but the vapour encounters the surface of the glass covering the
beaker, and it cools and condenses to form liquid water again. An open beaker heat-up
method is like an open system whereby the liquid becomes vapour, and due to evaporation

water level drops.

The Monowave 50 is an experimental synthesis reactor using conventional rather than
microwave heating. Monowave 50 offers the performance of a microwave reactor at the
cost of an autoclave, enabling synthesis at rates several times quicker than conventional
stirrer hot-plate configurations. It is a relatively inexpensive and low scale (McGown et

al,, 2022).

In a conventional aqueous synthesis of QDs, precursors are added at room temperature in
the presence of stabilizing agents such as thiol groups (i.e., MPA, GSH and TGA)
followed by heating under reflux. While synthesizing ternary QDs to balance the
reactivities of anions (i.e., Ag*" and In*"), stabilizing agents such as GSH and sodium
citrate are often used (Chen et al., 2013). The optical and electronic properties of ternary
QDs can be modified by adjusting the cation: anion ratio because they depend mainly on

the amount of cation (i.e., Ag: In molar ratio during the synthesis).

Ag®" and In*" precursor cation and anion (S*") species were combined while being

vigorously stirred magnetically to synthesize AgInS core QDs. Since In*" is a hard acid
and Ag" is a soft Lewis acid, the reaction required careful balancing and control of the
metal ions' reactivity. This was obtained by using a non-stoichiometric metal ion ratio
(adding In*" in four-fold excess), two stabilizing agents (mainly glutathione and sodium

citrate as soft bases), and highly reactive NaxS as a sulfur source (Hu et al., 2018). GSH
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was used as the thiol capping because of its biocompatibility. In addition, GSH is a
tripeptide with several functional groups (such as amine and carboxylate), which allows

additional structural modifications.

A variety of synthetic parameters, including reaction time, pH, synthetic method, Ag: In
ratios, ZnS shell layers, capping agent, GSH content, and stabilizing agent, were evaluated
to select the optimum reaction conditions. Zinc acetate and thiourea were introduced as
ZnS shell precursors to the AgInS core QDs to form AgInS/ZnS core/shell QDs as shown

in Scheme 3.1 below.
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Diagram 3.1: Schematic representation of reflux synthesis.

To further enhance the optical properties of AgInS core QDs, the surface of the AgInS
core QDs was coated with a ZnS shell. ZnS shell was selected because it is the most often
employed passivating agent due to its high bandgap, low lattice mismatch, and low
toxicity. In general, capping agents are used to control growth of materials. They can
perform as stabilizers and passivate QDs to obtain desired optoelectronic characteristics
(Masab et al., 2018, Vitshima et al., 2022). Furthermore, bioconjugation of AgInS/ZnS

QDs using bovine serum albumin (BSA) is also reported in this chapter.




3.2. Materials and methodology

3.2.1. Chemicals.

Indium (III) chloride (InCl3), L-Glutathione reduced (GSH), Silver nitrate (AgNO3), tris-
sodium citrate (Na3Ce¢Hs07). 2H20), Sodium hydroxide (NaOH) pellets, zinc acetate
dihydrate (Zn(O2.CCH3)2(H20)2), Hydrochloric acid 32% (HCI), sodium sulphide (NaxS),
thiourea (CH4N32S), ethanol (CH3CH2OH), Dimethylformamide (DMF), N,N'-
Dicyclohexylcarbodiimide (DCC), ethyl (dimethylamino propyl) carbodiimide/N-
hydroxysuccinimide (EDC/NHS) and BSA were bought from Sigma Aldrich, South
Africa and used exactly as directed. The synthesis and analysis were performed using
deionized water.

3.2.2. Effect of synthetic methods

3.2.2.1. Synthesis and optimization of AgInS/ZnS core/shell QDs via reflux.

AgInS core QDs was synthesized using a method by Tsolekile et al, 2020 with

modifications. Briefly, AgNO3 (0.063 mmol; 0.0107 g), InCl3 (0.25 mmol; 0.055 g),

NazCsHs07 (1.00 mmol; 0.294 g) and GSH (0.145 mmol; 0.045 g) were combined into a

three-neck flask with 100 ml of distilled water under magnetic stirring. The pH was
adjusted to 7.58 by the addition of small amounts of NaOH (1.0 M) and HCI (1.0 M) using
a pH meter before adding NaxS (1.25 mmol; 0.0975 g in 10 ml). The mixture was refluxed
at 95°C for 60 minutes under stirring to obtain AgInS core QDs. Aliquots were taken every
15 minutes for analysis during the synthesis. Following the core synthesis thiourea (0.200
mmol; 0.015 g in 10 ml) and zinc acetate (0.200 mmol; 0.044 g in 10 ml) were added to
the core solution, which was refluxed for 1 hour 20 min at 95°C to form AgInS/ZnS
core/shell QDs. The experiment was optimized by adjusting several synthetic factors such
as reaction time, pH (3.58, 7.58, 9.58 and 11.58), In: Ag ratio (1:4, 1:2, 1:1, 1:8 and 1:16)
and ZnS shell (layer 1, 2 and 3), capping agent (i.e., GSH and Glycine), stabilizing agents

(i.e., dual, and single source) and GSH concentration (0.29, 0.145 and 0.58 mmol).
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Ethanol (200 ml) was added to precipitate the obtained QDs, and the dispersion was
centrifuged. The precipitate was collected and re-dispersed in water and the procedure
was repeated twice. The obtained QDs were kept at room temperature and stored in amber
glass vials.

3.2.2.2.Synthesis of AgInS core QDs via open and closed beaker method

AgInS core QDs were obtained with AgNO3 (0.063 mmol; 0.0107 g), InCl3 (0.25 mmol;
0.055 g), Na3zC¢Hs07 (1.00 mmol; 0.294 g), GSH (0.29 mmol; 0.09 g) and Na>S (1.25
mmol; 0.0975 g in 10 ml). The precursors were dissolved sequentially in 100 ml of
distilled water under magnetic stirring. The pH of the solution was adjusted to 7.58 before
adding sodium sulphide. The solution was heated at 95°C for 45 minutes under stirring to
obtain AgInS core QDs. Aliquots were taken every 15 minutes for analysis during the

synthesis.

3.2.2.3. Synthesis and optimization of AgInS/ZnS core/shell QDs via Monowave 50

A modified version of the previously published procedure was used to synthesize
glutathione capped AgInS core QDs (Vitshima et al., 2022). In a typical synthesis, AgNO3
(1.1 mg), InCl3 (5.5 mg), NazCsHs07 (29.4 mg), GSH (4.5 mg) were added to 10 mL of
distilled water under magnetic stirring in a 50 ml beaker. The pH was adjusted to 7.58 by
adding small amounts of NaOH (1.0 M) and HCl (0.1 M). Na,S (9.8 mg) was added under

vigorous magnetic stirring, and the resulting solution was poured into a reactor vial and

placed in a Monowave at 95°C for 45 min to form AgInS core QDs. After this period,

Zn(02CCH3)2(H20)2 (4.5 mg) and CH4N>S (1.5 mg) were added to the reaction mixture
and placed in a Monowave for 1 h 20 min at 95 °C to form AgInS/ZnS core/shell QDs.
The experimental conditions for the synthesis of QDs were optimized by assessing the

effect of reaction time, Ag: In molar ratio, temperature (95, 75,50 °C) and capping agents




(L-serine, Methionine and Glycine). The QDs were precipitated as described in section

3.2.2.1.

3.2.3.  Preparation of phosphate buffered saline (PBS) (pH 7) solution.

The fresh PBS solution was prepared as follows: ~8 g NaCl and 200 mg KCI were
dissolved into 800 mL distilled water. Approximately 1.44 g Na,HPO4-12H>0 and 245
mg KH>PO4 were then dissolved into the solution. The pH was adjusted to 7.44 using 0.1

M HCI or 0.1 M NaOH solutions.

3.2.3.1. Preparation of 1 mg/ml BSA stock solution and standard solution.

About 5 mg of BSA was dissolved in 5 ml of PBS and mixed well until everything

dissolved.

The stock solution prepared a series of 5 serial dilutions with final concentrations of 0.9,
0.70, 0.55 and 0.20 mg/ml by dissolving an appropriate amount of BSA in freshly prepared

PBS buffer.

3.2.4.Synthesis of AgInS/BSA-ZnS and AgIn-BSA-S/ZnS bioconjugates

Effect of concentration

Following the synthesis of AgInS/ZnS core/shell as described in section 3.2.2.1,
AgInS/BSA-ZnS QDs were prepared by adding different concentrations of BSA (i.e., 0.2,
0.55, 0.7 and 0.9 mg/ml) during ZnS passivation. While AgIn-BSA-S/ZnS were prepared
by adding BSA after indium precursor, the core was synthesized for 45 min. Then ZnS

was added, and the synthesis continued for 1hr 20 min via reflux.

Effect of Ratios of AgInS/ZnS: BSA

1:1 (2 ml AgInS/ZnS was mixed with 2 ml BSA (0.9 mg/ml), 1:2 (1ml AgInS/ZnS was
mixed with 2 ml BSA (0.9 mg/ml), 1:3 (1Iml AgInS/ZnS was mixed with 3 ml BSA (0.9
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mg/ml) 1:4 (Iml AgInS/ZnS was mixed with 4ml BSA (0.9 mg/ml), 1:5 (1ml AgInS/ZnS

was mixed with 5 ml BSA (0.9 mg/ml).

Effect of cross-linker (EDC/NHS) on AginS/ZnS-BSA conjugation

About 5 mL of AgInS/ZnS was added to 10 mL DMF. DCC (0.47 g, 2.26 mmol) and NHS
(0.25 g, 2.26 mmol) were added under magnetic stirring. 0.9 mg/ml BSA was added. The

solution stirred for 2.5 hr. Aliquots were taken for analysis.

3.2.5. Characterization

Several techniques were used to characterize the AgInS core QDs and AgInS/ZnS
core/shell QDs, including ultraviolet-visible spectrophotometry (UV—Vis) (Perkin Elmer
UV-Vis Lambda 25 spectrometer, (UK); 1 nm slit width), Photoluminescence (PL) (RF-
6000, Shimadzu, Japan), Fourier Transform Infrared spectroscopy (FT-IR) (Spectrum two
UATR spectrometer, Perkin Elmer, UK), Transmission electron microscopy (TEM) and

X-ray diffraction (XRD) patterns of the as-synthesized QDs were collected by Bruker DS.

Advance diffractometer with monochromatic Cu-Kal radiation (A = 1.5418 A) at room

temperature. Scanning Electron Microscope (SEM) measurements were carried out using

JEOL 2010 operated at 200 kV. Dynamic light scattering (DLS).




The photoluminescence quantum yield (PLQY) of AgInS core QDs and AgInS/ZnS core-
shell QDs was calculated using rhodamine 6 G (QY = 0.95, ethanol solution) as a

reference standard and the equation below:

The PLQY's was calculated as:

2
Isample Astandard (nsample)

QY = QYref Xx
sample Isample (nstandard)2

QYref — represents the quantum yield
I — represents integrated PL emission intensity
A —represents the absorbance at excitation wavelength (at A <0.1)

n — reflective index of solvents (n = 1.33 for deionized water, n = 1.36 for ethanol).

3.3. Results and discussion

3.3.1. Synthesis of AgInS core QDs using reflux method.
Effect of reaction time

Figure 3.1 (a) and (b) depict the optical properties of the as-synthesized AgInS core QDs
at different time intervals for 60 minutes. The influence of refluxing time on PL intensities
was studied, as shown in figure 3.1a. The PL intensities of the as-synthesized AgInS core
QDs increased as the reaction time increased. This was accounted to the improvement in
the crystallinity of the AgInS core QDs (Kiprotich et al., 2018). The absorption spectra in
Figure 3.1b demonstrate that the absorbance decreased as the reaction time increased, with
0 min denoting an aliquot of QDs obtained after adding Na>S as a sulphur source,
signalling burst nucleation. The absorption spectra depicted broad excitation peaks. Figure
3.1c and d depicts changes of intensity and absorbance over time at a wavelength of 555.5

nm and 290 nm, respectively. It was observed that the reaction followed classical
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nucleation theory (Figure 3.1c), which is the process whereby the formation of a solid
takes place in a single step and once the clusters reach a certain size, they become
thermodynamically stable and continue to expand spontaneously (Wu et al., 2022). While
figure 3.1c showed that the reaction followed a two-step nucleation mechanism which is
possible in the existence of a metastable phase whose thermodynamic stability is
intermediate between that of an old supersaturated phase and that of the assumed crystal
phase (Kashchiev, 2020). These two mechanisms observed might be due to variations in

particle sizes during the synthesis.
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Figure 3.1: (a) Photoluminescence (PL) spectra of AgInS core QDs at different times, (b)
UV-vis spectra of AgInS core QDs at different times and (c) Graph of intensity versus
time (d) Graph of absorbance versus time.




Effect of pH.

The effect of pH on the optical properties of the as-synthesized AgInS core QDs was
studied as shown in figure 3.2 (a) and (b). The PL intensity was significantly affected by
the changes in pH of the as-synthesized AgInS core QDs as shown in figure 3.2a. The pH
of the reaction solution before the addition of Na>S was tuned at 3.58, 7.58, 9.58 and
11.58. Adjusting the pH of the mixture from 3.58 to 7.58 resulted in increased PL intensity
and further adjustment in pH from 7.58 to 11.58 resulted in quenching of the PL intensity.
Therefore, the maximum intensity was obtained at pH 7.58. This was probably due to
GSH having a pKa value of 8.7, and between GSH and AgInS QDs show stronger bonding
forces at this pH value (Xiong et al., 2013). Figure 3.2b revealed a continuous blue-shift

when the pH value was increased from 3.58 — 11.58. The blue-shift in the UV-vis

absorption spectra due to an increase in pH value is also reported elsewhere (Soheyli et

al., 2019). Thus, pH 7.58 was selected for further experiments.
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Figure 3.2: (a) Photoluminescence (PL) spectra of AgInS core QDs at different pH values
and (b) UV-vis spectra of AgInS core QDs at different pH values.




Effect of molar ratio of precursors.

Figure 3.3a shows the PL intensity of the synthesized AgInS core QDs with nominal In:
Ag ratios varied from 1:1 to 1:16. The PL intensity increased with an increase in Ag up to
1:8 with In: Ag (1:4) exhibiting maximum PL intensity. Then after 1:8 (In: Ag) the PL
intensity decreased. Furthermore, increasing the Ag content caused a slight blue-shift in
PL peaks. Suggesting that increasing Ag content caused repulsion between Ag d and S p
orbitals in AgInS, leading to the rising of the valence band maximum (Kang et al., 2015).
UV-visible absorption spectra in figure 3.3b of the as-synthesized AgInS QDs revealed
that increasing the In: Ag molar ratio was accompanied by a continuous redshift and

decreasing the In:Ag ratio molar ratio causes a blue-shift. Thus, optimal results were

obtained at a ratio of 1:4 due to the highest emission intensity and a broad excitonic peak

observed on the PL and UV-vis spectra.
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Figure 3.3: (a) Photoluminescence (PL) spectra and (b) UV-vis spectra of AgInS core QDs
synthesized at different In: Ag ratios.

3.3.2. Synthesis and optimization of AgInS/ZnS core/shell QDs.

The UV-vis absorption and PL spectra of the as-synthesized AgInS/ZnS core/shell QDs
are shown in figure 3.4 (a) and (b), respectively. In figure 3.4a injection of Zn/S precursor

revealed an increase in PL intensity and a slight blue-shift in PL peak position was
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observed, suggesting the formation of smaller particles. According to Delices et al., 2020,
the increase in PL intensity can be explained by the passivation of surface defects resulting
in a reduction of non-radiative recombination pathways. In figure 3.4b a broad excitonc

peak was observed in the core, the core/shell exhibits band-edge absorption.
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Figure 3.4: (a) Photoluminescence (PL) spectra and (b) UV-vis spectra of AgInS core
QDs and AgInS/ZnS core/shell QDs.

Effect of capping agent.

Figure 3.5a shows the PL spectra of AgInS/ZnS QDs synthesized using GSH and Glycine
as capping agents. GSH-capped AgInS/ZnS QDs PL intensities were higher than Glycine
capped AgInS/ZnS QDs. According to Masab et al., 2018, the difference in peaks of QDs
capped with different capping agents is due to the complexation constants of different
capping agents capable of modifying the growth kinetics of QDs. Figure 3.5b shows the
corresponding UV-vis absorption spectra of the as-synthesized QDs. The absorption
spectra of GSH-capped core QDs had an excitonic peak and after the addition of ZnS, the
excitonic peak disappeared, confirming the elimination of surface defects on the QDs. The

glycine capped QDs revealed a slight redshift following the addition of ZnS shell

indicating the formation of bigger particles. GSH was selected as a capping agent due to

its higher luminescent intensities and stability.
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Figure 3.5: (a) Photoluminescence (PL) spectra and (b) UV-vis spectra of AgInS core
and AgInS/ZnS core/shell QDs synthesized via different capping agents (i.e., GSH and
Glycine).

Effect of stabilizing agent (dual source and single source)

Figure 3.6 (a) and (b) depict optical properties of the AgInS/ZnS QDs synthesized using
various stabilizing agents, namely, (i) dual stabilizing agent (i.e., GSH and sodium
citrate), (i1) single source consisting of GSH only (i.e., without the addition of sodium
citrate). Figure 3.6a depicts the PL spectra of the as-synthesized QDs it was observed that
lower PL intensity was observed on the QDs synthesized using a single source while a

high PL intensity was observed for QDs synthesized using dual stabilizing agents. The

UV-vis absorption spectra in figure 3.6b showed a lack of excitonic peak on the

AgInS/ZnS QDs synthesized using a dual stabilizer and single source, respectively.

AgInS/ZnS QDs synthesized using a dual stabilizing agent showed enhanced optical

emission properties and thus were further used throughout this study.
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Figure 3.6: (a) Photoluminescence (PL) spectra and (b) UV-vis spectra of AgInS core and
AgInS/ZnS core/shell QDs synthesized using dual stabilizing agents (GSH and sodium
citrate) and a single source (i.e., removal of sodium citrate).

Effect of GSH concentration

To further improve the quality of GSH-capped AgInS/ZnS QDs, the amount of GSH was
varied from 0.145 to 0.58 mmol, respectively. It was observed that with decrease in the
concentration of GSH from 0.58 to 0.145 mmol increases the PL intensity. A slight blue-
shift was observed as shown in figure 3.7a. The UV-vis absorption spectra show the
presence of excitonic peaks at high concentrations with a decrease in GSH concentration.
Low concentration of GSH resulted in the formation of more stable GSH-capped

AgInS/ZnS QDs. Thus, 0.145 mmol was selected as the optimum for further analysis.
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Figure 3.7: (a) Photoluminescence (PL) spectra and (b) UV-vis spectra of AgInS/ZnS
core/shell QDs synthesized at different amounts of GSH.




Effect of ZnS shell layers

The effect of shell passivation on photo-physical properties of the synthesized QDs was
investigated by adding three ZnS layers on the AgInS core QDs. Figure 3.8a shows the
PL spectra of core and core-multi shell layers of AgInS/ZnS QDs. Increasing the number
of ZnS shell monolayers resulted in a continuous blue-shift from 582 nm (AgInS core) to
564, 541 and 525 nm for ZnS shell monolayers 1, 2 and 3, respectively. In ternary QDs,
the observed blue shift after ZnS passivation is a common phenomenon and is explained

by the diffusion of Zn?"ions into the core via partial cationic (Ag" or In*") exchange with

the Zn?" in the core (Tsolekile et al., 2020). The UV-vis absorption spectra in figure 3.8b

show broad absorption peaks as the ZnS shell monolayer increases increase and a blue
shift in the onset of the AgInS/ZnS QDs. This study used AgInS/ZnS core-shell QDs with
one ZnS coating based on maximum wavelength and high intensity. Figure 3.8c and d
shows digital photographs of AgInS core and AgInS/ZnS core/shell under day light (c)
and under UV-lamp (d). Under the UV-lamp AgInS core showed a dark bright orange
colour while AgInS/ZnS core/shell displayed a bright yellow colour. Colour change under
the UV-lamp indicate the fluorescent nature of the QDs. Thus, it was observed that
AgInS/ZnS core/shell QDs are brighter than AgInS core QDs under UV light, that can be
ascribed to the growth of core-shell QDs. AgInS core QDs were estimated to have a
PLQY of 31.6%, which increased to 35.4% for AgInS/ZnS core/shell QDs. This
demonstrates that after ZnS passivation, the material's quality improved. In addition,
compared to QDs synthesized using other ligands, such as 1-dodecanethiol (DDT),
thioglycolic acid (TGA), and mercapto propionic acid (MPA), the luminescence and/or
QY of the as-synthesized QDs appears to be superior (Miropoltsev et al., 2020; May et

al., 2019 and Shi et al., 2020).
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Figure 3.8: (a) Photoluminescence (PL) spectra, (b) UV-vis absorption spectra of AgInS
core and AgInS/ZnS shell layers. (c) digital image day light and (d) digital image under
UV-lamp of AgInS core and AgInS/ZnS core/shell.

3.3.3. Synthesis of AgInS core QDs using heat-up method
Open beaker

Figure 3.9a shows the photoluminescence spectra of the AgInS core QDs synthesized
using the open-beaker heat-up method. The results revealed a decrease in the PL intensity
as the reaction time increased. After 30 minutes, a precipitate was obtained; hence the
synthesis was stopped. The UV-vis absorption spectra showed a continuous redshift as the

reaction time increased, suggesting the formation of larger particles, as shown in figure

3.9b.
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Figure 3.9: (a) Photoluminescence (PL) spectra of AgInS core QDs and (b) UV-vis spectra
of AgInS core QDs synthesized using open beaker heat-up method at pH 7.58




Closed beaker heat up method.

Figure 3.10a shows the photoluminescence spectra of AgInS core QDs synthesized using

closed beaker heat-up method. The results revealed a similar trend observed when using

the reflux technique, i.e., as the reaction time increased the PL intensity also increased.

The UV-vis absorption spectra showed a slightly broad excitonic peak and a slight redshift
showing bigger particles were continuously formed as shown in figure 3.10b. Despite the
PL peaks and UV-vis absorptions showing relatively similar results to the reflux method.
The low PL intensities observed in these methods suggest the maximum separation of

charge carriers.
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Figure 3.10: (a) Photoluminescence (PL) spectra of AgInS core QDs and (b) UV-vis
spectra of AgInS core QDs synthesized using closed beaker heat-up method at pH 7.58.




3.3.4. Synthesis of AgInS/ZnS QDs via monowave 50 method

Effect of time

The temporal evolution of AgInS core QDs were monitored by synthesizing the material
at different reaction times. Figure 3.11a depicts the influence of reaction time on PL
intensities of the synthesized material. As expected, the PL intensities of the as-
synthesized AgInS core QDs increased as the reaction time increased, reached its

maximum after 45 min, and decreased after 60 min and 75 min. Furthermore, a blue shift

with increasing time for 60 and 75 min proved that the In*" and Ag" cation exchange

reaction on pre-grown AgInS core QDs effectively took place (Kim et al., 2020; Parani,
and Oluwafemi, 2022). The absorption spectra in figure 3.11b depict that as the reaction
time reached 30min and 75 min no excitonic peaks were observed, while at 5 min and 15
min showed broad excitonic peaks centred around 234 nm. At 60 min a slightly narrow
sharp excitonic peak centred around 236 nm was observed. Changes in fluorescence
intensity and absorbance were confirmed by a calibration curve in figure 3.11c and d
respectively. Figure 3.11¢ depicted a slow reaction rate occurring from 5 to 30 min. The
reaction rate started to increase exponentially, which is depicted by increased intensity
from 30 minutes to its maximum after 45 minutes. A slight decrease in intensity was
observed after 60 min and 75 min and was constant. The absorbance versus time graph in
figure 3.11d revealed that the absorbance decreased after 10 min and started to increase
after 30 min reaching a maximum absorbance at 60 min and decreasing after 75 min. Both
figure 3.11¢ and d resembled a classical nucleation theory similar to the Ostwald step rule

(Kashchiev, 2020).
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Figure 3.11: (a) Photoluminescence and (b) absorption spectra of AgInS core QDs at
different reaction times, (c)&(d) graphs depicting intensity and absorbance changes
overtime respectively

Effect of Ag:In ratio

The amount of indium was varied to achieve different Ag: In ratios. Figure 3.12a shows

the PL intensity of the synthesized AgInS/ZnS core/shell QDs with nominal ratios varied

from 1:4 to 1:16. It was observed that the PL intensity increased with increasing indium

content up to 1:4. Following this the intensity quenched at 1:6. The PL peaks observed
were broad compared to other synthetic techniques with full-width half maximum
(FWHM) of 112 nm, while reflux and closed beaker heat-up method exhibited FWHM of
105 nm and 96 nm respectively. Figure 3.12b depicts the absorption spectra of AgInS/ZnS
core/shell QDs at different Ag:In ratios. The absorption spectra of the as-synthesized
AgInS/ZnS QDs revealed sharp excitonic peaks at high indium content with maximum

absorbance obtained at 1:4. Hence 1:4 was the optimal ratio.
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Figure 3.12: (a) Photoluminescence and (b) absorption spectra of AgInS/ZnS core/shell
QDs synthesized at different Ag:In ratios.

Effect of reaction temperature

Reaction temperature controls the nucleation rate thus it’s an important factor for the
quality of QDs (Yu et al, 2012). Figure 3.13a depicts the PL spectra of AgInS/ZnS
core/shell QDs synthesized at different reaction temperatures. The PL intensity

significantly increased with an increase in temperature. At a relatively moderate increase

in temperature, the QDs started to grow, indicating that crystal growth requires higher

temperatures. Thus, maximum PL intensity was obtained at a reaction temperature of 95
°C. The absorption spectra in Figure 3.13b depicts broad excitonic peaks with an increase
in temperature from 50 to 60 ‘C and narrow sharp excitonic peaks with maximum

absorbance at 95 °C.
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Figure 3.13: (a) Photoluminescence and (b) absorption spectra of AgInS core QDs at
different temperatures.

Effect of capping agent

Thiol groups are appropriate ligands as capping agents because of their terminal functional
groups (i.e., thiol, amines, or carboxylic acid). During synthesis and storage, the functional
groups prevent agglomeration and enable surface binding to the surface of QDs (Wonci
et al, 2022). Figure 3.14 depicts the optical properties of AgInS/ZnS core/shell QDs
capped with different capping agents such as Glycine, L-methionine, 1-serine, GSH and
amino acid mixture. Figure 3.14a shows the PL spectra of the QDs capped with different
thiol groups. GSH exhibited the highest maximum intensity while the amino acid mixture
(which contains Glycine, L-methionine, I-serine and GSH) showed a slight decrease in
intensity. The absorption spectra showed broad excitonic peaks for all the different thiol
groups (figure 3.14b) except for the amino acid mixture. Serine has only one additional
functional group (CH2OH) compared to Glycine hence it showed maximum absorptions.
GSH has a thiol group that plays an essential role in its functions and is made up of three
amino acids (i.e., cysteine, glutamic acid, and glycine), while L-methionine has thiol

functional group and is a constituent of GSH; hence GSH showed high absorbance

compared to L methionine. The figure 3.14c shows the structure of the various amino

acids.
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Figure 3.14: (a) Photoluminescence and (b) absorption spectra of AgInS/ZnS core/shell
QDs synthesized using different capping agent and (c¢) Structures of amino acids.

3.3.5. Morphological and structural of as-synthesized QDs.

FTIR

Figure 3.15 shows the FTIR spectra of GSH (capping agent) and the as-synthesized
AgInS/ZnS core/shell QDs. The GSH capping on the as-synthesised QDs was confirmed
using the FTIR spectra. GSH exhibited peaks at 3340 cm™!' and 3251 cm™! that were
assigned to "OH and "NH functional groups respectively. The characteristic thiol ("SH)
group stretching vibrations of GSH was observed at 2524 cm™! and the peaks at 1595 -
1535 cm ™! were attributed C=0 stretching band of the carboxylic group. Asymmetric and
symmetric COO stretching were observed at 1595 cm ™! and 1535 cm ™!, respectively. The
peak broadening and shift of the vOH and vC-H functional groups was observed in AgInS
core QDs. The GSH thiol group (SH) disappearance in AgInS core QDs showed that the
-SH group was involved in capping the AgInS core surface with GSH. The AgInS/ZnS
QDs showed similar spectra to the AgInS core QDs after passivation with ZnS, but with

a slight decrease in intensity and peak shift in the vOH and vC-H bands. Additionally, the

AgInS/ZnS core/shell QDs displayed vC=0 at 1560 cm™' (asymmetrical) and 1358 cm’!

(symmetrical), indicating successful capping of the as-synthesised AgInS/ZnS QDs with

GSH.




[1=]
(13

[1=]
=

=]
m
o Tranemittance

—G5H

=]
=

—Agins

=
[4;]

AgInSiZns

£L00-

=
=

2900 3400 2900 2400 1500 1400

Wavenumber (cm-1)

Figure 3.15: FTIR spectra of GSH and AgInS core AgInS/ZnS core/shell QDs.

XRD and EDX

To determine the crystalline structure and elemental composition of AgInS core QDs and
AgInS/ZnS core/shell QDs XRD and EDX analysis were carried out. Figure 3.16a depict
the XRD patterns of AgInS core and AgInS/ZnS core/shell QDs. The XRD patterns of
AgInS core QDs showed major peaks at 20 values of 27.6¢, 45.4° and 52.5° corresponding
to 112, 220 and 312 planes of tetragonal crystal structure, respectively. The shift of these
peaks to higher angle for AgInS/ZnS QDs confirms the formation of core/shell QDs which
match reference JCPDS: 25-1330 in-line with literature (Oluwafemi et al., 2019). Figure
3.16b depicts the EDX profiles of the as-synthesized QDs. The presence of Silver, indium
and sulphur characteristic peaks indicate the formation of AgInS core QDs, while in
AgInS/ZnS core/shell QDs the passivation of ZnS shell is indicated by the presence of Zn

peaks in the EDX profile.
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Figure 3.16: (a) XRD and (b) EDX spectra of AgInS core and AgInS/ZnS core/shell QDs.

TEM, SEM and size distribution

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were
used to analyse the size and morphology of the as-synthesized QDs. The AgInS core QDs
and AgInS/ZnS core/shell QDs were small and spherical, as shown in Figure 3.17 and c.
According to the size distribution curves, the AgInS core QDs have a size that is centred
around 1.5 nm, while the AgInS/ZnS core/shell QDs have a particle size that is less than
2.5 nm (Figure 3.17 b, d). The SEM morphologies of AgInS/ZnS core/shell QDs are

shown in Figure 3.17f. From figure 3.16e the shape of the AgInS core QDs are

polydisperse with larger particle size. After adding the ZnS shell depicted in figure 3.17f

the QDs are polydisperse with smaller particle size.
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Figure 3.17: (a) TEM, (b) particle size distribution and (c) SEM of AgInS core QDs.
(d) TEM, (e) particle size distribution and (f) SEM of AgInS/ZnS core/shell QDs.

Dynamic light scattering (DLS)

Figure 3.18 shows the zeta size distribution of (a) AgInS core, (b) AgInS/ZnS core/shell
QDs and zeta potential of (c) AgInS core, (d) AgInS/ZnS core/shell QDs. AgInS core QDs
exhibited narrow size distribution compared to AgInS/ZnS core/shell QDs. As expected,
the size of the AgInS core QDs was higher than size AgInS/ZnS core/shell QDs with

values 449.9 d.nm and 79.31 d.nm respectively. The reduction in particle size of the

quantum dots confirms the improvement in quality of the as-synthesized QDs following

ZnS passivation. The highly negative zeta potential of the AgInS core QDs and the
AgInS/ZnS core/shell QDs (-51.4 mV and -26.4 mV, respectively) showed the remarkable

colloidal stability of the synthesized material.
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Figure 3.18: Zeta size of (a) AgInS core, (b) AgInS/ZnS core/shell and Zeta potential (¢)
AglInS core, (d) AgInS core/shell.

3.3.6. Optimization of conjugation/Functionalization of GSH capped AgInS/ZnS

QDs with BSA.

According to Mufioz et al., 2021 ternary QDs have become common practice for chemical
evaluation of inorganic, organic and biological molecules depending on the binding

affinity between the surface of QDs and the analyte. Furthermore, the electron-hole pair

dispersion during the interaction between QDs and the analyte may quench or enhance the

fluorescence signal. (Mufoz et al., 2021). Herein, the interaction of bovine serum albumin
(BSA) with GSH-capped AgInS/ZnS QDs was investigated and optimized using different
conjugation and functionalization methods (i) concentration of BSA using two methods
(i1) ratios of BSA: AgInS/ZnS QDs and (iii) use of activation agent (cross-linker) via

carbonamide: EDC/NHS.

Effect of Concentration of BSA using two methods.

GSH-capped AgInS/ZnS core/shell QDs were conjugated with BSA at different
concentrations of BSA (i.e., 0.2, 0.55, 0.7 and 0.9 mg/ml) respectively using two different

methods; (i) addition of BSA with the ZnS shell denoted by AgInS/BSAZnS and (ii)
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addition of BSA with the core after the addition of InCl, precursor denoted by
AgInBSAS/ZnS. Figure 3.19 shows the fluorescence emission spectra of the AgInS/ZnS-
BSA conjugate at different BSA concentrations. The as-synthesized AgInS/ZnS core/shell
QDs have the maximum intensity at 681.71 au at a wavelength of 567.5 nm. The
AgInS/ZnS-BSA conjugates synthesized using different methods resulted in either
quenching or enhancement of fluorescence emission intensity. The first method, adding
BSA with ZnS shell, resulted in quenching of fluorescence intensity for 0.9, 0.2 and 0.55
mg/ml with intensities of 584.36, 678.32 and 678.27 a.u respectively. While 0.7 mg/ml
resulted in an enhanced intensity of 685.09 a.u. The second method, adding BSA after
InCl> precursor, resulted in quenching of fluorescence intensity at 0.55 and 0.2 mg/ml
with intensities of 678.57 and 678.32 a.um respectively. While at 0.9 and 0.7 mg/ml,
fluorescence intensity was enhanced to 741.21 and 685.09 a.u respectively. The optimum

fluorescence intensity thus was obtained at a concentration of 0.9 mg/ml.
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Figure 3.19: Bar graph of AgInS/ZnS QDs, and AgInS/ZnS-BSA conjugates synthesized
using two methods at different concentrations.

Effect of AgInS/ZnS: BSA ratios.

To further improve the stability, optical properties, and biocompatibility of AgInS/ZnS-

BSA conjugates, the fluorescence properties were optimized by varying AgInS/ZnS: BSA

ratios. Whereby AgInS/ZnS was kept constant and BSA was varied (i.e., 0.9 mg/ml).
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Figure 3.20 (a) and (b) depicts the optical properties of the as-synthesized material at
different AgInS/ZnS: BSA ratios (1:1 to 1:5). It was discovered that the addition of BSA
enhanced the fluorescence emission intensity with a slight blue-shift in PL peak position.
Ratio 1:2 showed max fluorescence emission intensity at 559 nm. Further increase in BSA
concentration (1:3 to 1:5) resulted in a reduction in fluorescence emission intensity. Thus,
1:2 was the optimum AgInS/ZnS: BSA ratio with a max intensity of 999.58 a.u. UV-vis
absorption spectra revealed a slight blue shift and reduction in absorbance as

concentration of BSA increased.
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Figure 3.20: Photoluminescence (PL) spectra and (b) UV-vis spectra of AgInS/ZnS: BSA
ratios.

Effect of cross-linker (EDC/NHS) on AgInS/ZnS-BSA conjugation

The cross-linking and conjugating biomolecules to various substrates are widely used in
various fields such as chromatography, biomaterials, biosensors etc (Wang et al., 2011).
Cross-linking methods include chemical (glutaraldehyde, isocyanates, or carbodiimide-
based), physical (de-hydrothermal) and enzymatic (Shepherd ef al., 2015) methods.
Compared to other cross-linking reagents such as glutaraldehyde and formaldehyde, the

EDC/NHS activation approach has advantages such as high conversion efficiency, mild

reaction conditions, and excellent biocompatibility to influence the bioactivity of target




molecules. Due to these advantages, EDC/NHS activation of carboxylic acids and
amidation reactions have been widely applied for biomolecule conjugation and
immobilization of proteins, peptides, and DNA to many substrate polymers, silicon,
nanotubes, and nanoparticles (Wang et al., 2011). Figure 3.21 a and b, depicts the PL and
UV-vis absorption spectra of AgInS/ZnS-BSA conjugate using activation agent
EDC/HNS as a cross liker between the QDs and BSA with NHS and without NHS. In the
presence of NHS, the results show quenching in PL intensity. In the absence of NHS the
PL intensity slightly increased. The UV-vis absorption spectra disappearance of the

excitonic peak of the AgInS/ZnS QDs after conjugation.
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Figure 3.21: Photoluminescence (PL) spectra and (b) UV-vis spectra of AgInS/ZnS, BSA
and AgInS/ZnS + BSA with NHS and without NHS (Insert: BSA).

3.3.7. Morphological and structural analysis of AgInS/ZnS-BSA conjugate and
mechanism of AgInS/ZnS and BSA interaction

FTIR

To evaluate the nature of the binding, between AgInS/ZnS QDs and BSA and their
interaction mechanism FTIR was studied. Figure 3.22 depicts the FTIR spectra of

AgInS/ZnS QDS, pure BSA and AgInS/ZnS-BSA conjugate. The AgInS/ZnS QDs
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exhibited peaks at 3384 cm™', 1560 cm™ and 1358 cm™ which were assigned to vVOH
group, asymmetrical and symmetrical stretches respectively (Vitshima et al., 2022). The
IR spectra of pure BSA at 3257 cm™!, 1644 cm™ and 1532 cm™! were assigned to stretching
vibrations of vOH, amide I band caused by stretching of vC=O group and amide II band
comes from VNH:z deformation of vNH bending and vC-N stretching in secondary amides
respectively, which were observed by (Ye ef al., 2019) and (Ghosh et al., 2012). Ranjan
et al., 2016, in proteins the amide I band contributes to exposed a-helix structure. In the
absence of AgInS/ZnS QDs, pure BSA demonstrated an a-helix peak, the amide I band.
While in the presence of AgInS/ZnS QDs a shift to 1618 in the exposed a-helix peak was

observed. Furthermore, at 1532 cm™ BSA demonstrated a B-sheet corresponding to the

amide II band at 1532 cm™!, in the presence of AgInS/ZnS QDs the peak shifted to 1579

cm’l. The shifts observed in the a-helix and p-sheet peaks suggest that the secondary
structure of BSA was distorted and the protein absorbs to the AgInS/ZnS QDs through

exposed a-helix and B-sheets, thus forming the AgInS/ZnS-BSA conjugate.
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Figure 3.22: FTIR spectra of AgInS/ZnS QDs, BSA and AgIinZnS-BSA conjugate.

EDX and SEM for QD-bioconjugate

The elemental composition and morphology were further evaluated for the AgInS-BSA

core and AgInS/ZnS-BSA core/shell bioconjugate. Figure 3.23a depicts the EDX analysis




of QDs-bioconjugates. The spectra showed similar elemental composition to that of
AgInS core and AgInS/ZnS core/shell QDs. However, the AgInS-BSA showed enhanced
intensity on the peaks compared to AgInS core QDs, while the AgInS/ZnS-BSA showed
areduction in intensity compared to AgInS/ZnS QDs. This may be attributed to adsorption
of BSA to the surface of the QDs. Figure 3.23b depicts the SEM morphologies of the as-
synthesized material. For the AgInS-BSA the particles were more dispersed while for the
AgInS/ZnS-BSA the particles were closely packed this might be due to the presence of

BSA on the surface of the QDs.
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Figure 3.23: (a) EDX of AgInS-BSA and AgInS/ZnS-BSA, SEM (b) AgInS-BSA and (c¢)
AgInS/ZnS-BSA.

3.4. Conclusion
The synthesis and optimization of AgInS/ZnS core/shell ternary QDs was done using three
methods (i.e., reflux, heat-up methods and monowave 50 method). Various synthetic
conditions such as reaction time, pH, Ag: In ratios, Zn/S shell layers, capping agent, GSH
concentration and stabilizing agent on the fluorescence properties of the ternary
AgInS/ZnS based QDs were examined. Optimal optical properties of the AgInS core QDs
were obtained after 45 min synthesis at pH 7.58, Ag: In molar ratio of 1:4, GSH

concentration of 0.145 mmol via reflux method. The addition of multiple ZnS shell
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monolayers for the formation of AgInS/ZnS core-shell QDs resulted in a blue shift in PL

peak position. FTIR analysis confirmed the formation of GSH capping on the QDs via S-

metal bond. The highly negative zeta potential of the AgInS core QDs and the AgInS/ZnS
core/shell QDs (-51.4 mV and -26.4 mV, respectively) showed the remarkable colloidal
stability of the synthesized material. Furthermore, BSA conjugation with AgInS/ZnS QDs
was confirmed using FTIR analysis. It was discovered that the as-synthesized AgInS/ZnS
QDs were conjugated with BSA via the amide bonds. The AgInS/ZnS-BSA conjugate
resulted in enhanced optical properties with enhanced stability. Thus, the as-synthesized

materials can be useful in biological applications.
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Chapter 4

Sensing of Vascular endothelial growth factor using AgInS/ZnS
QDs




4.1. Introduction

Electrochemical sensors are a highly effective subclass of chemical sensors that use an
electrode as the transduction element and are highly qualified for meeting the size, cost,
and power requirements of on-site environmental monitoring. Characteristics of
electrochemical sensing systems include high sensitivity and selectivity, a broad linear
range, and inexpensive instrumentation (Hanrahan et al, 2004). The incorporation of
nanomaterials for electrochemical sensors has been of great benefit, with recent
improvements in sensitivity, selectivity, and biocompatibility in electrochemical sensors
(Jackowska and Krysinski, 2013). For the developed electrochemical sensors and
biosensors to reach their maximum potential, it is crucial to use electrochemical
techniques suitable for the sensor and target analytes (Qian et al., 2021). Electrochemical
techniques have been used to analyze a variety of drug molecules because they offer very

low detection limits for electroactive molecules (Okumu et al., 2020).

Electrochemical techniques play an essential role in studying metal nanoparticles as
electrons may undergo quantum confinement effects reflected in their electrochemical
behaviour. Quantum dots are receiving considerable attention due to their high
fluorescence, making them suitable for biological and medical applications. Studying
these materials in electrochemistry and electron-conducting electrodes is of great

importance in finding relevant information on the structure and composition of

nanoparticulate entities and their application in catalysis and sensing (Aliofkhazraei,

2016). This chapter focuses on evaluating the electrochemical properties of AgInS core
QDs, AgInS/ZnS core/shell QDs and AgInS/ZnS-BSA QD-bioconjugates for sensing of
vascular endothelial growth factor using electrochemical techniques such as cyclic
voltammetry (CV), differential pulse voltammetry (DPV), square wave voltammetry

(SWV) and electrochemical impedance spectroscopy (EIS).




CV has been shown as the most popular characterization method for analyzing analytes.
It is useful for determining reaction kinetics, including the number of electrons
transferred, stoichiometry, reversibility, and the reaction type. DPV and SWV are

frequently used for electrochemical detection because of their higher sensitivity compared

to CV. The detection limits that DPV can reach are 10 M or less (Qian et al., 2021).

While EIS is one of the most attractive diagnostic methods because of its applicability,
quickness, precision, and low cost. It can isolate and measure the cell resistance of the

bulk (Rb), charge transfer reaction (Rct) and diffusion process (Choi et al., 2020).

4.2. Experimental

4.2.1. Materials and reagents

The materials and chemicals for the fabrication of the sensor, AgInS QDs, AgInS/ZnS
QDs, AgInS-BSA core and AgInS/ZnS-BSA core/shell QDs bioconjugates were used as
mentioned in the previous chapter. As mentioned in the previous chapter, NaCl, KCI,
Na2HPO4-12H20, KH2PO4 and NaOH were used for PBS preparation. Hydrochloric
acid (HCI) and vascular endothelial growth factor (VEGF) were obtained from Sigma

Aldrich.

Apparatus

A typical conventional one-compartment, three-electrode setup connected to a
potentiostat Autolab PGSTAT 101 (Metrohm, SA) operating software NOVA 2.1 was
used to conduct electrochemical experiments (CV, DPV, and SWV). Glassy carbon (GC)
was used as the working electrode, together with a platinum auxiliary electrode and an
Ag/AgCl reference electrode. The GCE was polished with different concentrations of
alumina powder between the experiments to remove any residue deposits on the surface.

Unless stated otherwise, all experiments were run using HCI1 (0.01 M) and PBS (0.10 M)




solution over a potential range -1.5 to +1.5 V. The synthetic metal quantum dots solution
was dissolved in electrolyte solution. The blank solution of 0.01M HCI and 0.1M PBS
was first analyzed to determine the background signal and the solution AgInS QDs,
AgInS/ZnS QDs, AgInS-BSA core and AgInS/ZnS-BSA core/shell QDs bioconjugates
were investigated. All electrochemical experiments were carried out in solutions purged
with high-purity nitrogen gas for 5 min. CV voltammograms for kinetic studies were

obtained at scan rates by varying potential ranges against (Ag/AgCl).

Optimisation; effect of concentration of BSA and AgInS/ZnS: BSA ratio

GCE was modified with different concentrations of BSA for AgInS/ZnS-BSA
bioconjugates (i.e., 0.2, 0.5, 0.7 and 0.9 mg/ml) and different AgInS/ZnS: BSA ratios (i.e.,
1:1, 1:2, 1:3, 1:4 and 1:5) via drop coating method. Then, the electrodes were left to dry

at room temperature before use. EIS and DPV was used for electrochemical studies.

VGEF preparation and detection

Under the optimized conditions, the fabricated immunosensor was used for detecting

VEGF.

VEGF was prepared by diluting 10 pg in 1 ml of PBS. The sensor was incubated with

various

concentrations of VEGF (3.33 x 10 — 1.70 x 10 pg/ml) in an electrochemical cell

containing 3 mL of 0.1 M PBS buffer at pH 7.4. CV, DPV, SWV was used to measure the
current response. The parameters used technique were potential of -1.5 to +1.5 V, scan

rate of 30 to 270 mV/s, amplitude of 20 mV and frequency of 25 Hz.




Stability studies

The stability of the biosensor was studied using DPV for over 5 weeks.

4.3. Results and Discussion

4.3.1. Electrochemical Characterisation of AgInS core and AgInS/ZnS core/shell
QDs

Figure 4.1 A and B represent the characterization of AgInS core QDs and AgInS/ZnS

core/shell QDs. In figure 4.1A and B, typical CVs and DPVs were evaluated and
compared in 0.01M HCI.
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Figure 4.1: CVs a) and DPVs b) obtained at GCE, blank, AgInS core QD, and AgInS/ZnS
Core/shell QD in 0.01 M HCI at scan rate 0.1 V/s.
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Comparative cyclic voltammograms (CV) and differential pulse voltammograms (DPV)
of AgInS core QDs and AgInS/ZnS core/shell QDs at the Glassy carbon electrode (GCE)
in 0.01 M HCl solution are shown in Figure 4.1 at a scan rate of 0.1 V/s. In the absence of
the QDs, there was no response observed at the GCE in 0.01 M HCl in either CV or DPV.
A pair of weak redox peaks were observed in a CV of AgInS core QDs at (Epa) = 0.14
and Epc =-0.27 V with a formal potential of -0.065 V vs Ag/AgCl when comparing the

electrochemical behaviour of AgInS core QDs with AgInS/ZnS core/shell QDs.

Ag ions produced by AgInS core QDs are responsible for the oxidation peak at 0.14 V,
and the reduction peak at -0.27 V is linked to the reduction of Ag" to Ag’. This observation
and related behaviour have previously been described (Okumu et al., 2020; van der Horst
et al., 2016, Choi et al., 2011). An interesting finding was discovered in the CV of the
AgInS/ZnS core/shell QDs about the formation of a small cathodic peak at (Epc) =-1.01
V versus Ag/Cl and two sets of redox signals that appeared at (Epa) = 0.24 and 0.75 V

and (Epc) =-0.21 and -0.76 V and correspond to the following reactions:

+T¢C

Ag' — » Ag Equa 1

Ag +e — Ag() Equa 2

+
In° 3 3¢ Equa 3

— s In

+3 Equa 4
m3* % IO 1

Further investigations were done to characterize the electrochemical properties of AgIlnS
core QDs and AgInS/ZnS core/shell QDs (Figure 4.1B). DPV was used as a fast, effective,
and more sensitive electrochemical technique compared to CV (Wang et al., 2015). Figure
4.1B shows that the AgInS core QDs DPV showed distinct oxidation peaks centred at
potentials of -0.05 and -0.88 V versus Ag/AgCl for Ag and In ions, respectively, while the

AgInS/ZnS core/shell QDs displayed three symmetrically spaced oxidation peaks at
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potentials of -0.87, -0.66, and -0.42 V for Zn, In, and Ag The CV data and DPV data are
in agreement. But compared to DPV, the current response of AgInS/ZnS core/shell QDs
in the case of CV is higher. This might be because of the effective elimination of
capacitance current.
4.3.2 Electrochemical Kinetics Studies
To examine the rate-limiting step on AgInS QDs core and AgInS/ZnS core shell QDs in
Figure 4.2 A and B involved investigations on scan rates (10 mV/s to a maximum scan
rate of 200 mV/s). According to the Randles-Sevcik equation: (Equation 4.1) (Kissinger,
1996), the total number of electrons, electron transport diffusion coefficient, De (in cm?
s'), and surface concentration of soluble species that react on the electrode surface with
the formation of insoluble product, can all be calculated.
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Figure 4.2: Cyclic voltammetry for the effect of variation of scan rates (20mV/s to 200
mV/s) of AgInS/ZnS core(A) and AgInS/ZnS core/shell (B)I from 1.0 to 1.0 V/s on a
GCE in 0.01M HCI, (A" and B") graph of the dependence of the anodic and cathodic peak
current with square root scan rate (A" and B'") graph of In anodic peak current vs In scan
rate ¢).




Ip = 2.69x 10°n2/3 . A.DL? .Cox VY2 Equa 4.1

Where Ip is the peak current, n is the total number of electrons transported, A is the
working area, 0.0707 cm?, and C is the concentration. These findings determined the
number of electrons for AgInS QDs and AgInS/ZnS QDs, respectively, to be 1.08 and
0.75 utilizing the Ag peak. This demonstrates that a one-electron reaction occurs at the
GCE in 0.01M HCI for both AgInS core QDs and AgInS/ZnS core/shell QDs. The value
of De was found to decrease in the order AgInS core QDs > AgInS/ZnS core/shell QDs.
This indicates that the electron diffusion was the slowest in the AgInS/ZnS QDs. The
surface concentration of the AgInS QDs and AgInS/ZnS QDs on a GCE was also
calculated by applying Equation 4.2 (Akinyeye et al., 2007; Brown, 1977) and using the
slope for the plot of Ip vs square root scan rate.

n?. F?.A.T

Slope = ART

Equa 4.2

Where Ip is the peak current at a given scan rate V, n is the number of electrons
transferred, F is the Faraday constant and A is the geometric area of the electrode. The
electroactive surface concentration of AgInS QDs was greater than that of AgInS/ZnS

QDs.

Furthermore, two ways widely employed to study a reaction's reversibility and assess
whether a reaction is adsorption or diffusion consist of the dependencies: Ip vs v/ and In
Ip vs In v (Bard and Faulkner, 2001, Kessinger 1996). According to the Randles-Sevcik
equation, the square root of the scan rate and the peak current (Ip) of a freely diffusing
reversible electrochemical species have a linear relationship. Deviation from this equation
can indicate surface adsorption or quasi-reversible adsorption. The peak current (Ipa) in
Figure 4.2 (A'") increases linearly with the scan rate's square root, while the peak current

(Ipc) for scan rates less than 0.1 V/s increases linearly with the square root (Figure 4.2B").




At a scan rate greater than 0.1V/s deviates exhibiting values lower than those expected, a
feature typical observed when an electrochemical reaction involves a nucleation step
(Hills et al., 1974). As the Randles-Sevcik equation suggests, the relationship between Ip
and square root scan rate deviates, showing values lower than expected, a feature of a
quasi-reversible and adsorption control system. In contrast, the slope of the In Ip vs Inv
plot was 0.8739, which is quite close to 1 and indicates an adsorption-controlled system.
A slope of 1 or close to one is expected for the adsorption process. Figure 4.2 (B) shows
the scan rate influence for AgInS/ZnS core/ shell QDs. The values of the oxidation and
reduction peak currents plotted against square root scan rates (Figure 4.2 B') were both
linear, but they did not pass the origin, which is a sign of a quasi-reversible and adsorption
control system. In Figure 4.2 B"" the plot of In Ip vs Inv gave a slope of 1.0386, indicating
an adsorption-controlled system. The summary of kinetics parameters is shown in Table

4.1.

Table 4.1: Diagnostic kinetics parameters of AgInS core and AgInS/ZnS core/shell QDs.
GCE E(V) N De (cm?s 1) I'(mol. cm™)

AgInS QDs -0.065 1.08 1.33x107"8 3.18x10°¢

AgInS/ZnS QDs  0.015 0.75 8.11x102° 9.42x107

4.4. Electrochemical characterization of AgInS/ZnS-BSA bioconjugates

4.4.1. CV and EIS Characterisation of AgInS/ZnS, AgInS-BSA core and AgInS/ZnS-
BSA core/shell bioconjugates.

CV and EIS were also used to study the chemical and physical processes occurring at
AgInS/ZnS core/shell, AgInS-BSA and AgInS/ZnS-BSA. In this study CV, was used as a
qualitative technique as the sensitivity is limited by charging current. Therefore, for

quantification of the analyte of interest, DPV was used.
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Figure 4.3: CV (A), and Nyquist plots (B) of a Bare GCE, AgInS/ZnS, AgInS-BSA core
and AgInS/ZnS-BSA core/shell bioconjugates at 0.1M PBS buffer solution (pH 7.4).

The cyclic voltammetry results of the AgInS/ZnS core/shell QDs, AgInS-BSA core QDs
and AgInS/ZnS-BSA core/shell QDs. AgInS/ZnS core/shell QDs without BSA has shown
oxidation peaks at potentials 0.25, and 0.77V, while reduction peaks appeared at potentials
-0.15 V, -0.72 V., and -1.03 denoted as (A/A’, B/B’ and C/C’). AgInS/ZnS-BSA has
shown oxidation peaks at potentials -0.23 and 1.14 V with the reduction peaks at -0.11
and -0.72 V. Similarly, AgInS-BSA core QDs core showed a pair of redox peaks at

potentials -0.23/-0.15 V, 0.25/0.68 V and 1.14/1.05 V. The readers referred to 4.1 for the




detailed origin of these peaks and the values of anodic and cathodic potentials are shown

in Table 4.5.

To further study the interaction of BSA with AgInS/ZnS core/shell QDs, Electrochemical
impedance spectroscopy (EIS) was used as an effective technique to determine the
electron transfer kinetics for AgInS/ZnS core/shell QDs in the absence and presence of
BSA. The Nyquist plots in Figure 4.3B were studied to determine the Rct (charge transfer
resistance) value that controls the electron transfer kinetics. According to Nxele et al.,
2022, a Rct value indicates improved charge transfer. Various values of circuit parameters
calculated by fitting spectra are displayed in Table 4.2. The data shows that bare GCE
(blank) has the highest Rct value of 1710 KQ. Upon the addition of AgInS/ZnS core/shell
QDs on the electrode surface, the Ret decreased to 83.1 KQ. This confirmed the existence
of lower diffusion resistance and excellent conductivity at electrode/electrolyte surface
due to the accessibility of electrolyte ions within the electrode (Sankar et al., 2015). From

Table 4.2, the sequence of the Rct values is in order, blank electrolyte > AgInS BSA core

QDs > AgInS/ZnS-BSA core/shell QDs.

Table 4.2: Summary of results for Bare GCE, AgInS/ZnS, AgInS-BSA core and
AgInS/ZnS-BSA core/shell bioconjugates determined using EIS.

Material Rs (Q2) Rcet (K€Q) C (nF)
Blank 3260 1710 1.54
AgInS/ZnS core/shell QD 169 83.1 49.4
AgInS-BSA core QD 164 172 19.8
AgInS/ZnS-BSA core/shell 170 93.7 34.4

QDs




4.4.2. Electrochemical Kinetics of AgInS-BSA and AgInS/ZnS-BSA bioconjugates.

The effect of various scan rates on the electroactivity and electron transfer processes of
AgInS-BSA core and AgInS/ZnS-BSA core/shell bioconjugates was investigated from

scan rates (20mV/s to 280mV/s) as can be seen in Figure 4.4A and B.
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Figure 4.4: The Cyclic voltammetry for the effect of variation of scan rates (20 mV/s to
280 mV/s) of (A) AgInS-BSA core, (A’) Randle's plot insets square root scan rate, (B)
AgInS/ZnS-BSA core/shell, B’ AgInS/ZnS-BSA bioconjugates from -1.5to 1.5 V/son a

GCE in pH 7.4 PBS buffer.

The observation obtained for AgInS-BSA core/shell QDs and AgInS/ZnS-BSA core/shell
QDs resulted in increased peak current as the scan rate increased for both anodic and

cathodic peaks with peak current ratio of close to1.00 for both materials. The reduction

peaks shifted towards more negative potentials. This is an indication of reversibility to

quasi-reversible behaviour. Change in potentials (AEp) values agree with standard
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difference for one electron reaction, that is 0.059 for fast electron transfer process.
However, the largest increase in peak current was observed in the AgInS-BSA core
bioconjugate compared to the AgInS/ZnS-BSA core/shell. According to Timakwe ef al.,
2022, as the size of nanoparticles decrease the peak potential shift to less negative
potentials. This was also reflected in PL spectra and UV-vis absorption for the QD-BSA
core/shell bioconjugate with narrow peaks, indicating the formation of smaller particles

suitable for biological applications.

4.4.3. Optimization conditions of AgInS/ZnS-BSA conjugate.

Effect of BSA concentration

Figure 4.5 shows the influence of BSA concentrations on AgInS/ZnS core/shell QDs. Four
concentrations (0.2, 0.5, 0.7 and 0.9 mg/ml were evaluated and their effect on peak shape

and peak current density were observed using DPV and EIS.

To obtain high response signals and improve the detection sensitivity the effect of BSA
concentrations were studied using differential pulse voltammetry (DPV) and EIS. The
DPYV results revealed that as the concentration of BSA increased from 0.2 to 0.9 mg/ml
the was an increase in current density. High concentrations of 0.7 and 0. 9 mg/ml of BSA

were found to produce the best voltammograms with more symmetrical, narrow and sharp

peaks which shifted in cathodic direction. The optimum conditions were obtained in 0.9

mg/ml, thus indicating the improved interaction of quantum dots.
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Figure 4.5: DPVs obtained at GCE, AgInS/ZnS-BSA core/shell bioconjugate at different
BSA concentrations in pH 7.4 PBS buffer solution

Further investigation was done on the effect of BSA concentration using EIS. The Nyquist
plots in Figure 4.6 obtained at different concentrations of BSA was studied to determine
charge transfer (Rct) values. The Rct values are summarized in table 4.2. Low Rct values
were observed for the AgInS/ZnS-BSA bioconjugate at 0.2 and 0.5 mg/ml (93.70 KQ),
followed by 0.9 mg/ml (99.60) and 105.00 mg/ml of BSA concentration. The highest Rct
values were observed at 0.2 and 0.5 mg/ml suggesting improvement in charge tranfer.
However, due to the highly distinct peaks observed in DPV analysis, 0.9 mg/ml of BSA

was subsequently chosen for further analysis.
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Figure 4.6: Nyquist plots of a Bare GCE and AgInS/ZnS-BSA core/shell bioconjugates at
different BSA concentrations in pH 7.4 PBS buffer solution.

Table 4.3: Summary of results for Bare GCE and different concentrations of BSA for
AgInS/ZnS-BSA core/shell bioconjugates determined using EIS.

Concentration (mg/ml) Rs (2) Ret (k) C (nF)
Blank 3260 1710 1.54
0.2 170 93.70 34.4
0.5 157 93.70 40.0
0.7 188 105.0 29.1
0.9 191 99.60 35.9




Effect of AgInS/ZnS: BSA ratios
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Figure 4.7: DPVs obtained at GCE, AgInS/ZnS-BSA core/shell bioconjugate at different
ratios in 0.1M PBS (pH, 7.4) buffer solution.

Figure 4.7 depicts the DPV voltammograms at different AgInS/ZnS: BSA ratios. By
analysing the DPV voltammograms the peak current increased with increasing ratio of

BSA. Highly distinct peak current was observed at 1:5 ratio, while the least signal was

observed at 1:1 ratio.
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Figure 4.8: Nyquist plots of a Bare GCE and AgInS/ZnS-BSA core/shell bioconjugates at
different BSA ratios in 0.1 MPBS pH 7.4 buffer solution.




EIS was further used to determine the electron kinetics for the AgInS/ZnS: BSA ratios.
The Nyquist plots in Figure 4.8 were used to determine the Rct values which are

summarized in Table 4.4. It is worth noting the lowest charge transfer (Rct) was at ratio

1:3 followed by 1:1 and 1:2 with very close values, while 1:4 and 1:5 also gave the very

close value of Rct suggesting high conductivity (Nxele et al., 2021).

Table 4.4: Summary of results for Bare GCE and different ratios of BSA for AgInS/ZnS-
BSA core/shell bioconjugates determined using EIS.

Ratio Rs (Q) Ret (kQ) C (uF)
Blank 3180 2240 0.65
1:1 139 886 0.89
1:2 138 893 1.25
1:3 122 693 0.54
1:4 124 936 1.35
1:5 98.2 931 1.52

4.5. Electrochemical sensing of VEGF at AgInS/ZnS-BSA core/shell QDs
bioconjugate

Substantial information on the electrochemical processes that occur on AgInS/ZnS
core/shell QDs for the detection of VEGF was studied using various electrochemical
techniques such as CV, DPV and SWV. Generally, CV is usually used as a tool for
determination of redox mechanisms, electron transfer kinetics and formal potentials.
While DPV and square wave are used for electroanalysis and considered more sensitive

compared to CV (Hussain and Silvester, 2018).
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Figure 4.9: CV (A), DPV (B) and SW (C) voltammograms of AgInS/ZnS-
BSA in the presence of EVGF at 0.06 V/s in 0.1M PBS (pH 7.4).




Figure 4.9 shows the comparative voltammograms of CV, DPV and square wave. DPV

was observed to be more sensitive compared to square wave due to its narrow distinct
peak compared to broad peak in square wave. Therefore, DPV were used for further

detection.

4.5.1. Effects of scan rates on the determination of VEGF at AgInS/ZnS-BSA
core/shell QDs.

The effects on the electrochemical behaviour of VEGF at AgInS/ZnS-BSA core/shell QDs
were investigated by varying scan rates using cyclic voltammetry. The scan rate studies
were conducted using CV with scan rates from 30 to 270 mV/s. With the increase in scan
rate the peak current also increased as shown in Figure 4.12. The increase in peak current
with increase in scan rate was also observed by van der Horst et al., 2017.
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Figure 4.10: The Cyclic voltammetry for the effect of variation of scan rates (30 mV/s to
270 mV/s) of VEGF from -1.5 to 1.5 V/s on a GCE in pH 7.4 PBS buffer.




Figure 4.10 shows that the peak current increases by increasing the scan rate. It was also
observed that the peaks of interest were not affected by changes in scan rate. The oxidation
and reduction peaks tend to be stable. The plot of peak current vs scan rate resulted in a

straight line for both oxidation and reduction peaks (Figure 4.10B) suggesting interaction

of AgInS/ZnS-BSA was an adsorption-controlled process. The plot of peak current vs

square root of scan rate (Figure 4.10 C) also gave linear relationship. Table 4.5 shows the
summary of all cyclic voltammetry data of the conjugates. The most intense peaks were

used to calculate the value of n (number of electrons transferred).

Table 4.5: Summary of all cyclic voltammetry data for all the studied materials
with BSA and without BSA and in the presence of VEGF at 60mVs™.
Material Epa (V) | Epc (V) | Ipa/lpc N

AgInS/ZnS-BSA -0.23 -0.11 0.34

1.14 -0.72 0.93

AgInS-BSA -0.15 0.91

-0.67 0.50

-1.05 1.10

AgInS/ZnS-BSA-VEGF -0.38

-0.56




4.5.2. Effects of VEGF concentrations on AgInS/ZnS-BSA core/shell QDs
bioconjugate electrode surface

Figure 4.11 shows the relationship in response of AgInS/ZnS-BSA core/shell sensor to

VEGEF antibody using DPV in 0.1 M, PBS, pH 7.4.
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Figure 4.11: The DPV for the effect of variation of VEFG volumes from -1.5 to 1.5 V/s
on a GCE in pH 7.4 PBS buffer.

It was observed that increasing the concentration of VEGF antibody resulted in increased

peak currents at potential 0.10 V. The increasing concentrations of VEGF were studied

in the range 3.30 x 10 — 1.70 x 10 pg/ml and the correlation in peak current was

observed. The peak potential shows a negative shift compared to the peak potentials that
are represented by CV, attributed to the sensitivity of DPV than CV (Chireke et al. 2019).
This peak was used for the calibration curve, as seen in Figure 4.11 B. The linear range
was obtained from 0.003 to 0.017 pg/ml. A detection limit (LOD) and limit of

quantification (LOQ) were found to be
1.50 x 10 and 5 x 107, respectively.

4.5.3. Stability of the biosensor

Figure 4.12 shows the curve obtained from the DPV profile carried out to evaluate stability

of AgInS/ZnS-BSA core/shell.
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Figure 4.12: The stability of AgInS/ZnS-BSA core/shell QDs on a GCE for detection of
VEGF in 0.1M PBS pH 7.4 buffer for five weeks.

The stability of the AgInS/ZnS- BSA core/shell QDs on a GCE surface was investigated
by DPV using freshly 40 ul of VEGF in 0.1 M PBS buffer solution of pH 7.4 for five
weeks as show in figure 4.12. As shown on the graph, an increase in peak current from
week 1 to week 2 was observed, due to population of active sites on the AgInS/ZnS-BSA
core/shell QD on the electrode. The decrease from week 2 to week 3 might be due to
surface passivation. As from week 3 to 5, it levels off. This investigation portrayed good

stability of AgInS/ZnS-BSA core/shell QDs.

4.6. Conclusion

This chapter reported on the development of an electrochemical biosensor using
AgInS/ZnS-BSA bioconjugate for detection of VEGF biomarker. Electrochemical
techniques such as CV, DPV and SWV were applied for the detection of VEGF. DPV

results showed increased current and better resolution. The biosensor’s linearity towards

VEGF was from 0.003 to 0.017 pg/ml with LOD and LOQ of 1.5 x 10 and 5 x 107

respectively. The biosensor showed good stability of AgInS/ZnS-BSA bioconjugate for

detection of VEGF for over five weeks. This showed potential for biological application.
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Chapter 5

Conclusion and recommendations




Conclusion

The research work described in this thesis focuses on the facile synthesis of GSH-capped
AgInS core and AgInS/ZnS core/shell QDs. The AgInS core QDs was synthesized via the
reflux, heat-up and mono-wave 50 synthesis methods. Broad emission PL peaks were
observed for the synthetic methods with full-width half maximum (FWHM) of 112 nm
for mono wave 50, while reflux and closed beaker heat-up methods exhibited FWHM of
105 nm and 96 nm, respectively. The open beaker method showed a reduction in
fluorescence intensity with an increase in time and formed a precipitate. The reflux
method was therefore selected as a synthetic method for the study because it gave the
desired fluorescence optical properties with precise control over reaction parameters.
Following the synthesis, the QDs were bio-conjugated with BSA. This showed enhanced
optical properties and improvement in the quality of the QDs. The electrochemical
properties of AgInS core QDs and AgInS/ZnS core/shell QDs were evaluated using CV
and DPV. While electrochemical properties of AgInS-BSA core and AgInS/ZnS-BSA

core/shell bioconjugates were evaluated using CV, DPV, SWV and EIS.

The sub-objective to synthesize core AgInS QDs and core/shell AgIinS/ZnS QDs was
executed successfully as discussed in chapter 4. Both the synthesis of AgInS/ZnS
core/shell ternary QDs and factors affecting their synthesis are detailed. Furthermore, it
was observed that various synthetic routes, with conjugation and encapsulation of QDs
could produce less toxic materials used for biomedical applications. Detailed background
on VEGF focuses on its detection methods and the importance of developing user-

friendly, cost-effective and quick methods for detecting VEGF.

The other sub-objectives of optimization of the synthetic methods used for the QDs and

the bio-conjugation of quantum dots to antibodies were discussed in Chapter 3. Evaluation

of eco-friendly synthetic methods to produce ternary AgInS/ZnS core/shell QDs was
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achieved through comparison of various synthesis methods and synthetic optimization of
selected parameters such as time, ratio, capping and concentration. Best synthesized QDs
optical properties gave optical properties of the AgInS core QDs after 45 min synthesis at
pH 7.58, Ag: In molar ratio of 1:4, and GSH concentration of 0.145 mmol via reflux
method. Successful passivation of AgInS core QDs by ZnS shell was confirmed by FTIR
and resulted in a PLQY increase from 31.6 to 35.4% for AgInS core and AgInS/ZnS
core/shell QDs, respectively. This further demonstrated improvement in the quality of
material following the ZnS passivation. XRD and EDX also confirmed the passivation by
ZnS shell. Conjugation of AgInS/ZnS QDs to BSA showed enhanced optical properties
of the QDs. FTIR confirmed the conjugation via the formation of amide bonds. EDX and
SEM results showed changes in particle size in the presence of BSA, demonstrating the

interaction of BSA with AgInS/ZnS core/shell QDs.

Synthesized QDs were characterized using spectroscopy as described above as well as
using various electroanalytical techniques. All the synthesized QDs were of electroactive
as indicated in Chapter 4. It was revealed that the as-synthesized QDs exhibited chemical
composition-dependent properties enabling the use of the materials in both electronic and

bio-applications. The results also revealed that AgInS core and AgInS/ZnS core/shell QDs

are adsorptions controlled with Ag" showing a one-electron system. Studies of the

electrochemical properties of AgInS-BSA and AgInS/ZnS-BSA bioconjugates showed
enhanced peak currents suggesting higher conductivity and electrical properties. EIS
confirmed improved charge transfer resistance for AgInS/ZnS-BSA core/shell

bioconjugate.

An immunosensor for VEGF using GCE modified with AgInS/ZnS-BSA core/shell
bioconjugates was fabricated and characterized using CV, DPV and SWV for its

sensitivity. The developed VEGF biomarker sensor analytical applicability was assessed




through signal measurement of varying VEGF concentrations using DPV. A linear

response, with good R? was obtained and used to determine the sensors analytical

parameters. The method’s linear range was 0.003 to 0.017 pg/ml. The LOD and LOQ
were determined to be 1.5 x 107 pg/ml and 5 x 10 pug/ml, respectively. The developed

immunosensor showed enhanced stability over a period of five weeks.

Recommendations

Electrochemical sensors using real-life biological applications such as blood
serum to detect VEGF would further confirm the success of the developed sensor.
Analysis of the electrochemical sensor for detecting another disease would be

great work.
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