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ABSTRACT

Tuberculosis (TB) is a disease that results from infection by Mycobacterium tuberculosis,
which is regarded the most common infecting organism. TB has killed countless numbers of
people particularly in underdeveloped countries. TB bacteria can remain inactive or in dormant
state for years without causing symptoms or spreading to other subjects, but as soon as the
immune system of the host becomes weakened, the bacteria become active and infect mainly
the lungs along with other parts of body. TB cases are further aggravated by other illnesses that
affect the immune system, such as human immune virus (HIV), which is very prevalent in
resource-poor countries. Interferon-gamma (IFN-v) is a TB biomarker that has found to have
all the qualities that are needed to help and cure Tuberculosis disease. Early diagnosis and
treatment are essential measures for effectively controlling the disease. Traditional microbial
culture-based tests are the most common methodologies currently used. Usually, these methods
involve cell culture, cell counts, and cell enrichment, but this process is time-consuming and
laborious, especially for the slow-growing bacteria-like M. tuberculosis. Sputum smear is one
of the methods currently used to detect acid fast bacilli (AFB) in clinical specimens or
fluorescent staining. It is a cost-effective tool for diagnosing patients with TB and to monitor
the progress of treatment especially in developing countries. The traditional method of
inoculating solid medium such-as Lowerstein-Jensen (L-J) or 7H10/7H11 media is also used
currently it is slow and takes 6-8 weeks of incubation to diagnose the infection and further
more time to determine the susceptibility patterns. The microscopic observation drug
susceptibility (MODS) assay they are also used currently they rely on light microscopy to
visualize the characteristic cording morphology of M. tuberculosis in liquid culture. MODS
has shorter time to culture positivity (average 8 days) compared with LJ medium (average ~26
days), they are very expensive. The Gen-Probe assay specific for M. tuberculosis complex is a
rapid detection that is also used, nucleic acid amplification (NAA) test results can be obtained
as fast as in two hours (provided if a positive culture is present); it also has a high sensitivity
of 99% and specificity of 99.2%. It holds the disadvantage of needing of positive culture that
can take several days. Enzyme-linked immunosorbent assay (ELISA), is a test that uses
antibodies and colour change to identify a substance. ELISA is an assay that uses a solid-
phase enzyme immunoassay (EIA) to detect the presence of a substance, usually an antigen, in
a liquid sample or wet sample. It can be used to detection of Mycobacterium antibodies in
tuberculosis. The Amplified Mycobacterium Tuberculosis Direct Test (AMTDT) is used for
the detection of M. tuberculosis it enables the amplification and detection of M. tuberculosis

rRNA directly from respiratory specimens. The diagnostic methods employing gene
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technology based on the amplification of DNA or RNA are expected to improve the speed,
sensitivity, and specificity of Mycobacterium tuberculosis detection. TB rapid cultivation
detection technique, such as MB/BacT system, BactecMGIT 960 system and flow cytometry.
The BACTEC MGIT960 system (Becton Dickinson, Sparks, MD) performs incubation and
reading of the tubes continuously inside the machine using a predefined algorithm to interpret
the fluorescent signal and giving the results as positive or negative. When performing DST,
the BACTEC MGIT960 interprets the results as susceptible or resistant to the antibiotic under
study. Results are available within 8 days. A recent meta-analysis of the published studies
found high accuracy and high predictive values associated with the use of BACTEC MGIT960.
These methods are more sensitive and rapid than the traditional microbial culture-based
methods. However, they cannot provide the detection results in real-time and most of these
methods are centralized in large stationary laboratories because complex instrumentation and
highly qualified technical staff are required. Recently, Food and Drug Administration (FDA)
approved two new assays that were-introduced. These-two assays detect in vitro a specific
immune response to M. tuberculosis. These tests are the QuantiFERON-TB Gold In-Tube
(Cellestis/Qiagen, Carnegie, Australia) and the T-SPOT.TB assay (Oxford Immunotec,
Abingdon, United Kingdom). Both assays use whole blood from the patient and measure the
production of interferon gamma after the whole blood is exposed to specific antigens from M.
tuberculosis. These tests are based on the knowledge that IFN-y is a product of an active cell-
mediated immune response induced by M. tuberculosis. However, TB detection remains a
major obstacle due to several drawbacks of these methods. Ta date, the number of diagnosis
approaches for TB has increased as the disease continues to be a major public health problem
worldwide and most conventional detection technologies present difficulties in recognizing the
presence of M. tuberculosis, since they are time consuming, do not provide clinically reliable

results and significantly lack of sensitivity.

This thesis focused on developing two binary and one ternary-electrochemically quantum dots,
all synthesised at room temperature in aqueous media for detecting (IFN-y). Copper telluride
(CuTe) and Zinc telluride (ZnTe) was prepared to check how does the two quantum dot behave
individual and also to check on how they behave when they are combined and formed ternary
quantum dots (CuZnTe). The electrochemical studies of the binary CuTe quantum dots, ZnTe
quantum dots and the ternary CuZnTe core-shell quantum dots reveal that ternary quantum
dots were stable and showed a significant enhancement in the conductivity of CuZnTe core-
shell solution compared to that of CuTe and ZnTe, all studied in solution. The three different



quantum dots were capped with three different capping reagents which are tetraethyl
orthosilicate (TEQS), thioglycolic acid (TGA), (3-mercaptopropyl) trimethoxysilane (MPS).
In the study, a label-free electrochemical immunosensor for the detection of interferon gamma
(IFN-y) was prepared for the first time using ternary quantum dots. The biosensor consists of
water-soluble silica coated Copper Zinc telluride (CuzZnTe core-shell) quantum dots
conjugated to a gold electrode. The antibody-antigen were then conjugated on the CuZnTe
core-shell QD modified gold electrode. Results from synthesis of two different binary quantum
dots are also presented in the study and compared to the results of the CuZnTe core-shell QDs.
The CuTe quantum dots had a small average size which was confirmed through HRTEM,
SAXS and XRD analysis. The average core size calculated was 7.91 nm for HRTEM.
However, the tendency to aggregate was also largest within the MPS-TGA-CuTe QDs this was
confirmed by SAXS measurements and HRTEM. The capping of CuTeQDs was confirmed by
FTIR via the specific S-H, Si-CH»-S and Si-O-Si signature bands of TGA, MPS and TEOS
respectively. The CuTe QDs exhibited alarge blue shift of the band gap (caused by the quantum
confinement effect) which was determined through UV-vis absorption studies. PL studies
confirmed that the TGA-CuTe QDs emits light at 370 nm, MPS-TGA-CuTe QDs emits light
at 385 nm and TEOS-MPS-TGA-CuTe QDs emits light at 382 nm. Cyclic voltammetry studies
confirmed good electrochemical properties when immobilized on an electrode surface. In
summary, the novel immunosensor, equipped with prominently conductivity of CuTe QDs, is
ideal for the development of electrochemical immunosensor. This study represented a
successfully synthesized three different capping reagents with ZnTe QDs. In ZnTe system, a
remarkable red shift in UV absorbance and an energy transfer from the core to the shell were
observed. The optical absorption peak was observed at 229 nm wavelength while that of bulk
is 324 nm indicating the blue shift in absorption edge also the band gap calculated from
absorption spectra was at 4.42 eV while the bulk ZnTe has 4.30 eV showing quantum size
effect. The capped ZnTe QDs which were well dispersed with an average particle size between
3-20 nm and a cubic zinc blende crystalline structure from the XRD. The proposed

immunosensor was successfully applied for the determination of IFN-y.

The electrochemical studies of the binary CuTe quantum dots, ZnTe quantum dots and the
ternary CuzZnTe core-shell quantum dots reveal that ternary quantum dots were stable and
showed a significant enhancement in the conductivity of CuZnTe core-shell solution compared
to that of CuTe and ZnTe, all studied in solution. The fluorescence and UV-vis studies of the
CuZnTe core-shell qguantum dots showed that the ternary quantum dots have distinctive band
at 325 nm at it was the only one that had a red shift. After the addition of TEOS it increased to



longer wavelengths. With the SAXS, it was showed that the CuzZnTe core-shell are the only
quantum dots do not agglomerate after the addition of the capping reagents, also it showed a
very narrow tube that indicated that the quantum dots are uniform and these results were in
correlation with TEM results. SAXS results also confirmed that the diameter of the core-shell
increases as the capping reagents are added to the CuZnTe quantum dots. Successful detection
of the studied analytes on the binary and ternary quantum dot platforms widens the scope of
biocompatible nanostructured platforms upon which other biomolecules of interest can be
immobilized for a wide range of analytical purposes. We observed a linear relationship between
the electrochemical signal and IFN-y concentration from 2 ng/mL to 10 ng/mL and lower
detection limit of 0.33 ng/ml (method detection limit technique) in buffer solution. Specificity
was high and measurement of IFN-y concentrations took less time than one reported before.
IFN-y levels of tuberculous in patients, for instance, have been shown to be around 1048pg/mL
before treatment and 2233pg/mL after treatment. The fact that our sensor requires a very small
sample volume and gives an almost-instantaneous result makes it convenient in medical
settings. The as-proposed immunosensor demonstrated promising potential usage in the
diagnosis of tuberculosis in time owing to its simple operation, excellent sensitivity and
stability. This electrochemical biosensing technique serve as a promising alternative even for

other diseases this can be a solution that need sensor that is cheap, sensitive and stable.
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ABBREVIATIONS

AuE Gold electrode
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ECL Electro-chemiluminescent
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FT-IR Fourier Transformation Infrared spectroscopy
FWHM Full-width-at-half-maximum
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HRSEM High resolution scanning electron microscopy
HRTEM High resolution transmission electron microscopy
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LOD Limit of detection

MBTDT Amplified Mycobacterium Tuberculosis Direct Test
MDR TB Multidrug-resistant

MPS (3-mercaptopropyl) trimethoxysilane

NHS N-Hydroxysuccinimide

Pa Anodic peak potential
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Pc Cathodic peak potential

PCR Polymerase chain reach



PDDF Pair distance distribution function

PL Photoluminescence

POC Point of care

PS Palmsens

PZA Pyrazinamide

QDs Quantum dots

RIF Rifampin

SAED Selected area electron diffraction
SAXS Small-angle x-ray scattering

SM Streptomycin

TB Tuberculosis

TEOS Tetraethyl orthosilicate

TGA Thioglycolic acid

UV-Vis Ultraviolet-visible spectrophotomeiry
WHO World Health Organisation
XRD X-ray diffraction

ZnTeQDs Zinc telluride quantum dots
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Chapter one

Summary
This chapter gives a brief background on the aspects involved in this project namely;

Tuberculosis, quantum dots, sensors, Interferon gamma. Focused in this chapter is the
relationship between these aspects and their contribution towards the success of this study.
Also included in this chapter are the project’s rationale and motivation, the aim and specific

objectives of the study as well as the thesis outline.



1.1 Background

Tuberculosis disease is one of the top 10 causes of mortality in the world. It is a disease that
affects all age groups old people, young people, and children. Tuberculosis is a disease caused
by a bacteria called Mycobacterium tuberculosis, Robert Koch found the bacteria in 1882
(Medline Plus, 2018). From the statistics given by WHO, this disease has killed 1.7 million
people (together with 0.4 million among people with HIV). The top seven countries that have
an uppermost number of people infected by the disease are Indonesia, China, Philippines,
Pakistan, Nigeria, and South Africa (WHO, 2015b). It was also stated that an estimated
incidence of 454,000 cases of active TB in South Africa only, and out of the 454,000 incident
cases it is estimated that 73% (330,000) people died from the disease (GHE, 2018). Viewing
that this disease is one of the foremost problems in this country, the HIV statics indicates that
out of 270,000 people infected by HIV it was found that 110,000 were killed by the disease.
Which confirms that TB is the highest Killer disease in South Africa and people that were
infected by HIV are found to be killed by TB-in-most cases. South African is one of the under
developing countries, the main reasons why they have the highest number of TB is because it
is over-crowded (since TB is a respiratory disease spread easily through coughing and
breathing), poor health seeking behavior (mainly in rural areas which constitute larger
population percentages), leading to delayed detection of diseases (because the samples has to
go to the lab and take weeks to get back results) and poverty does play a major role in the
increase accidents of TB (Phetlhu, 2018). A number of people are poor and are obliged to settle
in low-income areas, particularly in inner cities where housing is densely crowded. Recurrence
of TB in these circumstances results in heavy contact of household members. TB preferentially
affects the economically active age group; three-quarters of all cases occur between the ages
of 14 and 54 years old and 17% of those who die from TB are between 15 and 49 years. One
case of TB will, on average, cause the household income to fall by 25% and the death of an
adult from TB causes 15 years of lost income (Aggarwal, 2019). In a crowded household it
easy to infect each other, Tuberculosis is easily passed. An individual can get infected by
inhaling air that contains TB bacteria, this means that when an infected person sings, breath,
or a cough the next person can become infected. After a breath, these bacteria are mainly
captured by the alveolar macrophages, but they can evade the host immune system and remain
in the dormant stage for a long period of time, at which point they can reactivate to a virulent
form under immune-compromised conditions of the host. TB mostly affects the lungs (because

that is what humans use to breath in and out), but it can also affect the spine, the kidneys, or



the brain causing disease namely pulmonary TB, spondylitis TB, renal TB, meninges TB

respectively (Jeanes and Grady, 2016).

TB bacteria can remain inactive or in a dormant state for years without causing symptoms or
spreading to other subjects that are called a latent TB. This is possible because M.
tuberculosis can continue in slow growing as well as in fast-growing stages which makes
treatment challenging. But as soon as the immune system of the host becomes weakened, the
bacteria become active and infects mainly the lungs along with other parts of the body. TB
disease cases are then further affected by other illnesses which affect the immune system, such
as HIV, which is very common in resource-poor countries. Unfortunately, in spite of
continuous efforts at national and global levels, only imperfect success has been done in the
detection and management of TB worldwide (Srivastava, Van Rijn and Jongsma, 2016). In
detection and management of TB, some patients were found out to be resistant to the treatment.
The problem is that M. tuberculosis infections.are both hard to detect and hard to treat, and
they also grow differently aceording to a person immune system. The rapid diagnosis and
treatment of infectors are considered crucial for the effective control of TB because one patient
is known to transmit the disease to 12-15 people/year on average through respiratory tract
infection(He et al., 2011).

The heavy global public health burden of TB worldwide demands for the development of more
rapid and sensitive detection methods. The new development TB detection methods have to
have the following characteristics - portability,  real-time, 'sensitivity, rapid, and accurate
methods for M. tuberculosis detection is essential to effectively prevent TB infection (Tortoli
etal., 1999). Researchers are developing new, simple, direct, easy to use, sensitive and specific
diagnostic techniques for detecting tuberculosis using biosensor. Currently, there are methods
that are used to test for TB. Traditional microbial culture-based tests are the most common
methodologies currently used. Usually, these methods involve cell culture, cell counts, and cell
enrichment, but this process is time-consuming and laborious, especially for the slow-growing
bacteria like M. tuberculosis (Lazcka, Del and Mu, 2007).

1.2 Problem Statement and motivation

Tuberculosis (TB) is an ancient disease that has infected humans for thousands of years.
Despite countless campaigns, and even with management and control strategies currently in
place to achieve a TB free world, tuberculosis continues to cause a serious health problem
worldwide. TB continues to claim lives in South Africa despite the interventions of government

and private bodies. Hence there is an urgent need to assess the control strategies. A number of



studies have been done on TB especially, over the past two decades. However, despite
diagnostic tests that detect the disease and effective therapy, there are still millions of people
worldwide who are infected with TB. To date, many methods and techniques have been
developed for rapid detection of M. tuberculosis, such as polymerase chain reaction (PCR),
latex agglutination, enzyme-linked immunosorbent assay (ELISA), radiometric detection, gen
probe amplified M. Tuberculosis direct test (AMTDT), TB rapid cultivation detection
technique, such as MB/BacT system, BactecMGIT 960 system and flow cytometry. These
methods are more sensitive and rapid than the traditional microbial culture-based methods.
However, they cannot provide the detection results in real-time and most of these methods are
centralized in large stationary laboratories because complex instrumentation and highly
qualified technical staff are required. As a result, the development of portable, real-time,
sensitive, rapid, and accurate methods for M. tuberculosis detection is essential to effectively
prevent TB infection. Recent efforts to identify the highest priorities in the field of TB
diagnostics have revealed the urgent need for biomarker-based assays that will enable more
efficient, affordable, and accessible diagnosis for those in need. The biomarkers that are used
need to be a biomarker that can be used in a point-of-care test, that are of real-time, with high
sensitivity and that can be used for the treatment of Tuberculasis. Interferon-gamma (IFN-y) is
a TB biomarker that has found to have all the qualities that are needed to be used to help and
cure Tuberculosis disease. Over the past two decades, bio-sensing technologies (biosensors and
biochips) has received a considerable amount of attention due to its use in medical diagnoses.
The importance of biosensors results from their high specificity and sensitivity. Biosensors
have shown tremendous promise in biomedical studies and are being aggressively studied to
further improve the detection platforms for such applications. The sensing surface of biosensors
can be improved by the incorporation of nanomaterials such as quantum dots (QDs), gold
nanoparticles, magnetic nanoparticles or carbon nanotubes. These nanomaterials have unique
physicochemical properties, which offer greater sensitivity than conventional reporter
molecules. Quantum dots have found to be the best interesting nanomaterial is the one that is
mostly used in research facilities. One of the main factors which make QDs particularly
interesting and desirable to biomedical science is their tunable size. QDs are semiconductor
nanocrystals that are a few nanometers in diameter and due to their high surface area, favorable
electronic properties and good biocompatibility they can be incorporated into biosensors for
the detection of very low levels of TB biomarkers. The proposed study seeks to develop a gold
electrode that will be used and it will be immobilized with quantum dots. CuZnTe core-shell

guantum dots are semiconductor nanocrystals which exhibit quantum mechanical behavior.



Quantum dots will act as a mediator and has large surface area for attachment of biomolecule
(antibody) then observed to study the target protein or the behavior of the cells. The
immobilized electrode will be used to detect the interferon gamma which is a TB biomarker.



1.3 Aims and Obijectives

This study is focussed on the development of an electrochemical immunosensor for the
detection of interferon gamma- a TB biomarker. The sensor development involved the
preparation of a core-shell CuzZnTe core-shell QD capped with tetraethyl orthosilicate (TEOS),
thioglycolic acid (TGA), and (3-mercaptopropyl) trimethoxysilane (MPS) on a chip modified
with antibody bioelectrode immunosensor. The sensor will be modified with antibody. The
intention of such a device is to eliminate invasive procedures and to create a friendly and
comfortable environment for patients to be tested making the process much more familiar. It
will also allow health care practitioners to receive results promptly and at POC thus allowing
adequate treatment to commence and therefore allowing individualization of treatment

regimes.
The proposed aim will be achieved through the following objectives:

i. Synthesis of novel silica coated copper zmnc telluride quantum dots (CuZnTe core-
shell QDs)

ii. Spectroelectrochemical characterization of CuZnTe core-shell QDs by Ultraviolet-
Visible (UV-vis) absorption and Photoluminescence (PL) spectroscopy.

ili. Microscopic and spectroscopic characterization of CuzZnTe core-shell QDs by
Fourier Transform Infra-red (FTIR) spectroscopy and High-Resolution
Scanning/Transmission Electron Microscopy (HR-SEM/TEM).

iv. Electro-analysis of CuzZnTe core-shell QDs using Cyclic Voltammetry (CV), Deep
Wave Voltammetry (SWV) and Electrochemical Impedance Spectroscopy (EIS).

v. Fabrication of the immunosensor (gold electrode with antibody)

vi. Incubation of the immunosensor in blocking buffer solution (Bovine serum

albumin).

vii. Detection of interferon gamma using the sensor



Antibody BSA

Figure 1.1: Schematic representation of for development of AUE/QDs/Antibody/BSA/IFN-y

biosensor.
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1.4 Thesis layout

This thesis is presented in seven chapters

Chapter 1: Gives brief background information on the project, problem statement, and
motivation as well as aims and objectives.

Chapter 2: Provides a detailed literature review

Chapter 3: Consists of reagents, procedures, and instrumentations used for synthesized
TEOS-MPS-TGA-CuTe quantum dots. The detection of interferon gamma using these
guantum dots.

Chapter 4: Consists of reagents, procedures; and-instrumentations used for synthesized
TEOS-MPS-TGA-ZnTe quantum dots. The detection-of interferon gamma using these
quantum dots.

Chapter 5: The above material CuTe QDs and ZnTe QDs were combined together to make
the success of this study. CuZnTe core-shell was used for the detection of interferon gamma
in TB liquid.

Chapter 6: Represents conclusion and recommendations
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Chapter two

Summary

This chapter covers the role of quantum dots and their-applications in the field of sensors. Also,
this chapter gives an introduction of quantum dots detailing their composition and properties.
Biosensors are the most recently studied electro-analytical techniques for the quantitative and
qualitative detection of various species, due to the negative impacts they pose on human health
and the environment. They have drawn much attention due to their portability, low cost and
lower detection limits, which have earned biosensors application in a wide range of fields. This
study gives a detailed background on the various aspects involved in this study. These include

biosensors, tuberculosis, interferon gamma, and quantum dots.



Ternary quantum dots based electrochemical immunosensor

Abstract

Electrochemical immunosensors have shown promising possibilities as a molecular detection
tool, mainly due to their fast response, low cost, high sensitivity and uncomplicated operation
for analyte detection. The use of antibody as a bio-recognition element for such constructs has
been widely explored with promising results for molecular detection. However, frequent
attempts are made to improve sensitivity and selectivity. Thus, the implementation of quantum
dots (QDs) in combination with antibody has recently gained interest in the research
worldwide. QDs have specific remarkable properties such as quantum confinement effect,
accredited to their small size. When combined with antibody the quantum dots have shown to
provide a stable microenvironment. High maintenance of the biological activity of the antibody
has been shown when immobilized on-a QD modified- €lectrode surface. In the case of
electrochemical immunosensor, the QDs provide a key element for the biosensor function. This
literature review summarizes a number of studies on the combination of QD and antibody in

electrochemical biosensors, their structure and function.



2.1 Introduction

Nanotechnology has improved our lives for the better. Nanoparticle-based assays have shown
significant improvements in diagnosis, treatment, and prevention of TB (Banyal et al., 2013).
However, the lack of detecting on time or not properly monitored are still currently the main
causes of enormous death in the world. There is quite a lot of disease that claims lives in this
world and tuberculosis is found to be one of those leading causes of deaths worldwide (WHO,
2015b). If tuberculosis is detected on time, it can be prevented. Today, multiple technologies
and tools exist that are able to detect disease; therefore, why so many people are still dying due
to these diseases? There are two main possible reasons in a few reasons that can be the main
cause. First, the lack of equipment, especially in the developing countries, where the costs are
not affordable for the whole population or even for medical centers. Second, the time frame
between the moment when the symptoms are appreciable by the patient and when diagnostics
is accomplished by a specialist (Quesada-genza,.2018). Then, how can these problems be
solved? Should a doctor be present for a single patient, ready at any time with accurate and fast
diagnostics or is this a utopia? Now, Instead of having a real doctor, imagine having a small
device that is portable, easy-to-use, give realistic results, and able to monitor several parameters
and variables similar to a portable labaratory. When all the data has been collected the device,
it can decide in a few minutes:either by itself or by immediate communication with a specialist/
medical doctor what action is required by the patient. The tests can be done at home or even in
the field without requiring any kind of medical knowledge by the user (Quesada-gonza, 2018).
With the research and findings of the portable device, there was still a gap in a good biomarker
that will be used on this device. In research by (Sigal et al., 2017), Interferon gamma was found
to the best biomarkers to be used in the detection of tuberculosis. Interferons (IFN)
are cytokines that are responsible for the activity of the immune system (Priyanka, 2014).

Therefore, a sensitive determination of these cytokines is of great importance to clinical
tuberculosis detection. Interferon-gamma (IFN-y) is released by the T helper cells under
stimulation with antigens, is used to determine prior exposure to infectious diseases and serves
as an active diagnosis marker for tuberculosis (Chegou et al., 2014). An increasing amount of
evidence indicates that IFN-y plays a crucial role in the pathogenesis of a chronic inflammatory
disease such as tuberculosis (Liu et al., 2015). In addition, it has been reported that IFN-y takes
part in the development of pleural effusion of tuberculosis, and the protein may be a powerful
biological marker with high sensitivity and specificity (Decade and Musterman, 2018).
Detections of IFN-y were tried by an immuno-sensing technique that utilizes the antibody, the



ELISA method. This technique has a high sensitivity, whereas it is a labor-intensive and time-

consuming traditional method (Min et al., 2008).
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Figure 2.1: Schematic representation-of sensitized T-cells in infected individuals will result in

far higher levels of IFN-y release.



2.2 Nanotechnology

“There is a plenty of room at the bottom”, that is how nanotechnology was introduced
by physicist Richard Feynman (Feynman, 1992). Nanotechnology is a combination of science,
engineering, and technology shepherded at the measurement of a nanoscale, which is about 1
to 100 nanometers. Nanoscience and nanotechnology are the study and application of
extremely small things/objects and can be used through all the other science fields, such as
chemistry, biology, physics, materials science, and engineering (Abd-elsalam and
Alghuthaymi, 2015). Nanotechnology means control of science that comprises synthesis and
development of numerous nanomaterials (Hasan, 2014). The definition of a nanomaterial is a
material having particles or constituents of nanoscale dimensions, or one that is produced by
nanotechnology, or a material that has a size in the nano-scale. The nanomaterial is also a new
evolution of understanding and utilization of materials. The nanomaterials that are being made
are used in different industries, from medical treatments to solar and oxide fuel batteries for
energy storage, to wide incorporation-into-diverse-materials of everyday use such as cosmetics
or clothes (Hasan, 2015). Nanomaterials have unique properties, these unique properties of
these various types of intentionally produced nanomaterials give them novel electrical,
catalytic, magnetic, mechanical, thermal, or imaging features that are highly desirable for
applications in commercial, medical, military, and environmental sectors (Madras, 2016). As
new uses for materials with these special properties are. identified, the number of products
containing such nanomaterials .and. their.passible applications continues to grow (Buzea,
Pacheco and Robbie, 2007). Currently, there are four types of nanomaterials namely
composites, carbon-based materials, dendrimers and metal-based materials (Madras, 2016).
Composites combine nanoparticles with other nanoparticles or with larger, bulk-type materials.
Nanoparticles, such as nanosized clays, are already being added to products ranging from auto
parts to packaging materials, to enhance mechanical, thermal, barrier and flame-retardant
properties (Salah, 2016). Carbon-based materials, these nanomaterials are composed mostly of
carbon, most commonly taking the form of a hollow sphere, ellipsoids, or tubes (Epa and Osa,
2007). Spherical and ellipsoidal carbon nanomaterials are referred to as fullerenes, while
cylindrical ones are called nanotubes. These particles have many potential applications,
including improved films and coatings, stronger and lighter materials, and applications in
electronics. Metal-based nanomaterials include quantum dots, nanogold, nanosilver and metal

oxides, such as titanium dioxide (Madras, 2016).



2.3 Quantum dots

A quantum dot is a closely packed semiconductor crystal comprised of hundreds or thousands
of atoms, and whose size is on the order 2-10 nanometers (Park, Jeong and Kim, 2017).
Quantum dots (QDs), often described as ‘artificial atoms’, exhibit discrete energy levels, and
their bandgap can be precisely modulated by varying the size (Valizadeh et al., 2012).
Changing the size of quantum dots changes their optical properties. QDs are nanometer-scale
semiconductor crystals composed of groups Il to VI or Il to V elements and are defined as
particles with physical dimensions smaller than the exciton Bohr radius. QDs exhibit unique
luminescence characteristics and electronic properties such as wide and continuous absorption
spectra, narrow emission spectra, and high light stability (Santos et al., 2016). They absorb
white light and then reemit a specific colour a few nanoseconds later depending on the bandgap
of the material (Valizadeh et al., 2012). QDs are one of the first nanotechnologies to be
integrated with the biological sciences and are widely anticipated to eventually find application
in a number of commercial consumer-and-clinical-products. For example, CdSe/ ZnS quantum
dots are presently the most common commercially available product as secondary antibody
conjugates (Diego, 2015). Quantum dots are advantageous because of their small size,
brightness, independence of emission on the excitation wavelength, and stability under
relatively harsh environments (Valizadeh et al., 2012). They also have excellent photostability
and overcome the limitations associated with photobleaching (Cranfill et al., 2016). Due to the
small structures of QDs, some physical properties such as.optical and electron transport
characteristics are quite different from those of the bulk materials (Valizadeh et al., 2012). In
order to use QDs under ambient conditions, they must be stabilized or passivated, because of
their high reactivity and surface area. QD range is typically between 2-10 nm in diameter (Jorge
etal., 2007). QDs consist of a semiconductor core, over coated by a shell (e.g., ZnS) to improve
optical properties, and a cap enabling improved solubility in agueous buffers (Manchandani et
al.). When choosing a stabilizer, one has to take into account the absorption and luminescence
spectra profile; also the quantum yield and the lifetime depend on the environment composition
(Matea and Mocan, 2017). Semiconductor nanocrystals or quantum dots (QDs) from groups
[1-VI (e.g. CdSe) and I11-V (e.g. InP) have been widely studied and found applicable in various
biological systems. These applications include molecular histopathology, disease diagnosis,
biological imaging among others (G. J. NETTO, R.D. SAAD). There is an increasing interest
in the development of nano-theranostics platforms for simultaneous sensing, imaging and
therapy. QDs have great potential for such applications, with promising results published in
the fields of sensors, drug delivery and biomedical imaging (Jorge et al., 2007). Very good



reviews have been published on the use of QDs in new sensing strategies, giving either a
general overview of the field, or a more focused discussion on biosensing applications and
future trends (Sapsford et al., 2006). Bard et al. was the first to study and observe the
electrochemiluminescence (ECL) sensor of Si quantum dots (QDs) in 2002 (Jiang and Ju,
2007), and QDs have since attracted particular attention because of their simultaneous
excitation, high fluorescence quantum yield, and stability against photo bleaching. QD sensors

have been fabricated over the past decade and applied to various fields (Malecha et al., 2019).

2.4 Sensors

A sensor is a device that detects and responds to an input from the physical environment or
events. The specific input that it detects could be heat, moisture, pressure, light or any one of
the other environment phenomena (Shukla, 2006). A signal of the input is then generated
meaning it is converted to human-readable display at the sensor location or transmitted
electronically over a network for reading-or further processing (Zook and Associates, 2008). A
sensor's sensitivity specifies how much the sensor’s output variates when the measured quantity
changes, it is the relation between output signal and measured property. A good sensor must
be sensitive to the measured property only smalest changes in the measured property must be
detected by the sensor, be insensitive to any other property. likely to be encountered in its
application, reproduce the same results repeatedly, the reading must not vary when repeatedly
measured under the same conditions, have a signal output that is proportional or bear a
mathematical relationship to the amount of species present in the sample, have good signal-to-
noise ratio, which determines the limit of the detection, have a fast response time, not influence
the measured property, be accurate, be cost effective, be environmentally friendly (Baustian,
1988). The sensitivity and selectivity aspects of chemical sensing are affected by the phase,
dimensional, and temporal aspects of the desired determination (Grieshaberl et al., 2008).
There are three main types of sensors based on the property of the entity sensed: physical
sensors, chemical sensors and biosensors (Compagnone et al., 2015). Chemical sensor is a
device that converts chemical information (which may initiate from a chemical reaction of the
analyte or from a physical property of the system) ranging from the concentration of a specific
sample component to total composition analysis into an analytically useful signal. Chemical
sensors contain usually two basic functional components connected in series: chemical
recognition system (receptor) and physico-chemical (transducer). The receptor then transforms

the chemical information into a form of energy which can be measured by the transducer. The



receptor part of chemical sensors may be based upon various principles: physical change
(where no chemical reaction takes place- absorbance, refractive index, conductivity,
temperature or mass change), chemical change (in which a chemical reaction with participation
of the analyte gives rise to the analytical signal), and biochemical change (in which a
biochemical process is the source of the analytical signal such as biocomplexing-
immunosensors and biocatalytic enzyme cells). The transducer: This converts the energy
carrying the chemical information about the sample into a useful output signal with a defined
sensitivity. Physical sensor is a device that provides information about a physical parameter of
the system. They are different from chemical sensors in that they measure parameters such as
temperature, humidity, speed, depth/pressure, turbidity that regulates the transfer or flux of
mass or energy. The analytical device called biosensor is designed for the detection of an
analyte by linking a biological recognition component (enzyme, antibody, cell receptor, DNA,
microorganisms, organelles, nucleic acids etc.) with a physicochemical signal transducer
(Baustian, 1988). This biomimetic.component recognises and binds with the analyte under
study, then the signal transducer (electrode, optical detector, piezo crystal etc.) converts the
biochemical response into eleciric and optic signals which are amplified, measured and
decoded by an appropriate electronic unit (Sunday, 2014). Biosensor consists of 3 parts, the
biological recognition component (enzyme, antibody, cell receptor, DNA, microorganisms,
organelles, nucleic acids etc.), the transducer (which functions based on electrochemical;
optical or piezoelectric principles), and the signal processors that are primarily responsible for
the display of the results in a user-friendly way (Choudhary, 2015). Biosensors can be grouped
according to their biological element or their transduction principle (Malhotra et al., 2017).
The biosensor is described as an affinity sensor when the detected event is the binding of the
sensing element and the analyte. Furthermore, if analytical signal is produced after binding
with the analyte without chemically changing it except for converting an auxiliary substrate,

the biosensor is called a catalytic sensor.



2.4.1  Quantum dot based sensor

Quantum dots have become more attractive nanoparticles for potential use in bio-sensing
applications due to the decent stability, sensitivity, good conversion efficiency, and simplicity
in preparation. Most of QDs sensors involve QDs functionalized with biomolecules through
physical adsorption, electrostatic interaction, covalent binding and specific affinity interaction
for analytical applications in DNA analysis, immunoassay, and detection of other biological
molecules. (Alia et al., 2018) developed a biosensor where cadmium sulphide quantum dots
composited with polyamidoamine dendrimer (CdSQDs-PAMAM) thin film had been
successfully developed for use in the detection of dengue virus (DENV) E-proteins. (Ibrahim
et al., 2016) have reported an electrochemical biosensor based on reduced graphene oxide
(rGO)/cadmium sulphide quantum dots (CdSQDs) nanocomposite for the detection of
Mycobacterium tuberculosis. More research based on sensor was done by (Li et al., 2009) a
Luminous composite ultrathin films of CdTe quantum dots/silk fibroin co-assembled with
layered doubled hydroxide: Enhanced photoluminescence and biosensor application. The
prepared (CdTe QDs@SF/LDH) n UTFs were employed as a hiosensor using immunoglobulin
IgG as a model biomolecule. Quantum dots (QDs) functionalized with bio-recognition
antibodies provide a viable methad to increase sensitivity and specificity by enabling a 2-part
recognition scheme, wherein both the label and capture agent are specific to the target of
interest (Wilkins et al., 2018).

2.4.2  Antibody-based biosensors
Antibody-based biosensors are called immunosensors, they ; are affinity ligand-based
analytical devices that use antibody or antigen as the specific sensing element and transduce
the antigen-antibody interactions directly into signals that are related to analyte concentration
(Sowjanya and Yadla, 2016). The basic principle is the specific binding of an antibody to an
antigen to form a stable complex. Immunoanalysis is done by measuring several signals
associated with the antigen-antibody interactions of known antigen concentrations (Kennedy
et al., 1990). The areas where biosensors show particular importance are clinical assay, disease
diagnostics, food security, bioprocess, and environmental monitoring. The importance of
biosensors results from their high specificity and sensitivity, which allows the detection of a
broad spectrum of analytes in complex sample matrices (saliva, serum, and urine) with

minimum samples pre-treatment.



In a study done by (He et al., 2011) on Biosensing Technologies for Mycobacterium
tuberculosis detection: Status and New Developments, has shown that the rapid development
of biosensor technology has opened enormous opportunities for M. tuberculosis detection.
However, there are still many considerable challenges and issues remained for reliable and
effective use in routine applications with biosensors. Sensitivity was found to be one of the
challenges, and a solution to this problem is to combine nanotechnology and biosensing
technology. This has shown great application in the medical diagnostics, clinical medicine,
environmental monitoring, food quality control, defense, and other industries (Wen et al.,

2018).
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Figure 2.2: Schematic representation of the immunosensor fabrication. Steps of electrode
modification consisting in cysteine (Cys) adsorption, COOH activation, antibody

immobilization, remaining biding sites blockage by bovine serum albumin (BSA) and sample

evaluation.



2.4.3  Electrochemical-immunosensor

Biosensing through the binding between the fragment antigen-binding of the antibody with the
epitope interface of the antigen is an affinity-based recognition, therefore, making possible the
use of electrical circuitry for the transduction (Chatterjee et al., 2019). These type of
biosensors, commonly-named electro-immunosensors, can detect with high selectivity based
on the antigen-antibody affinity and, under the appropriate conditions, can be used without the
need of lab facilities or highly-trained personnel (Sepulveda, Aroca and Osma, 2017). These
electrochemical biosensors convert chemical affinity from an immobilized recognition element
binding to the target/analyte molecule into measurable amperometric signal. In order for these
sensors to function properly they need to have a specific biomarker. More efficacious treatment
regimens are needed for tuberculosis, however, drug development is impeded by a lack of
reliable biomarkers of disease severity and of treatment effect (Chen, Neves and Thompson,
2016).



25 Interferon gamma

(Sigal et al., 2017) conducted a directed screen of host biomarkers in participants enrolled in a
tuberculosis clinical trial to address this need of a good biomarker for the detection of this
disease. On the study Interferon gamma was found to be the best biomarker to the time-to-
detection. Interferon gamma (IFN-y) is an important cytokine that possesses antiviral, anti-
proliferative, differentiation inducing, and immuno-regulatory properties. This cytokine is
produced by a number of immune cell types including T-helper (CD4) cells and cytotoxic T-
cells. The detection and quantification of IFN-y is important for understanding what immune
cells are taking part in the immune response and how vigorous this response is(Liu et al., 2010).
Interferon-gamma (IFN-y) is used to determine disease specific immune responses and can be
used to serve as an active marker to diagnose infectious diseases like tuberculosis. Detection
of IFN-y was tried traditionally with antibody-based immuno-sensing techniques which are
sensitive and specific to cytokines (Farid et-al.;2015). In the table below a few examples of

detection of IFN- y and their detection limits.

Type of immunosensor Analyte Detection limit References

Electrochemical immunosensor | Interferon-y 0.12pg/mi (Wang et al.,
2017)

Electrochemical sensor IFN- y 0.06 nM IFN- y (Liu et al., 2010

Immunosensor IEN-y 33 pM (Chang et al.,
2012)

Electrochemical biosensor IFN-y 1.14 10 3nM (Wang et al.,
2017)

Label free aptasensor IFN-y 11.56 pM (Ding et al,
2017)

Table 2.1: Electrochemical biosensors for Interferon gamma (IFN-y) limit of detection.
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Chapter three

Summary
This chapter describes the synthesis of water-soluble and biocompatible copper telluride
quantum dots (CuSe QDs) produced by a simple, ‘inexpensive and reproducible aqueous
method. The QD materials were capped with various capping agents such as thioglycolic acid
(TGA), (3-mercaptopropyl) trimethoxysilane (MPS) and tetraethyl orthosilicate (TEOS) to
improve their stability and solubility. Also, this chapter describes the various chemicals and
analytical techniques employed, followed by a detailed experimental procedure based on the
synthesis of CuTe QDs. Some techniques used for QDs characterization, such as
electrochemical (Cyclic voltammetry), microscopic (HRTEM), spectroscopic methods (UV-Vis

absorption, photoluminescence and FTIR) are also presented in the chapter.



Synthesis and properties of water-soluble silica coated Copper telluride
guantum dots

Abstract

Copper telluride quantum dots (CuTe QD) materials functionalised with thioglycolic acid
(TGA), (3-mercaptopropyl) trimethoxysilane (MPS) and tetraethyl orthosilicate (TEOS) were
synthesized by a reproducible aqueous colloidal technique at room temperature. The impact of
the capping agents on the size and the confirmation of the crystallinity of the CuTe QD
materials, were investigated by small angle X-ray scattering (SAXS) and X-ray diffraction
(XRD) spectroscopic techniques, respectively. X-ray diffraction analysis (XRD) confirmed
formation of copper telluride species of non-stoichiometric form CuTe (for the TGA, MPS and
TEQOS capped CuSe QDs). XRD and high resolution electron microscopy (HRTEM) confirmed
that TGA capped CuTe QDs had the smallest average particle core size when dried, with
average diameter of 5 —7 nm. The CuTe quantum dots were found to be crystalline, spherical
in shape and have a different size due to the capping reagents. Whereas small-angle x-ray
scattering (SAXS) and HRTEM found that MPS-TGA-CuTe QDs had the high ability to
aggregate. The capping of -CuTe QDs was confirmed by Fourier transform infrared
spectroscopy (FTIR) via the specific S-H, Si-CH»-S and Si-O-Si signature bands of TGA, MPS
and TEOS. UV-vis absorption confirmed a large blue shift of the band gap compared to the
bulk material for all formed QDs which is attributed to the quantum confinement effect, Cu
only it was 430 nm (with a corresponding band gap of 5.11 eV) and Cu-TGA had an absorption
of 230 nm (with a corresponding band gap of 3.91 eV). Photoluminescence (PL) measurements
showed that the QDs emits light at 370 nm (TGA-CuTe QDs), 385 nm (MPS-TGA-CuTe) and
382 nm (TEOS-MPS-TGA-CuTe QDs). The electrochemical properties investigated through
cyclic voltammetry of the formed CuTe QDs makes them a possible alternative as an electron
mediator for electrochemical biosensors. The biosensor was prepared by the self-assembly on
a gold electrode that was functionalised with TEOS-MPS-TGA-CuTeQDs, followed by the
Antibody and 1-ethyl-3(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-
Hydroxysuccinimide (NHS). The characteristic properties of cyclic voltammetric reduction
peak at — 0.4V was used to detect the response of the biosensor to Interferon gamma (IFN-v).
The developed electrochemical biosensor system gave low limit of detection value of 0.042
ng/mL. The LOD value is lower thereby indicating that the sensing device would be suitable
for monitoring IFN-y.



3.0 Introduction

Nanotechnology is the root in science, life without it is hard to imagine. Nanotechnology has
been used for different applications such as medicine, food, fuel cells, electronics etc. It is
rapidly growing by producing nanoproducts and nanoparticles (NPs) that are different in sizes,
shapes, physical and chemical properties. Amongst these different nanoparticles there are
quantum dots in which its interest has grown over the years due to their unique physical,
chemical and biological properties compared to their bulk compound (Jameel, 2010). Quantum
dots are semiconductors nanoparticles, their typical dimensions ranging from 1-10 nm (Freitas,
Dias and Passos, 2014). Quantum dots have different groups which are group I1-VI, 111-V, or
IV-VI (Jun-Jie Zhu, Jing-Jing Li, Hai-Ping Huang, 2013). They offer advantages including
tunable emission spectra, high photostability, resistance to photobleaching, and controllable
surface characteristics. The control over surface properties of QDs is important to maintain
desirable fluorescent properties and aqueous solubility. Quantum dots are behold to strong
qguantum confinement effects; and-their-emission-spectra are Size-dependent (Wolcott et al.,
2006). Quantum dots are then capped which involves introduction of additional layers or
coating on the core structure. They can be prepared readily in aqueous media or made water
soluble by appropriate capping with hydrophilic ligands. In the aqueous synthesis, QDs are
stabilized by some functional ligands, such as mercaptopropionic acid (MPA) and
glutathione(GSH), among others, and exhibit some unique properties such as lower cost, less
toxicity, water solubility, and biocompatibility. (Jimenez-lopez et al., 2016). Quantum dots are
capped to make them stable, reduce or eliminate toxicity, improve luminescent properties,
avoid agglomeration, biocompatibility and make the quantum dots soluble (Lecture, 2017).
Functionalization of the nanoparticle surface is also important to prepare the surface to be
exploited for bioconjugation purposes (Wolcott et al., 2006). Generally, quantum dots with
capping ligands have been used in highly-sensitive bioanalytical assays such as detection and
labelling of biomolecules (Tashkhourian et al., 2016). Since their quantum size effects are
understood, fundamental and applied research on these systems has become increasingly
popular. One of the most interesting applications is the use of nanocrystals as luminescent
labels for biological systems (Wuister and Meijerink, 2003a). Quantum dots (QDs)
functionalized with bio-recognition antibodies provide a viable method to increase sensitivity
and specificity by enabling a 2-part recognition scheme, wherein both the label and capture
agent are specific to the target of interest. For immuno-recognition of a target analyte, immuno-

fluorescent probes can be synthesized by linking QDs to targets.



QDs conjugated to biological surfaces generate narrow photoluminescence spectra that enable
measuring the concentration of the target analyte (Wilkins et al., 2018). QDs are one of the
first nanotechnologies to be integrated with the biological sciences and are widely anticipated
to eventually find application in a number of commercial consumer and clinical products
(\Valizadeh et al., 2012). In this paper, the synthesis and luminescence properties of CuTe
quantum dots is described. In this work, we demonstrate the growth of an amorphous silica
shell onto as-synthesized water-soluble CuTe QDs. There were three capping reagents that
were used Thioglycolic acid (TGA), (3-mercaptopropyl) trimethoxysilane (MPS), and
tetraethyl orthosilicate (TEOS). The QDs with and without silica shells have been characterized
using electrochemical, spectroscopy and microscopy techniques. This was done to understand

the growth of the core shell of the quantum dots after the addition of silica.

3.1 Experimental

3.11 Chemicals

All reagents were of analytical reagent grade and purchased from Sigma Aldrich. The material
that were used are tetraethyl orthosilicate (TEOS, 90%), thioglycolic acid (TGA, 98%), (3-
mercaptopropyl) trimethoxystlane (MPS, 95%), telfurium (Te, 99.997%), sodium hydroxide
(NaOH, 98%), copper acetate monohydrate (Cu (OH)2CQg, 99.0%), sodium borohydride
(NaBH4, 98%), sodium phosphate:monabasic dihydrate (NaH2PO4, 99%) and disodium
hydrogen phosphate dibasic (Na2HPO2, 98%). De-ionized water, used throughout the
experiments, was prepared with a Milli-Q water purification system. Analytical grade nitrogen
obtained from Afrox South Africa, was used for degassing buffer solutions. The Phosphate
buffer solutions (pH 7.4) was prepared from H2NaPOs, HNa2PO4 and was used for all the

electrochemistry.

3.1.2  Synthesis of silica coated CuTe quantum dots
The quantum dots (QDs) used in this study, was synthesized using the standard procedure
described in the literature (Stober, 1968; Wang, Wang and Zhang, 2014). Copper acetate (2
mmol, 0.3993 g) and 400 pL (5.7 mmol) of pure thioglycolic acid (TGA) were dissolved in a
three neck round bottomed flask with 25 mL of water and formed a white solution. NaOH (20
g, 5 M) solution was prepared in 100 ml of water and added dropwise to the flask and the
solution became clear; and adjusted the pH to 11.8. Then in flask 2, (0.396 g, 3.1 mmol)
tellurium and sodium borohydride (NaBH4) (0.227 g, 6.0 mmol) was added together in 25 ml



of water, so that the NaBHa reduces the Tellurium. Flask 2 was heated at 50°C (backfilled with
nitrogen) up until the colour changed from black to light purple and to dark purple. Precursor
solution of tellurium was then injected to flask 1 to form CuTe, after injection there was a dark-
brown colour change. the flask was then backfilled with N2 and heated up to 100 °C for 1 h,
taking aliquots in 20 min intervals. After cooling the reactant solution to room temperature, the
TGA-capped CuTe nanoparticles were reacted with (3-mercaptopropyl) trimethoxysilane
(MPS) for 1 h under stirring, and aliquots taken at 20 min intervals. To ensure even distribution
of MPS, a mini-stir bar was used during the 1 h required for surface priming. After the hour
the solution was heated for 5 minutes at 60 °C, it has been found that the average size of
quantum dots increases with the increasing heat treatment temperature (Wolcott et al., 2006).
In this process, aliquots were taken at different times to check the growth of the quantum dots.
After surface priming, tetraethyl orthosilicate (TEOS) (1270 pL, 5.7 mmol) was added to the
solution under stirring to initiate silica at the particle surface, aliquots were taken at different
times (20 min, 40 min, 60 min) to check the growth-of the quantum dots. Then at 14 h and 40
h aliquots were then taken to check the growth of the quantum dots.

3.1.3 Preparation of CuTe/Au modified electrode
Prior to modification, the bare gold electrode (AUE) was palished to a mirror finish with 1.0,
0.3, and 0.05 pm alumina slurries, respectively, and then rinsed thoroughly with distilled water
followed by sonication for 20 minutes:in ethanaol and water, respectively. After the cleaning of
electrode, 3.0 pL of CuTe quantum dots solution was drop coated on the gold electrode surface
and let to dry overnight. A three electrode system was used for analysis and electrochemical
application, and composed of platinum counter electrode, silver/silver chloride reference
electrode and gold working electrode. Phosphate buffer (5 ml) was transferred to an
electrochemical cell and N2 bubbled to remove dissolved oxygen. This was done before

experiments. The cyclic voltammetric curve started from -1.2 VV to +1.2 VV/ and back to -1.2 V/.

3.1.4  Preparation of immunosensor system
The CuTe/AuE modified electrode was then activated by drop coating a 30 pL solution
containing 1:1 of (EDC/NHS), stored for 30 min in a dark place. After that the CuTe/AuE
modified electrode was rinsed carefully with PBS. Subsequently, 10 pL of antibody solution
(10 uM) was drop coated on to CuTe/AuE surface. The electrode was then stored for 2 hours
at room temperature in a dark place. The electrode was then washed with PBS solution. BSA

solution (1%) was used for blocking the nonspecific sites, using 1uL of the solution. The



reaction occurred at room temperature for 10 min. 3uL of IFN-y solution was drop coated on

the surface of the electrode and the IFN-y immunosensor was then washed with PBS solution.

3.2 Instrumentation

The photoluminescence measurements were performed utilising Nanolog, Horiba NanoLog™
3-22-TRIAX (Horiba Jobin Yvon, USA) and the data was analysed using a FluoroEssence
software. The excitation wavelength used was 340 nm. High resolution transmission electron
microscopy (HRTEM, Hitachi H800) measurements were performed using a Tecnai G2 F20X-
Twin MAT FETEM from FEI (Eindhoven, Netherlands) and it is a 200 kV instrument equipped
with Energy dispersive spectroscopy (EDS). Small-angle X-ray scattering (SAXS) (Anton
peer, Australia) system using 1 nm diameter quartz capillary positioned at 317mm from the
CCD and temperature controlled at 20 °C. Dataevaluation was performed with the Generalized
indirect Fourier transformation (GIFT) software (which-is-aversatile tool for the evaluation of
small angle scattering data). X-ray diffraction (XRD) was used using a Bruker AXS D8
Advance diffractometer (voltage 40 kV/; current 40 mA). The XRD spectra were recorded in
the range15-85 0. Fourier-transform infrared (FTIR) spectrascopy were recorded in the range
4000 - 1000 cm™ using a Perkin Elmer model Spectrum 100 series. Raman spectroscopy
samples were prepared on a glass slide and analysed using Xplora Raman spectrometer (Horiba
Scientific) utilising a 514 nm He-Cd laser as an excitation source. Data capturing and
instrument control were performed using LabSpec software. Ultraviolet-visible (UV-Vis)
absorption measurements for CuTe QDs were prepared using a Nicolet evolution 100 UV-Vis
spectrophotometer (Thermo Electron Corporation, UK) and the instrument was controlled with
VisionPro software. UV-vis absorption spectra were measured over a range from 200 nm - 800
nm. The solutions of quantum dots in water placed in 1 cm quartz cuvette and their absorbance
were measured. The cyclic voltammograms for each nanomaterial were collected using an
electrochemical workstation connected to three electrodes: gold electrode (working), Ag/AgCl
(reference) and silver wire (counter) immersed in a PBS buffer (pH = 7.4) as an electrolyte.
The experiments were performed over a potential range of +1200 mV to -1200 mV and a scan

rate of 50mV/s. The workstation was controlled using PalmSens (PS) trace software.



3.3 Results and Discussion

3.31 Ultraviolet-visible spectroscopy

UV-Vis is used to give the formation, shape and stability of copper nanoparticles and the
different capping reagent used in aqueous solutions. The UV absorption spectrum of as-
prepared copper acetate monohydrate, copper quantum dots capped by thioglycolic acid is
recorded as shown in Figure 3.1. The copper bulk material showed a band at wavelength 430
nm (inset). The absorption properties of TGA forms were investigated using also room-
temperature UV-Vis spectrophotometry. The absorption spectrum of CuTe QDs obtained a
band at 232 nm and 282 nm. These features were assigned to transitions from the ground state
to the S1 (282 nm) and S2 (232 nm) excited electronic states, in agreement with previous
findings on analogous mercaptocarboxylic acid molecules (Attar, Blumling and
Knappenberger, 2011). For instance, Fang and co-workers (Fang et al., 2012) reported the
synthesis of CdTe quantum dots prepared-by colloidal synthesis route using the branched
mercaptopropionic acid, 3 Mercaptoisobutyric-acid-(3-MIBA) as capping agent. From the

obtained UV-vis results, the CuTe QDs exhibited a characteristic band at 320 nm. The CuTe

QD prepared in this study showed a band at 336 nm and the band gap was 3.96 eV, which is
close to the wavelength of CuTe that was studied. In-comparison, the characteristic peak of 3-
MIBA observed at 290 nm in the reported study by (Choudhary and Nageswaran, 2019), the
peak shifted to 247 nm in the case of CdTe@3-MIBA QDs the study is very similar to this
study. These result suggests the possible attachments or ‘interaction of thiol ligands from
capping agent with the QDs. The band at 282 nm is attributed to n-o™ transition, the structure
of the capping reagent contains CH3SH. In Figure 3.1., the thioglycolic acid showed a band at
232 nm and at 282 nm, however, after the formation of the TGA-CuTe QDs the intensity of
the TGA peak decreased to 247 nm which indicate the attachment of thiol ligands to the QDs.
The TGA-CuTe QDs, had an absorption band appeared at 247 nm and 336 nm respectively.
The band at 247nm is attributed to ligand to metal charge transfer (LMCT) transition from S
(o) to Cu?*, between the copper and the sulphur atom from the capping agent (Ambika et al.,
2019). Therefore, the band at 336 nm in the TGA-CuTe QDs could be assigned as the LMCT
between the copper in the QDs and the capping agent, with a slight shift towards lower energies
from the bulk of Cu 430 nm (inset). The blue shift of the peak at 282 nm observed for TGA
result from the presence of the electron-donating -OH functional group in TGA. The absorption

band at 336 nm where the quantum dots form is attributed TT-1" transition.
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Figure 3.1: Absorbance spectra of Copper (black line), Thioglycolic acid (red line) and copper
and TGA (blue line).

From the absorption spectra, the direct and indirect band gap was determined by Tauc-relation
(Equation 1).
ahv.= A (hv.— Eg)" 1)

Where o is the absorption coefficient, h is Planck constant, v is the frequency, A is a constant,
Eg is the energy band gap and n = 2 for indirect and n = 1/2 for direct allowed electron
transitions. The direct band gap energy (Egd) was obtained by plotting (athv)? against ho and
extrapolate the linear portion of the curve (cho)? = 0. The indirect band gap energy (Egi) was
determined from (cthv)Y? against ho and extrapolation of (ahv)¥? = 0 from the linear region
(Sanchez-vergara et al., 2012). The results are shown in Figure 3.2, where the copper band gap
and TGA-CuTe bang gap are demonstrated. Straight lines were drawn to fit the experimental
bandgap curves, and they were extended to intercept the x axis to determine the optical bandgap
of the CuTe QDs. It was found that the optical bandgap decreased from 5.11 eV (bulk Cu) to
3.956 eV (TGA-CuTe QDs), is attributed to the increase in particle size. It is believed that as

the particle size increased, the number of atoms that formed a particle also increased,

consequently rendering the valence and conduction electrons more attractive to the ions’ core

within the particles and decreasing the bandgap. This is due to the strong quantum confinement.
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The process of creating a layer of amorphous silica on the surface of nanoparticles is called
silanization (Rahman and Padavettan, 2012). Silica shows anomalous behaviour in water and
shows strong stability at near neutral pH even under high salt concentration. The high stability
of silica arises from the strong short range forces of the order of 4 nm (Ségaard, Funehag and
Abbas, 2018). The stability of the dispersion, coating QDs with silica layer does not alter the
optical properties of QDs. Even though the particle size increases by silica encapsulation of
QDs, the sols display the properties of core QDs and do not display large changes in the exciton
absorbance or PL. Most developments have been made in the surface activation step of QDs
for silanization (Singh et al., 2015). In this work that was done the addition of the TGA-CuTe
QDs with silica coating by using (3-mercaptopropyl) trimethoxysilane (MPS) as the first layer
of silica, (Kobayashi, Correa-Duarte and Liz-Marzén, 2001) was the first to perform this. The
silica shell was then grown in thickness using the conventional Stober process by addition of
tetraethyl orthosilicate (TEOS) to the colloidal solution. The diagram below Figure 3.3 shows
the absorption spectra of the process-of surface stlanization from TGA-CuTe to MPS-TGA-
CuTe then a thicker shell TEOS-MPS-TGA-CuTe.

2.5 =T CuTe
—— MPS-TGA-CuTe
—~~ TEOS-MPS-CuTe

2,0 1

1,5

Asorbance

1,0 4

0,5

k—_
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Figure 3.3: UV-vis spectra of TGA-CuTe, MPS-TGA-CuTe and TEOS-MPS-CuTe quantum
dots.



In the absorption spectra for MPS-TGA-CuTe QDs bands between 226 - 247 nm could likewise
be assigned to transitions caused by the TGA-CuTe and MPS precursors. A very sharp band at
336 nm could be attributed to the formed MPS-TGA-CuTe QDs (Wuister and Meijerink,
2003a). The band gap was calculated and it was Egd = 4.26 eV. This shows a red shift from
the TGA-CuTe QDs. The peak positions of core/shell spectra are red-shifted compared to their
corresponding core TGA-CuTe QDs. This may indicate an increase in the overall nanoparticle
size as a result of growth of the shell around the TGA-CuTe QDs (Ke et al., 2019). The UV-
vis absorption spectrum shows the characteristic electron-hole pair (exitonic) peak
representative of the band gap energy. During the growth of the quantum dots, smaller particles
will dissolve and become the constituents of larger particles, this leads to exitonic peak
positions shifting to longer wavelengths as the QD grows to larger diameter. This process is
known as Ostwald ripening. An effect of the Ostwald ripening is the increase in size
distribution, a phenomenon termed “defocusing”. This effect is seen clearly in the “flattening”
of the exitonic peak as particles increase in size during the growth phase (Garcia-gutierrez et
al., 2018). Narrow size distributions are reflected in a very sharp exitonic absorption peak
(Wolcott et al., 2006). TEOS-MPS-TGA-CuTe show the derivative QD@SIiO. aqueous
solutions exhibited almost identical UV-vis absarption to thase of the MPS-TGA-CuTe QDs.
These results indicate that the process of silica coating has no effects on the electronic
properties of the inorganic QD cores, and the obtained QD@SIO2 maintains great dispersibility
without obvious aggregation of the QDs inside the silica spheres (Ma et al., 2014). The
flattening of the band at 336 nm shows the change on the surface of the quantum dot and the
red shift of the band at 226 to 249 nm shows the growth of the quantum dots. It is likely that
absorption due to light scattering from the silica particles made the absorption features appear
less sharp for the QDs (Goftman et al., 2016). This was then proven by the increase of the band
gap between MPS-TGA-CuTe and the band gap of TEOS-MPS-TGA-CuTe. The band gap of
TEOS-MPS-TGA-CuTe increased to Egd = 4.95 eV, this is an indication of a shell or growth
of the quantum dots with the addition of TEOS (Morales-saavedra et al., 2015).
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3.3.2 Photoluminescence

Photoluminescence (PL) in metals is very rare owing to their lack of bandgap. In 1969, Mooradian
first observed the photoluminescence of bulk copper and extensively used it in explaining the band
structure of metals (Gfroerer, 2000). This emission is attributed to direct radiative recombination of
the excited electrons in the sp band with the holes in the d band. Visible PL from nanostructures
smaller than 15 nm has been reported. Usually the visible photoluminescence from noble metal
nanoparticles is due to the inter-band transition between the sp conduction bands and the d bands.
The electronic structure of copper atom can explain the photoluminescence spectra of Cu
nanoparticles. In the case of copper, 3d valence and 4sp conduction electrons play the role for
fluorescence. The outermost d and s electrons of all the constituent atoms of the nanoparticles create
six bands (Nagaveni et al., 2018). Five of these bands lie below the Fermi level, which are denoted
as d bands and the sixth band, the last band, which lies above the Fermi level, is known as the
conduction band or sp band (Series and Science, 2016). Metals can be excited by a low intensity
source in the UV region of spectra, Siwachand Sen-reported a fluorescence peak of copper
nanoparticles at 296 nm with excitation wavelength in the ranges 200-240 and 250-280 nm.
Wilcoxon et al. reported that small spherical gold clusters show an emission at 440 nm when excited
at 230 nm (Das, Nath and Bhattacharjee, 2011). These finds are similar to the work done in this
paper. Figure 3.5 shows typical absorption and PL spectra of a size series of CuTe QDs. The spectra
were measured on as-prepared CuTe solutions which were taken from the reaction mixture and
diluted with water. The copper bulk had an emission peak at 477 nm (Talluri, Prasad and Thomas,
2018). For the formation of quantum dots there was a blue-shifting 370 nm compared with bulk
CuTe (477 nm) which was caused by quantum confinement effect. The similar results of emission
peak of CuTe were found for CuS (Salavati-Niasari et al., 2013). The strong blue-shifting indicated
that the particle size was very small. When the capping reagent TGA is added to the bulk material
copper, the peak of the copper telluride quantum dots is blue shifted. The narrow band is mostly
attributed to the recombination of the carriers trapped in the surface states of the bare copper
telluride quantum dots. The emission spectrum undergoes a blue shift from the bulk bandgap

indicating the existence of quantum confinement (Kaviyarasu et al., 2016).



30000000

C
4350 nm 370 nm TéA 477 nm
5 25000000 4 Cu+ TGA
o
S
> 20000000
)
o
E 15000000 -
k)
)
N 10000000 -
©
£
z° 5000000 4 J
0
T ’
400 500

Wavelength (nm)

Figure 3.5: PL diagram of Cu, TGA and the addition of TGA-CuTe.

Photoluminescence emission spectra was mainly intended to be used to investigate the outcome
of photo generated electron and holes in a semiconductor, since PL emission results from the
recombination of free charge carriers. The electronic band structure in which the highest
occupied molecular orbital (HOMO) or valence band and lowest unoccupied molecular orbital
(LUMO) or conduction band semiconductor material is characterized. Smaller particles have

lower values of Amax. Figure 3.6 shows the change of the PL properties of the QDs in the

coating process. TGA-CuTe QDs show a pronounced, relatively luminescence peak at 370 nm.
After coating of the MPS-TGA-CuTe, there was a red-shift on the peak from 370 nm to 385
nm (Wuister and Meijerink, 2003). With the increase of the TGA-CuTe wavelength 370 nm
(with band gap 5.35 eV), then MPS-CuTe the wavelength increased to 382 nm (with a band
gap 5.19 eV) and the TEOS-CuTe increased to 385 nm (with a band gap of 5.15 eV). The
reason for the wavelength increase is the formation of a silica shell, which passivates the CuTe
surface defects. During the experiment it is found that, in the process of surface silanization,
the PL peaks of the QDs red shift. This might originate from re-absorption by larger QDs in
the assembly because the PL from the smaller QDs leads to re-absorption by the adjacent larger
QDs due to the high QDs concentration. The decrease of the wavelength of luminescent Si
particles from TEOS-MPS-TGA-CuTe are ascribed mainly to (a) partial ligand exchange of
TEQOS for MPS (b) the change of the refraction index of the media (c) the inhomogeneous



broadening of the electronic transitions affected by the local morphology. The measurements
show that the synthesized QDs are capable of emitting light of wavelengths in the visible
region. The decrease of the wavelength can be explained by quenching of the capping agent on

the surface (Onwudiwe, Hrubaru and Ebenso, 2015).
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Figure 3.6: PL spectra of TEQS-MPS-TGA-CuTe, MPS-TGA-CuTe, TGA-CuTe quantum dots

at 1hour.
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Figure 3.7: Photoluminescence intensity of (black line) TGA-CuTe QDs, (red line) MPS-TGA-
CuTe QDs and (blue line) TEOS-MPS-TGA-CuTe QDs.

Figure 3.7 shows the improvement of the PL properties of the QDs in the coating process. The
TGA-CuTe QDs showed a small intensity at 370 nm. From TGA-CuTe QDs to MPS-TGA-
CuTe QDs the intensity increased, showing the addition of (3-mercaptopropyl)
trimethoxysilane (MPS) formed a shell around the QDs (Labiadh and Hidouri, 2017). The
addition of tetraethyl orthosilicate (TEOS) formed a thicker shell on the QDs and this is
indicated by the extreme high intensity of TEOS-MPS-TGA-CuTe QDs from MPS-TGA-CuTe
QDs. Obviously, the PL intensity of the final QDs with a thick rigid shell of silica was much
stronger than that of the initial QDs. The reason for the increased PL intensity is the formation
of a thick silica shell, which may have a higher potential for the ground-state electron (Zhou et
al., 2005). The broad band of all the quantum dots is an evidence of monodispersity of the
quantum dots (Wuister and Meijerink, 2003).



3.3.3 X-ray diffraction

Chemical composition and stoichiometry of the CuTe QDs and crystallinity was evaluated
through x-ray diffraction (XRD). Powder X-ray diffraction patterns for the CuTe QDs capped
with TGA, MPS and TEOS are illustrated in Figure 3.8 to Figure 3.10 below.
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Figure 3.9: The x-ray diffraction of MPS-TGA-CuTe quantum dots.

Investigating the phase purity and crystal structure, the powder products were examined by
XRD and the results are shown in Fig. 3.9. The diffraction peaks can be indexed to those of
pure face centered cubic (f.c.c.) Cu (JCPDS, File No. 04-0836), corresponding to 44° (111).
The observation of diffraction peaks for the Cu nanoparticles indicates that these are crystalline
in nature (Piersimoni et al., 2006). The phases of copper telluride can be easily distinguished
by the powder X-ray diffraction pattern, all of the peaks can be indexed as (003) and (200)
(Dhasade, Han and Fulari, 2012). Crystal silicon (c-Si) has peaks at 28°, 47°, and 56° (Baustian,
1988). In this work, the (3-mercaptopropyl) trimethoxysilane (MPS) contains a silicon and the
diffraction peaks in Figure 3.9 are present at 28° and 56° which indicates the presence of crystal
silicon. It can be concluded that the nature of the capping group influences the preferable

growth direction of quantum dots (Onwudiwe, Hrubaru and Ebenso, 2015).



Three main peaks at diffraction angle 26= 46° and 49.5° are clearly observed which be longs
to (003) and (200) crystal plane. The peaks at 28°, and 56° corresponding with 101, and 202
respectively show planes which is in good agreement with the JCPDS (Join Committee on
Powder Diffraction standers) card no. 00-036-1452 with a = 4.45790, and ¢ = 5.92700 of CuTe
with face-centered cubic structure. These positions of diffraction pattern matched well with
standard CPDS card no. 49-1411 (a) 3.80 A, and (c) 21.923 A cubic of Cu;Te. The observation
of diffraction peaks for the Cu nanoparticles indicates that these are crystalline in nature. The
XRD pattern of the QD powder sample is shown in figure 2, which indicated that the QDs had
a cubic zinc blende crystalline structure. The broadening of the XRD peaks, therefore, believed
to be caused by the quantum confinement (Li, Shih and Shih, 2007; Pal et al., 2017). The peaks
with irregularity in baseline are observed to be broad due to the presence of both amorphous
and crystalline contents in the synthesized quantum dots (Choudhary and Nageswaran, 2019).
The average crystallite size of CuTe QDs, was calculated from the peak width at half-maximum

of the (101) plane of the higher intensities in-all-patierns; using the Debye-Scherrer equation:

D = KMl Cos6

where B the broadening at half band width, A the wavelength of the X-ray, 0 is the angle of
diffraction obtained from 20 value corresponding to maximum intensity peak pattern, and K is
a dimensionless shape factor, with a value close to unity. The peak position and resolution were
determined by using Gaussian peak fitting method (Gadalla et al., 2017). From different

values, the calculated average particle size is about 5.67 nm.
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Figure 3.10: The x-ray diffraction of TEOS-MPS-TGA-CuTe quantum dots.

The XRD pattern of the sample is shown abaove. Diffraction peaks can be indexed to those of
pure face centered cubic (f.c.c.), corresponding to the (101), (111), and (003) planes. The XRD
patterns of the QDs are considerably broadened due to their small sizes. The XRD patterns
exhibit prominent broad peaks at 20 values of 27°, 42° and 46°. The peak at 25° was shifted to
a slight larger angle as the size increases (Kumar and Hymavathi, 2017; Hao et al., 2019). XRD
patterns indicated that the lattice parameters of CuTe QDs fitted well to the zinc blende
structure which is the dominant crystal phase of bulk CuTe (He et al., 2015). The broad peaks
belonging to (101), (111) and (003), from MPS-TGA-CuTe also appear for TEOS-MPS-TGA-
CuTe and these peaks are more pronounce in case of sample TESOS-MPS-TGA-CuTe. These
results clearly indicate that CuTe has purely cubic zinc blende structure (JCPDS file. 19-0191)
and the particle size increases from MPS-TGA-CuTe to TEOS-MPS-TGA-CuTe (Hodlur and
Rabinal, 2014). The broadening of the peaks can also be due to the increase of the core-shell.
TEOS is used to thicken the shell of the CuTe QDs. The crystal structure (face-centered cubic)
was confirmed through selected area electron diffraction (SAED). The crystallite size can be

found by applying Sherrer's equation and the average crystallite size is found to be 6.39 nm.



No diffraction peaks from other species could be detected, which indicates that the obtained

sample is pure.

3.4.4 High resolution transmission electron microscopy

Particle size, morphology and further assessment of crystallinity was evaluated using high
resolution transmission electron microscopy (HRTEM) together with energy dispersive x-ray
spectroscopy (EDX) to confirm the chemical composition. HRTEM studies were performed on
a nickel grid where samples were sonicated, drop coated and allowed to dry under lamp. In
Figure 3.11 (A), the nanoparticles observed are spherical structure (Abd Rahman et al., 2017)
with some of the particles showing aggregation (Qutub and Sabir, 2012). The HRTEM image
show the lattice fringes and this shows that the quantum dots have a perfect solid crystalline
structure, this finding is close to the find of TGA-CdTe (Ebrahim et al., 2017). As shown in
Figure 3.11, the quantum dots are spherical morphology with a particle size of about 5.85 nm
(Shanehsaz, Mohsenifar and Hasannia, 2013). The selected area diffraction (SAED) pattern in
Figure 3.11 (B) shows discontinuous rings-with-bright spots,-indicating that the nanoparticles
formed are crystalline. The fact that some rings appear in higher intensities (101) indicates that
the QDs have a certain preferred orientation of the CuTe planes in contrast to random
orientation. Energy dispersive X-ray spectrum shown in Figure 3.11 (C) revealed the chemical
composition of as-prepared CuTe QDs interacting with thioglycolic acid (ref CdTe quantum

dots capped).



https://etd.uwc.ac.za/






1200
W Acguire EDX
Cu
Cu
Cu
1000+
Er Er
Cu
500 Er

g

E] G004
o

400
i
Cd
si caca
Si Cd
PP C:—I:ﬂCd Ti Fe
Cd ca L Ti
Y ' T
10 13 20
Energy (KEY)

Figure 3.11: A) The TEM image, B) the SAED image and C) the Energy Dispersive X-ray
(EDX) spectrum of TGA-CuTe.



Figure 3.12 below shows the TEM image, SAED and the EDX spectrum of MPS-TGA-CuTe.
The shape of MPS-TGA-CuTe QDs is nearly spherical and they are crystalline particles, Fig.
3.12 (A). The TEM image shows a dark core surrounded by grey shell, the dark core indicating
the structure of CuTe cores covered by the silica shells in grey (Hao et al., 2019). The image
also shows agglomeration of particles, by being close to each other. The particle size was
calculated using Image J and it was found to be about 2 - 3 nm. It's clear that the MPS-TGA-
CuTe particle size is larger than that of the TGA-CuTe core. Energy dispersive X-ray spectrum
shown in Figure 3.12 (C) revealed the chemical composition of as-prepared CuTe QDs
interacting with TGA and MPS. The spectrum shows Cu, S from TGA and Si from MPS. In
the EDX pattern, the presence of Cu and S is clear, and the atomic ratio of S/Cu was calculated
as 3:1. In our work, copper acetate and thioglycolic acid were used as a Cu source and as an S
source, respectively, in a molar ratio of 1 as explained in the ‘Methods’ section. On the other
hand, MPS molecules contain sulphur due to their thiol group. Therefore, we think that S ratio
is a little larger than that of Cu due to the centribution of the thiol group. Also, the oxygen and
silicon peaks shown in the EDS pattern correspond to the capping agent of MPS (Kog, Tepehan
and Tepehan, 2012). The selected area electron diffraction (SAED) pattern of sample Figure
3.12 (B) shows the discontinuous diffraction rings, suggested that the crystalline domains
making up these nano-crystalline powders to have certain preferred orientations instead of the
random orientations (Kaviyarasu et al., 2016). These results are comparable with the XRD
results that were discussed earlier inthe study.
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Figure 3.12: A) The TEM image, B) the SAED image and C) the Energy Dispersive X-ray

(EDX) spectrum of MPS-TGA-CuTe.



The TEM image seen in Figure 3.13 (A) lattice fringes, which indicate that the structure of the
quantum dots to be spherical in shape with a smooth surface morphology. The image also
shows that the quantum dots are monodispersed. The SAED pattern (Figure 3.13 (B)) displays
three diffraction rings. From the SAED patterns, it is clear that phase pure copper quantum dots
having cubic structure were formed in the reaction ensemble. Selected area electron diffraction
(SAED) pattern confirms the amorphous nature of the synthesized QDs which supports the
data obtained from XRD (Choudhary and Nageswaran, 2019). The graph above shows the
different molecules used, S and Si indicate the presence of capping reagents. The Ni that is
present is from the grid that was used. The particle size was calculated using image J is found
to be about 6.55 nm. The particle size measured by TEM micrograph is larger than that value
calculated by XRD. This might be explained by the fact that, X-ray diffraction results based on
the mean size of the sample obtained from XRD pattern which is smaller than that obtained
from all the structural layers of sample when using TEM. The size determined by diffraction
cannot simply be compared to the sizes determined by other methods. Also in XRD method,;
system standard errors were not eliminated (Gadalla et al., 2017). All the TEM images show
that most of the nanoparticles are nearly spherical and have polycrystalline nature as there are

distinct contrast regions within one nanoparticle (Series and Science, 2016).
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Figure 3.13: A) The TEM image, B) the SAED image and C) the Energy Dispersive X-ray
(EDX) spectrum of TGA-CuTe.



3.3.5 Small-angle x-ray scattering

The particle size and size dispersion in aqueous media was investigated using small-angle x-
ray scattering (SAXS). Furthermore, information regarding the stability of the nanoparticles in
aqueous media (tendency to agglomerate) could also be obtained through this technique. The
results from the SAXS analysis was Fourier transformed using GIFT software, into a pair
distance distribution function (PDDF) by volume and size distribution by number function

NN(r). The results are shown in Figure 3.14 and Figure 3.15.
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Figure 3.14: Representation of SAXS data in form of PDDF of TGA-CuTe (black-line), MPS-
TGA-CuTe (red-line) and TEOS-MPS-TGA-CuTe (blue-line).

In Figure 3.14, the PDDF curve of TGA-CuTe (black-line) showed the largest particles
detected have a radius of 131.6 nm. From these results, TGA-CuTe shows a globular graph
which shows that quantum dots are spherical. The diameter of the TGA-CuTe QDs end at 140
nm and it is clearly represented that it does not have a shell. The PDDF curve of MPS-TGA-
CuTe shows that the largest detected particle has the radius of 173 nm (Pauw, Kastner and
Thinemann, 2017). The diameter of the of the MPS-TGA-CuTe QDs is at 176 nm, which is
bigger than the diameter of TGA-CuTe. This indicates that the outer shell on the QDs is being



formed, also the second curve that is in the negative regain compliments the formation of a
shell on the QDs. MPS-TGA-CuTe QDs graph is asymmetrical having two peaks that shows
agglomeration of the quantum dots these results compliments with HRTEM results (‘The
SAXS Guide’, 2013; Gabriella and Pacoste, 2017). TEOS-MPS-TGA-CuTe graph is
symmetrical and has a curve in the negative reign, this indicates that the quantum dots are
spherical and have core-shell. This is also proved by the increases of the diameter of TEOS-
MPS-TGA-CuTe QDs at 182 nm. The propose reason for smaller diameter to bigger diameter
is from the successive addition of capping agents, protecting the core QD’s. The core-shell of
the MPS-TGA-CuTe it has a smaller curve than that of TEOS-MPS-CuTe, this proves that the
core-shell is thickened by the addition of TEOS (Stawski et al., 2019).
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Figure 3.15: Representation of SAXS data in form of particle radius (r) distributed by number
of particles for TGA-CuTe (black-line), MPS-TGA-CuTe (red-line) and TEOS-MPS-TGA-
CuTe (blue-line).

The Fig. 3.15 illustrates that TGA-CuTe had a radius of 13 nm (diameter of 26 nm) when
diluted in aqueous media. The MPS-TGA-CuTe QDs (red-line) have an average particle size
of 27 nm in diameter (17 nm radius) in aqueous media. In the case of the TEOS-MPS-TGA-
CuTe QDs (blue-line) the most abundant size within the particles is 30 nm in diameter when



dispersed in aqueous solution. The broadness observed from the three Qds is due to the

formation of poly dispersed particles (Feleni, 2017).

3.3.6 Fourier Transform Infrared Spectroscopy (FTIR)

Further characterization by solid FTIR was performed to evaluate structural properties of the
QDs. The samples were precipitated and dried prior to analysis. The results of CuTe quantum

dots with different capping reagents are shown in Figure 3.16 — Figure 3.19.
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Figure 3.16: FTIR spectra of TGA only and TGA-CuTe QDs.

The characteristic peaks belonging to TGA are seen in Fig. 3.16. The peak at 2570 cm™ is
attributed to the stretching vibration of the S-H bond and the peak at 1700 cm™ is attributed to
vibration of the carboxylic group (Congiu et al., 2015). As can be seen in Fig. 3.16, the
stretching vibration for TGA (2570 cm™), does not appear in the complex TGA-CuTe as a
result of covalent bonding between thiols and Cu atom on the QDs surface (Manuscript, 2015).
The signal of the carbonyl group, at 1700 cm™ for the TGA, is shifted to 1563 cm™ in the TGA-
CuTe complex. These spectra showed a shift of the asymmetric vibration of the carboxyl group
in implying that the COOH in TGA turned to its anion, which also led to the appearance of the

symmetric vibration of the carboxyl anion at 1563 cm™ (Jiang and Ju, 2007). In total, the



structure of the obtained QDs could be identified as a CuTe core covered with excess TGA®
anions. This makes the QDs surfaces negatively charged and the QDs become water-soluble
(Abdelbar et al., 2016).
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Figure 3.17: FTIR spectra of MPS only and MPS-TGA-CuTe QDs.

The presence of capping molecule at the surface of quantum dots was confirmed by FTIR
spectroscopy. FTIR graph of MPS-TGA-CuTe is shown in Fig. 3.17. The FTIR analysis shows
the characteristic peaks belonging to MPS. The most prominent peak of these are at 1082 cm™
and 1110 cm™* belonging to asymmetric stretching of Si-O-C and Si-O-Si bonds respectively.
The peak at 1240 cm™ is for Si-CH2-S stretching (KENAN KOC, FATMA Z. TEPEHAN,
2011). The peak at 1405 cm™ comes from asymmetric deformation of C-H in CHs. The peak
at 1632 cm™ belongs to C=C bond. The peaks at 2941 cm™ and 3449 cm™* belong to C-H and
O-H respectively (Shahraki and Irani, 2014). The FTIR spectroscopy analysis confirms that the
siloxane group was introduced on the QD surface after silica coating. There was a shift of the
spectrum of MPS-TGA-CuTe all the molecules shifted this indicates the addition of MPS on
the surface of the quantum dots. Quantum dots are also bonded with Si-O-Si bonds between
themselves. Bonding of MPS to TGA-CuTe quantum dots is done through thiol groups from
TGA.
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Figure 3.18: FTIR spectra of TEO and TEOS-MPS-TGA-CuTe.

The stepwise silanization based procedure to modify the MPS-TGA-CuTe QDs surface is
illustrated in the illustrate in Fig. 3.18 spectrum. Spectroscopic characterization of the quantum
dots coated with TEOS revealed interesting features. The peak at 3500 cm™ has been attributed

to the Si—OH stretching of silanol groups, while the band at 1614 cm™ corresponds to the

scissoring of the OH bonds of water, revealing the presence of water occluded into porous
silica (Kog, Tepehan and Tepehan, 2012). The strong and broad band centered at 1058 cm™ is
potentially due to the overlap of the Si-O-Si. The absorption bands between 2974 cm™ have
been assigned to the asymmetric stretching vibrations of the C-H bonds of the residual ethoxy
moieties from TEOS (Tang et al., 2017). There was a shift of the spectrum of TEOS-MPS-
TGA-CuTe all the molecules shifted this indicates the addition of TEOS on the surface of the

guantum dots.



In Fig. 3.19, the spectrum presents the three different capping reagent which are TGA-CuTe,
MPS-TGA-CuTe and TEOS-MPS-TGA-CuTe the difference that they make when they are
added to the quantum dots. From the structure of TGA-CuTe that showed the effect of the
carbonyl group, at 1700 cm for the TGA, is shifted to 1563 cm™ in the TGA-CuTe complex.

This shift is due to the deprotonation of the acid —OH group and its participation as a ligand in

the formation of the complex with the Cu?* ion (Congiu et al., 2015). In addition, the S-H broad
band stretching diminished at approximately 2570 cm™ indicated the formation of S-Cu bonds
between the TGA molecule and CuTe core. The addition of MPS showed a shift of carboxylic
group and the peak of —OH became broad at 3421 cm™ and there was a slight shift. A new peak
of Si-O-Si appeared at 1023 cm™ indicating the silica that was added. With the addition of
TEQOS to the quantum dots the Si-O-Si peak became broad indicating the thickening of the
shell. Another interesting peak is the —OH bonding it became broad and there was a shift to
3432 cm* (Dalmoro et al., 2013).
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Figure 3.19: The FTIR spectrum showing the effect of different capping reagents on the

structure of quantum dots.



3.3.7 Raman
Raman spectra have been an important method for the determination of molecular structure,
for locating various chemical bonds or functional groups in molecules and for the quantitative
analysis of complex mixtures (Kuhar et al., 2018). A feature of Raman scattering is that each
line has a characteristic polarization, and polarization data can provide additional information
about molecular structure. Bands below 300 cm™ are caused by lattice vibrations, i.e.
translational and torsional motions of the molecules in the lattice (phonon modes) (Dhasade,
Han and Fulari, 2012). The lattice vibrational modes of the copper telluride compound have
been obtained at room temperature by the Raman spectra. Peak observed in Figure 3.20 at 123
cm?, 479 cm™, 1470 cm?, 1537 cm™? and 2431 cm™. The peak at 479 cm™ for TGA-CuTe
quantum dots is attributed to the vibration of longitudinal optical phonons (Pal et al., 2017),

this peak also indicates that the material is amorphous which is in agreement with TEM and

XRD results (Baustian, 1988). The band at 1537 cm™ is due to the C—H: out of plane stretch

of the TGA capping agent (Abd -Rahman et-al.,-2017). The peaks in the range 670 cm™ - 1700
cm™ are mostly due to C-C and C-H vibrations (Pal et al., 2017). The strong vibration at 2435
cm is assigned to S-H vibration band (Zhou, Williams and Wu, 2010).
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Figure 3.20: Raman spectra of TGA-CuTe
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Figure 3.21: Raman spectra of MPS-TGA-CuTe.
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Figure 3.22: Raman spectra of TEOS-MPS-TGA-CuTe.



In Figure 3.21, the Raman spectra of MPS-TGA-CuTe is shown. Peak observed in Figure
3.201 at 487 cm™, 587 cm™, 1101 cm™, 2433 cm™* and 3859 cm™. The peak at 487 cm™ for
MPS-TGA-CuTe quantum dots is attributed to Si-O-Si, the peaks for 587 cm™ and 1101 cm'?
are mostly due to C-C and C-H vibrations (Pal et al., 2017). As indicated that in Figure 3.20
that the strong vibration at 2431 cm™ is assigned to S-H vibration band (Zhou, Williams and
Wu, 2010), now in Figure 3.21 the peak has shifted to 2433 cm™ which indicates that the
quantum dots size is increasing (Eleanor Adachil, ldemudia John Airuoyo2, Lakshmi
Krishna2, 2016). The peak at 3859 cm™, is attributed to O-H group present in the quantum dots
(Bands). In Figure 3.22, the Raman spectra of TEOS-MPS-TGA-CuTe is shown, with peaks
at 867 cm™, 986 cm™, 1373 cm™ and 2441 cm™. The peak at 867 cm™ is attributed to C-C
vibrations and the peak at 1373 cm™ is attributed to CHs. As indicated that in Figure 3.20 that
the strong vibration at 2431 cm™ is assigned to S-H vibration band, in Figure 3.21 the peak has
shifted to 2433 cm™ which indicates that the quantum dots size is increasing (Rubio, Rubio and
Oteo, 2006). Now in Figure 3.22, the-peak has-again-shifted to 2441 cm™. Raman spectroscopy
is a widely used and powerful tool to reveal ordered and disordered crystal structures of carbon
based materials. The Raman spectroscopy results compliments the FTIR results by showing
molecules that are present in different capping reagents being present in the CuTe QQs. The
spectra Figure 3.23 below shows Raman spectra of 3 different capping reagents. In this spectra

it seen on how these peaks shift which indicates the growth of the quantum dots.
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Figure 3.23: Raman spectra of TGA-CuTe (lime-line), MPS-TGA-CuTe (purple-line) and

TEOS-MPS-TGA-CuTe (black-line).



3.3.8 Electrochemistry

Cyclic voltammetry
Cyclic voltammetry (CV) is widely used for the evaluation of mode of action and binding

strength of compounds interaction. This technique is predominantly useful for metal based
compounds due to their accessible redox states. As in CV the scan is revered so the fate of the
species in the backward scan can also be studied. The peak potential and peak current of the
compound changes, the variation in peak potential and peak current can be exploited for the
determination of binding parameters (Sirajuddin, Ali and Badshah, 2013). The electrochemical
behaviour of the CuTe QDs when immobilized on a bare gold (Au) electrode was investigated
using cyclic voltammetry at scan rates of 50 mV s-1. All the experiments were carried out in
0.1 M phosphate buffer (pH 7.40) with a potential window of -1200 - 1200 mV starting with
an anodic sweep from -1200 mV. The resulting cyclic voltammograms are illustrated in Figure

3.24 to Figure 3.36. The electrochemical behaviour of copper, the redox couple cathodic peak
appeared at 0.17 V for Cu(ll) — Cu(t)and its-corresponding anodic peak observed at -0. 18 V.

This indicates that the reaction of-the complex on-the gold electrode surface was a quasi-

reversible redox process (Joseph, Nagashri and Suman, 2016).

Bare Au
Au/Cu

Current (uA)

1
0,0
Potential (mV)

Figure 3.24: Cyclic voltammograms measured with bare Au electrode and Cu in 0.1 phosphate
buffer (pH 7.40) at 50mVs-1.



In the presence of complexing agents, Cu* is stable in aqueous solution. Thus, Cu?* may
undergo a two-step electron transfer from Cu?* to Cu. This causes the Cu?*/Cu* redox reaction
to be visible in the cyclic voltammetry as two redox peaks, which is illustrated in Figure 3.24.
Two reduction peaks were observed at -0.25 V and 0.24 V, respectively (He et al., 2015). The
first reduction peak was attributed to the reduction of Cu?* to Cu* and the second reduction
peak was ascribed to further reduction of Cu* to Cu. The oxidation peak occurring at 0.16 V
was assigned to the one electron oxidation of Cu to Cu®. Whereas the oxidation at -0.18 V was
assigned to the oxidation of Cu* to Cu?" (Gomaa and Salem, 2016; Gabriella and Pacoste,
2017). In Figure 3.25, the multi scans of cyclic voltammetry of Copper. This was done to check
the stability of the peaks and if is there a change in high and low scan rates. As the scan rate

increases the peak current also increases.

1100 mV/s
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. T .

0,0 0,5 1,0
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Figure 3.25: The cyclic voltammograms of Cu immobilized on a bare Au at multiple scan rates

varying from 10-100 mVs™,
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Figure 3.26: Cyclic voltammograms measured with bare Au electrode and Au/TGA in 0.1
phosphate buffer (pH 7.40) with proposed reaction-mechanisms responsible for the current
peaks at 50mVs™.

In Figure 3.26, the cyclic voltammetry of Au/TGA showed that with this capping reagent the
gold peaks from the gold electrode shift to the negative potential (Andrews et al., 2015). The
enhancement in gold surface peak is due to the Au-S interaction. The reduction peaks visible
in the cyclic voltammogram for the capping agents at 0.64V, could be attributed to reduction
of the thiol group (RSH) to form thiol radicals (RSe) (Feleni, 2013). Multiple scan rates in
Figure 3.27 were done to check the consistency of the peaks that appeared. With the increase
of the scan rate the current of the peaks also increased and the peaks shift this reflect the
continuous change of the concentration gradient with the time (Rountree et al., 2017).
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Figure 3.27: The cyclic voltammograms of TGA immobilized on a bare Au at multiple scan
rates varying from 10-90 mvs™.
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Figure 3.28: Cyclic voltammograms measured with bare Au electrode and TGA-CuTe in 0.1

phosphate buffer (pH 7.40) with proposed reaction mechanisms responsible for the current
peaks.



Figure 3.28, shows cyclic voltammograms of bare Au electrode and TGA-CuTe quantum dots
immobilized onto the Au electrode and measured in 0.1 M PBS. For the bare electrode, one
reduction peak where observed attributed to gold oxide Epc= (0.33 V) and one oxidation peak
attributed to the formation of gold oxide Epa= (-0.28 V). As compared to bare Au electrode,
the TGA-CuTe quantum dots exhibited three reduction peaks at Epc = -0.79 V, 0.19 V and
0.34 V and two oxidation peaks at Epa = -0.28 V and -1.12 V. The reduction peak at (0.34 V)
and the reduction peak occurring at (-0.28 V) showed an increase in peak current than that of
bare gold electrode and a shift towards negative potentials. Whereas the reduction peak at -
1.12 V was assigned to the reduction of Cu?* to Cu (Feleni, 2013). As TGA is used as a ligand
to stabilize CuTe QDs, we also examined the influence of TGA adsorption on the
electrochemical behaviour of Te-terminated and Cu terminated CuTe QDs. Observed here is
also a shift to more negative potentials as a result of the capping agent, TGA, donating negative
charges to the CuTe quantum dots (Osipovich et al., 2016). The quantum dots TGA-CuTe then
MPS was added to the quantum dots for a stlica core-shell-and the behaviour was characterized
using cyclic voltammetry. Figure 3.31 show the cyclic voltammograms of TGA-CuTe and
MPS-TGA-CuTe.
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Figure 3.29: Cyclic voltammograms measured with bare Au electrode and Au/MPS.
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Figure 3.30: The cyclic voltammograms of MPS immabilized on a bare Au at multiple scan

rates varying from 10-100 mVs™.

Cyclic voltammograms recorded-at between <1.2°Vand +1.2 V in 0.1 M phosphate buffer
solution (pH 7.40) are shown in Fig. 3.29. The first cycle Au/MPS exhibited clearly one well-
defined oxidation peaks at 0.53 V in the forward scan. The peak is an indication that the capping
reagent is absorbed on the surface of the electrode. Figure 3.30 shows multi-scans of Au/MPS
at different scan rates. With an increase of the scan rate the current of the peak also increases.
In Figure 3.31, when MPS is formed on electrode, one can notice an obvious decrease in the
cathodic and anodic peak currents. The reason is that the —SH of the MPS solution serving as
binding site for the covalent attachment of MPS to electrode surface blocked electron transfer
(Zhong et al., 2005). On the cyclic voltammetry of Au/MPS-TGA-CuTe all the peaks are
visible. There are four reduction peaks that were observed and are -0.01 V, 0.22 V, 0.33 V and
0.91 V (which is from Au electrode). There were then three oxidation peaks that were observed
at 0.39 V (which is also from Au electrode), 0.15 V and 0.36 V. The small peak at 0.01 is
attributated to Cu®* + - = Cu* and the peak at 0.22 is attributed to Cu* + e = Cu (He et al.,
2015). These two peaks shifted to the positive potential with the addition of MPS and with the
capping reagent TGA one of the peak dissapeared. Now with the capping reagent MPS all the

peaks are visible with a shift and current reduction. The redution peak at 0.33 V is attributed



with Si from the (3-mercaptopropyl) trimethoxysilane (MPS). The reduction peak at 0.15 is
attributed to Cu = Cu* + e~ and the last peak at -0.36 V is attributed to Cu* = Cu?* + e and it
is also possible that the peak is attributed to Te? from the telluride that is used. The reduction
peaks are seen to be shifting towards more positive potentials while the oxidation peaks are
seen to be shifting to more negative potentials indicating an electron transfer and irreversible
process (Krug et al., 2012).
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Figure 3.31: Cyclic voltammograms measured with bare Au/TGA-CuTe and Au/MPS-TGA-
CuTe in 0.1 M phosphate buffer (pH 7.40).
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Figure 3.32: Cyclic voltammograms measured with-bare Au-electrode and Au/TEOS.
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Figure 3.33: The cyclic voltammograms of MPS immobilized on a bare Au at multiple scan

rates varying from 10-100 mVs™,
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Figure 3.34: Cyclic voltammograms measured with bare Au/MPS-TGA-CuTe and Au/TEOS-
MPS-TGA-CuTe in 0.1 phosphate buffer (pH 7.40).

Cyclic voltammetry is a simple and easy mean to show the changes of electrode behaviour after
each assembly step, because the electron transfers between the solution species and the
electrode must occur by tunnelling through either the barrier or the defects in the barrier from
Fig. 3.30, shows the details of MPS-TGA-CuTe has been explained. Adding to this composite,
silica was added which resulted in a cyclic voltammetry above (Sakai et al., 2012). TEOS-
MPS-TGA-CuTe peak at -0.4 V was enhanced from MPS-TGA-CuTe. This peaks shows the
grow of the quantum dots and enhancement of the peak is it is clear that it is due to the addition
of silica. Most of the peaks that appeared with in this sensor were more visible in the Au/TEOS-
MPS-TGA-CuTe (Raquel et al., 2017). Which indicates that the use of these reagents are

complimentary with one another.



3.4 Biosensor

Electrochemical impedance spectroscopy (EIS) can give information on the impedance
changes of the electrode surface during the modification process. The EIS include a semicircle
part and a linear part. The semicircle part at higher frequencies corresponds to the electron-
transfer limited process, the semicircle diameter of EIS equals to the electron transfer resistance
(Ret), which controls the electron transfer kinetics of the redox probe at the electrode interface.
And the linear part at lower frequencies corresponds to the diffusion process. The EIS was
done to check if these quantum dots are working in immunoassay and also will they are able to
detect.
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Figure 3.35: Nyquist plot of AuE/Capped-CuTe QDs, AuE/CuTeQDs/Antibody and
AUE/CuTeQDs/BSA in 0.1 M PBS, pH 7.40.

The electron transfer capability of different electrodes was investigated by electrochemical
impedance analysis and the corresponding results are shown in Fig. 3.35. The first investigation
was of AuE/Capped-CuTe QDs, AuE/CuTeQDs/Antibody and AUE/CuTeQDs/BSA in 0.1 M
PBS, pH 7.40. It was obvious that the AuE/Capped-CuTe QDs had the lowest Rct among all
the electrodes, which might be attributed to the large surface area. These results are in good
agreement with the peak current (ipa) values obtained from CVs measurements. In general, the
change of impedance during the modification process was measured by EIS experiments. The



Faradaic impedance spectra achieved in each modification process were shown in Fig. 2.36.

The diameter of semicircle calculated from the Nyquist plot corresponds to the electron transfer

resistance (Rct). As can be deduced from the impedance spectrum the Rct value showed a slight

increase when IFN-y was modified with AuE/CuTeQDs/BSA, indicating the successful

formation of quantum dots on the surface of AuE (Sepulveda, Aroca and Osma, 2017). When

the fabricated immunosensor was used for the detection of IFN-y, Rct was found to increase

furtherly with increase of IFN-y concentration, which could be ascribed to the significant

hinder effect of formed protein layer for the diffusion of probe toward the surface of electrode

(Liu et al., 2015). It was then repeated three times to show reproducibility of same results. The

biosensor’s detection limit value was determined in Figure 3.37 to be a value of 0.042 ng/mL.

This indicates that the biosensor is suitable for measuring the low concentrations of IFN-y and

can be customised for higher concentrations(Liu et al., 2010).
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35 Conclusion

Water-soluble copper telluride QDs were successfully synthesized through an aqueous route
with the use of different capping agents: TGA, MPS and TEOS. These capping agents have, to
the best of our knowledge, never been explored for capping of CuTe QDs before. The type of
capping agent had effect on the size distribution and stability of the QDs. The formed
nanoparticles had a small average size which was confirmed through HRTEM, SAXS and XRD
analysis. HRTEM and XRD analysis showed that TGA-CuTe QDs gave the smallest average
core size when dried. The average core size calculated was 7.91 nm for HRTEM. However,
the tendency to aggregate was also largest within the MPS-TGA-CuTe QDs. This could be

seen by the irregular shape of the PDDF curve from the SAXS measurements.

The capping of CuTeQDs was confirmed by FTIR via the specific S-H, Si-CH»-S and Si-O-Si
signature bands of TGA, MPS and TEOS respectively. The effect on the optical and
electrochemical properties of the QDs, which was-investigated through UV-vis absorption, PL
and CV. The QDs exhibited a large blue shift of the band gap (caused by the quantum
confinement effect) which was determined through UV-vis absorption studies. PL studies
confirmed that the TGA-CuTe QDs emits light at 370 nm, MPS-TGA-CuTe QDs emits light
at 385 nm and TEOS-MPS-TGA-CuTe QDs emits light at 382 nm. Cyclic voltammetry studies
confirmed good electrochemical properties when immobilized on an electrode surface. In
summary, the novel immunosensor, equipped with prominently conductivity of CuTe QDs, is
ideal for the development of electrochemical immunosensor. Anti-IFN-y can be directly
attached to the modified electrode and used to specifically recognize IFN-y. These makes the
QDs possible to use as an electrochemical biosensor as an electron mediator. This
immunosensor was easy to fabricate without complicated procedures or expensive instruments
and exhibited an excellent performance. The proposed immunosensor was successfully applied
for the determination of IFN-y. The obtained biosensor is a successful development of a user-
friendly and inexpensive biosensor for Interferon gamma. Calibration curve drawn from linear
region was used to determine the detection limit (0.042ng/mL) of the biosensor system. From
these results, we can conclude that biosensor construction method developed in this study
possesses excellent acceptable stability and good reliability. Additionally, this indicates that
biosensor systems represent a powerful nanotechnology suitable for determining IFN-y and
may be used to develop point-of care and low cost devices for personalized therapy. Therefore,
this novel, facile strategy reported here may hold great promise for applications in the clinical

diagnosis with further development.
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Chapter four

Summary

This chapter describes the procedures for the synthesis of ZnTe QDs using three appropriate
reagents. Their properties were investigated using techniques such as spectroscopic (UV,
FTIR), microscopic (HRSEM, HRTEM) and electrochemical (CV).



Biocompatibility of silica coated ZnTe quantum dots for the detection of

Interferon gamma

Abstract

Bio-electrochemical sensing of Mycobacterium tuberculosis through electro-immunosensors
IS a promising technique to detect relevant analytes. In this work, an impedance analysis
technique was used, as a non-invasive method, to measure and differentiate the manufacturing
stages of the sensors. The silica-coated ZnTe quantum dots were prepared via a simple and
environmentally friendly process. This work reports on the synthesis of conjugates of zinc
telluride quantum dots (ZnTe-QDs) capped with thioglycolic acid, (3-mercaptopropyl)
trimethoxysilane (MPS) and tetraethyl orthosilicate (TEOS), respectively had been
successfully developed for use in the detection of Interferon gamma (IFN-y) a TB disease
biomarker. The quantum dots were synthesized in the presence of capping agents to improve
their stability, solubility and biocompatibtlity. The capping of ZnTe quantum dots with TGA
was confirmed by FTIR, where the SH group at 2570 cm™ from the thiol, the absorption band
disappeared from the spectra of TGA-ZnTe. The FTIR also conformed the silica present from
MPS and TEOS around 1400 cm™. The particle size of the quantum dots was estimated from
high resolution transmission electron microscopy (HRTEM) measurements to have an average
size of 16-20 nm. Optical properties of the materials were confirmed by UV-Vis
spectrophotometry which produced absorption bands at 320 nm that corresponded to energy
band gap values of 4.04 eV for TGA-ZnTe guantum dots increased to band gap of 4.30 eV for
TEOS-MPS-ZnTe QDs. The XRD indicated that the quantum dots are crystalline before the
silica coated and amorphous after silica is added to the quantum dots. The cyclic
voltammogram of the last capping reagent was added (TEOS) to form a thicker shell on the
guantum dots (MPS-TGA-ZnTe). They both have the same peaks anodic at 0.16 V, 0.48 V and
0.89 V and same oxidation peaks at 0.37 V, 0.75 V and -0.49 V, which indicates that there was
no change on the surface/core of the quantum dots but only the shell that was affected this was
proven by the decrease of the peaks. After silica was assembled on the electrode, both anodic
current and cathodic currents decreased, implying the hindrance exerted by silica on the
electron-transfer process. In agreement with the Electrochemical Impedance Spectroscopy
(EIS) tests performed before and after the functionalization revealed that the sensor was
capable to selectively detect IFN-y at a broad range of concentrations (limit of detection of

0.067). The device presented a stable impedimetric response when immediately prepared.



4.0 Introduction

Nowadays, the quality of the human’s life is determined by accuracy of diagnostic, treatment,
food control and environmental monitoring. This requires availability of the sensitive multiplex
assays, which simultaneously measure multiple analytes in a single cycle of the analysis. Zinc
telluride (ZnTe) quantum dots (QDs) belong to an important class of materials, semiconductor
nanocrystals, which show quantum confinement phenomenon (Sovan Kumar Patra,
BhavyaBhushanb and Priyam, 2016). These quantum dots also have all the properties of a
semiconductor nanocrystals. Zinc telluride (ZnTe) has been found to be a very promising
candidate for biomedical applications because of friendliness of zinc to biological systems as
compared to cadmium (Hao et al., 2019). A prerequisite for the aforementioned high-end
applications is that the semiconductor nanocrystals possess tunability of photoluminescence
(PL), high photoluminescence quantum efficiency (PL QE), photochemical stability, high
monodispersity and desired surface functionality (Chen, Liu and Jiang, 2012; Sovan Kumar
Patra, BhavyaBhushanb and Priyam, 2016). One of the main_problems encountered in the
development of QD-based systems.is the selection.of a suitable capping ligand in order to
achieve adequate solubility of QDs in the dispersion media. There are many capping reagents
that are used for quantum dots but each has its different uses and properties. In aqueous
synthesis, thiols are predominantly employed as the capping agents (Niu and Li, 2013).
Thioglycolic acid (TGA), mercaptopropionic. acid,. cysteine, glutathione, cystamine and
mercaptoethanol are some of the water-soluble thiols which have been used in such synthesis.
While the thiol-end of the molecule binds to the particle surface, the other end-groups such as
amide(NH, carboxylate (COO-) or hydroxide (OH) remains free, which imparts
biocompatibility and opens up a window to interact and integrate with other biomolecules
(Shah, 2009). Thiol-capping method has been successfully used for synthesis of CdS, CdTe,
CdSe, ZnS, ZnO QDs (Sovan Kumar Patra, BhavyaBhushanb and Priyam, 2016). A significant
research effort has been devoted to prepare core-shell type QDs with a cross-linked shell that
would protect the QDs much better than thiol-based coating. The most widely used approach
is silica coating (Selvan, 2010). Silanization of various metal and semiconductor nanoparticle
systems have shown great success in protecting their surface characteristics (Wolcott et al.,
2006). The silanization of QDs is a laborious process that goes through multiple steps. The first
step involves the activation of QD surface for attaching the first layer of silane molecules (often
called as primer layer) to QD surface (Singh et al., 2015). Most developments have been made
in the surface activation step of QDs for silanization. Earlier Correa-Duarte et al. exchanged

the citrate coated QDs with silica coating by using (3-mercaptopropyl) trimethoxysilane (MPS)



as the first layer of silica followed by solvent exchange in ethanol or water. The silica shell was
then grown in thickness using the conventional Stober process by addition of tetraethyl
orthosilicate (TEOS) to the colloidal solution (Kobayashi, Correa-Duarte and Liz-Marzén,
2001). Encapsulation of hydrophobic QDs into a silicon dioxide (SiO) shell is a well-known
approach to make QDs soluble in water. Silica coated nanoparticles (NPs) have several
advantages. In the first place, silica may provide both chemical and physical shielding from the
direct environment, thereby improving the stability. For example, it can prevent aggregation of
the nanocrystals, reduce the release of (cytotoxic) ions, or prevent photo-oxidation.
Furthermore, the surface chemistry of colloidal silica is well developed and therefore facilitates
the solubilisation in water or other hydrophilic solvents, enhances the bio-applicability, and
allows modifications of the composite particles for further use (Owens et al., 2016). In addition,
silica spheres can contain multiple and different nanocrystals per particle (e.g., gold, magnetite,

QDs), which is an idea starting point for a multimodality contrast agent (Goftman et al., 2016).

In general, zinc tellurides, as a class of materials, have been found difficult to synthesize.
Therefore, there is a need to devise a new method that has a better control over the nucleation
and growth of these nanocrystals. In order to meet these challenges, we developed a super-
saturation controlled aqueous approach to obtain ZnTe QDs with high monodispersity, stability
and facile tunability of luminescence and particle sizes. To obtain these properties 3 capping
reagents were used, starting with. Thioglycolic acid then following with (3-mercaptopropyl)
trimethoxysilane (MPS) and then silica shell was then grown in thickened by addition of
tetraethyl orthosilicate (TEOS). These 3 capping reagent make very stable quantum dots and

they will be best to be used for bio-application.
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4.1 Materials and Method

411  Chemicals

All reagents were of analytical reagent grade and purchased from Sigma Aldrich. The material
that were used are tetraethyl orthosilicate (TEOS, 90%), thioglycolic acid (TGA, 98%), (3-
mercaptopropyl) trimethoxysilane (MPS, 95%), tellurium (Te, 99.997%), sodium hydroxide
(NaOH, 98%), copper acetate monohydrate (Cu (OH)2CO3, 99.0%), sodium borohydride
(NaBH4, 98%), sodium phosphate monobasic dihydrate (NaH2PO4, 99%) and disodium
hydrogen phosphate dibasic (Na2HPO2, 98%). De-ionized water, used throughout the
experiments, was prepared with a Milli-Q water purification system. Analytical grade nitrogen
obtained from Afrox South Africa, was used for degassing buffer solutions. The Phosphate
buffer solutions (pH 7.4) was prepared from H2NaPO4, HNa2PO4 and was used for all the
electrochemistry.

4.1.2  Synthesis of ZnTe QDs with different stabilizing agents
NaHTe solution was prepared according to the following method. Simply, 0.396 g (3.1 mmol)
of tellurium powder and 0.227:g (6.0 mmotl) of NaBHz were loaded in a three neck flask and
then 25 mL deionized water was added. The mixture was reacted at 50 °C for appropriate time
under N2 flow to get a deep purple clear solution (Ghosh et al., 2011). ZnTe QDs were prepared
by the following procedure. Simply, 400 pl (5.7 mmol) stabilizing agent (TGA) and 0.6146 g
(2.8 mmol) Zn(OH).CO3s were dissolved in25 ml ultra-pure water. The pH of mixture was
adjusted to pH = 12.0 by drop-wise addition of-20 g (5 M) NaOH solution with stirring in
conical flask, then the fresh NaHTe solution was added through a syringe under continually
stirring. The TGA injection occurred at 80 °C. The final solution was under reflux at 90 °C for
1 h, with aliquots taken at 20 min intervals. After the hour the solution was cooled down to
room temperature (Ali and Sarma, 2007). In the flask containing TGA-capped ZnTe
nanoparticles, MPS (330 pL, 1.8 mmol) was added to the solution, period of 20 min aliquots
were taken. To ensure even distribution of MPS, a mini-stir bar was used during the 1h required
for surface priming. After the hour the solution was heated for 5 min at 60°C. After surface
priming, TEOS (1270 pL, 5.7 mmol) was added to the solution under stirring to initiate silica
polymerization at the particle surface, aliquots were taken at different times (20 min, 40min,

60min) to check the growth of the quantum dots.



4.1.3  Preparation of ZnTe/Au modified electrode
In the fabrication process of biosensor, a gold electrode was first polished with 1 um, 5 min,
0.3 um, 10 min and 0.05 pm, 20 min alumina slurries in polishing pads respectively, followed
by ultra-sonication in absolute ethanol and distilled water for 10 min each. ZnTe quantum dots
suspension was prepared by adding 3.0 pL of ZnTe QDs into 3.0 pL of deionized water, and
the QDs solution was treated with ultrasonic and stirring before, in order to achieve complete
dissolution. 3.0 puL of the mixture was drop coated on to the AuE electrode surface. The
ZnTe/AUE electrode was then stored at room temperature for 24 h and kept in the dark in order
to form a well characterised, self-assembled monolayer on metal electrodes (AuE). This was
used as a strategy to immobilise and organise biomolecules at the interface and also give

stability and provide electron transfer (Goncolves et al., 2007).

414  Preparation of immunosensor
After that the ZnTe/AuE modified electrode was rinsed carefully with distilled water to remove
unbound ZnTe QDs molecules. The ZnTe/AuE-modified electrode was then activated by drop
coating a 30 pL solution containing 1:1 of (EDC/NHS), stored for 30 min in a dark place. After
that the ZnTe/AuE modified electrode was rinsed carefully with PBS. Subsequently, 10 pL of
antibody solution (10 uM) was drop coated on to ZnTe/AuE surface. The electrode was then
stored for 2 hours at room temperature in a dark place. The electrode was then washed with
PBS solution. BSA solution (1%) was used for blacking the nonspecific sites, using 1uL of the
solution. The reaction occurred at room temperature for. 10 min, The IFN-y immunosensor was

then washed with PBS solution.



4.2 Instrumentation

Ultraviolet—visible spectroscopy (UV-Vis) of the ZnTe QDs solution was carried out using a
Nicolet evolution 100 UV-Vis spectrophotometer (Thermo Electron Corporation, UK) and the
instrument was controlled with VisionPro software. The corresponding optical properties was
determined at room temperature with photoluminescence measurements performed utilising
Nanolog, Horiba NanoLog™ 3-22-TRIAX (Horiba Jobin Yvon, USA) and the data was
analysed using a FluoroEssence software. High resolution transmission electron microscope
(HRTEM) images of the ZnTe QDs were obtained using a Tecnai G2 F20X-Twin MAT
FETEM from FEI (Eindhoven, Netherlands) and it is a 200 kV instrument equipped with
Energy Dispersive Spectroscopy (EDS). SAXS was used to determine the structure of particle
systems in terms of averaged particle sizes or shapes. SAXSpace (Anton peer, Australia)
system using 1nm diameter quartz capillary positioned at 317 mm from the CCD and
temperature controlled at 20°C. Data evaluation was performed with the GIFT software (which
is a versatile tool for the evaluation of small angle scattering.data). X-ray diffraction (XRD)
was used to investigate the structural properties of synthesized freshly dried quantum dots and
used to detect the crystallinity of QDs. Quantum dots were recorded using a Bruker AXS D8
Advance diffractometer (voltage 40 KV; current 40 mA). FTIR is a technigque that was used to
investigate chemical bonding or molecular structure of materials due different functional
groups. FTIR spectra were recorded in the range 4000 - 1000 cm™ using a Perkin EImer model
Spectrum 100 series. Raman spectroscopy were also prepared on a glass slide and analysed
using Xplora Raman spectrometer (Horiba Scientific) utilising a 514 nm He-Cd laser as an
excitation source. Data capturing and instrument control were performed using LabSpec
software. The cyclic voltammograms for each nanomaterial were collected using an
electrochemical workstation connected to three electrodes: gold electrode (working), Ag/AgCI
(reference) and silver wire (counter) immersed in a PBS buffer (pH = 7.4) as an electrolyte. To
evaluate the electrochemical behaviour of the biosensor materials on gold electrode, the cyclic
voltammetric experiments were performed in 0.1 M PBS over a potential range of +1200 mV
to -1200 mV at a scan rate of 50 mV/s. The workstation was controlled using PalmSens (PS)

trace software.



4.3 Results and Discussion

4.3.1 Ultraviolet-visible spectroscopy
Usually, the nature of the interaction between the conduction and valence bands as well as the
size of the band gap determines the optical properties of semiconducting nanocrystals. The
absorption of a photon by a semiconductor causes electronic transition from the valence band
to the conduction band, which creates an electron-hole pair known as an exciton in the valence
band. The lowest-energy electron-hole pair (excitonic) state (1Ssp-1Se) is not usually
observable in nanocrystals that are heterogeneous in size, shape and composition (Ndangili et
al., 2017). Optical properties of synthesized water dispersible QDs were characterized by UV-
Vis spectrometry, Figure 4.1 illustrate the absorption spectra of TGA functionalized ZnTe QDs
respectively. TGA capped ZnTe QDs exhibited long emission wavelength and a large Stokes
shift. The UV-Vis absorption spectrum of colloidal ZnTe QDs showed weak broad absorption
in the UV range. The maximum absorbance was obtained at about 320 nm. This peak was
deduced to be associated with electrons transition of d-valence electrons from Zn to Zn* exited
state (Nwabisa, 2010). The onset of-absorption-is considerably blue shifted relative to the bulk
of ZnTe indicating a significant effect of synthesized ZnTe QDs. The broad peak at 226 nm
indicates the capping reagent TGA. The bulk material was calculated by researchers and it was
found to be Eg = 2.26 eV (Asano et al., 2017; Ram et al., 2017). \When the material synthesized
in this study was capped with thioglycolic acid, was expected to have an increase of the bad
gap which shows quantum confinement. Figure 4.1 (B) illustrate the band gap of Eg = 4.42 eV

this showed an increase, the increase of nanoparticles in this case quantum dots.
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Figure 4.1: A) UV-Vis absorption spectra of TGA-ZnTe QDs synthesized in water and B) The
insert corresponding to the band gap plot of TGA-ZnTe.
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Figure 4.2: A) UV-Vis absorption spectra of MPS-TGA-ZnTe QDs synthesized, B) The insert
corresponding to the band gap plot of MPS-TGA-ZnTe.



The TGA-ZnTe QDs gave a peak at 320 nm in the absorption spectra and after the conjugation
between TGA-ZnTe QDs and MPS. It has been observed that there is no shift when the MPS
was added to the quantum dots. The peak at 320 nm for MPS flatted this is due to the capping
reagent absorbing on the surface of the quantum dots. Similar results were obtained by Li et al
where they had MPS-capped ZnS QDs and the absorption edges of the present ZnS QDs were
around 320 nm (Li, Shih and Shih, 2007). Because UV absorption increases dramatically below
the wavelength corresponding to the band edge, empirically, the absorption edge was
determined as the wavelength with the greatest change in slope, i.e., the wavelength where the
absorption curve bent the most and started to deviate from the longer wavelength background
absorption. To confirm the quantum confinement band gap of MPS-TGA-ZnTe was calculated
using the Tauc plot and they are shown in Figure 4.2 B) Eg = 4.92 eV. There was an increase
in the band gap of TGA-ZnTe to MPS-TGA-ZnTe this is related to the overlap of the atomic
orbitals (Orth, Exas and Aprimer, 2002). Figure 4.3 A) then illustrate the difference of all three
capping reagents on the absorption spectrum, when TEOS was added on to the quantum dots
there was a shift towards longer wavelengths (372 nm) and this indicates particle growth. The
TEQOS is a silica shell that thickens the quantum dots which add a layer on the quantum dots.
The band gap was calculated Eg = 4.58 eV, from the MPS-TGA-ZnTe the band gap decrease.

This was not expected because with the addition of TEOS, the band gap is expected to increase.
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Figure 4.3: A) UV-Vis absorption spectra of TGA-ZnTe, MPS-TGA-ZnTe and TEOS-MPS-TGA-ZnTe
QDs synthesized, B) The insert corresponding to the band gap plot of MPS-TGA-ZnTe.



4.3.2 Transmission electron microscopy

The microscopy of Zinc telluride quantum dots was studied using transmission electron microscopy
(TEM). The method was used to study the shape and size of the ZnTe quantum dots used as support
material for the biosensors developed. The TEM images of the TGA-ZnTe QDs prepared are shown
Figure 4.4 A), the size of the synthesised thioglycolic acid capped zinc telluride quantum dots were
found to be about 4.5 nm and mono dispersed with minimal aggregation as indicated by the TEM image
(Moradian et al., 2013). The dark spots were deduced to be ZnTe quantum dots, it can be seen that the
obtained QDs are approximately spherical in shape. These nearly mono dispersed quantum dots
exhibited the shape and appearance similar to what was reported by Kumar and co-workers as quantum
dots, synthesised by similar chemical method, which exhibit the Wurtzite shape (Kumar and Singh,
2009). In Figure 4.4 B) the image shows lattice fringes which suggest good crystallinity (Ghosh et al.,
2011). In contrast, the SAED Pattern Figure 4.4 C) shows well resolved bright rings corresponding to
lattice planes this indicates that the degree of crystallinity is higher for the particles synthesized (Sovan
Kumar Patra, BhavyaBhushanb and-Priyam, 2016). Figure 4.5 shows the TEM of the MPS-capped
TGA-ZnTe QDs with the dispersed QDs (individual black dots) can be clearly seen. There is a clear
aggregation of particles after the capping of MPS to the ZnTe QDs. Higher magnification images
showed that the average size of the particles is about 8.5 nm (Li, Shih and Shih, 2007). Figure 4.6
shows the TEM images of TEOS-MPS-TGA-ZnTe and shows the quantum dots are spherical particles.
The average particle size was calculated using Image J and it was found to be 16-20 nm. The ZnTe
QDs show good dispersion stability in water, which is the foundation for the growth of SiO2 shells (Qu
etal., 2014). The dispersed QDs (individual black dots) can be clearly seen and the core-shell ist grey
surrounding, the core. The SAED of both MPS-TGA-ZnTe (Figure 4.5 C) and TEOS-MPS-TGA-ZnTe
(Figure 4.6 C) show the rings without the spots which indicate the addition of the shell on the quantum
dots had an effect on the shape of the quantum dots and they are amorphous. The TEOS-MPS-TGA-
ZnTe quantum dots with core—shell structural characteristics are rather spherical and uniform (Chen,
Liu and Jiang, 2012).
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Figure 4.4: A) and B) HRTEM image of TGA-ZnTe QDs and C) SAED (Selected Area Electron
Diffraction) pattern of TGA-ZnTe QDs.
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Figure 4.5: A) and B) HRTEM image of MPS-TGA-ZnTe QDs and C) SAED (Selected Area
Electron Diffraction) pattern of MPS-TGA-ZnTe QDs.
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Figure 4.6: A) and B) HRTEM image of TEOS-MPS-TGA-ZnTe QDs and C) SAED (Selected
Area Electron Diffraction) pattern of TEOS-MPS-TGA-ZnTe QDs.



4.3.3 Small Angle X-ray Scattering
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Figure 4.7: SAXS corresponding PDDF plot of TGA-ZnTe, MPS-TGA-ZnTe and TEOS-MPS-
TGA-ZnTe.

The Small Angle X-ray Scattering (SAXS) provided more information on the size of the ZnTe
quantum dots. The shape of the QDs is displayed in the pair-distance distribution function
(PDDF) in the inset of Figure 4.7 above. The PDDF plot shows a symmetric peak for all three
capping reagents, this means that the ZnTe quantum dots are spherical in all the capping
reagents (Sobczak, Nietubyc and Mac, 2002). The hump on the curves indicates that the
guantum dots agglomerated in TGA-ZnTe and MPS-TGA-ZnTe, these results compliment
with HRTEM results discussed previously. The core-shell is also represented on the diagram,
in all three of the capping reagents at the end all of them go to the negative area which indicates
core-shell (‘The SAXS Guide’, 2013). The TEOS-MPS-TGA-ZnTe core-shell was the highest
indicating the thickening of the shell by TEOS. The diameter of all three capping reagents is
equal, but they differ in size, TGA-ZnTe has a narrow shell, then with MPS-TGA-ZnTe the
capping became broad this is an indication of increase of the shell and the last one TEOS-MPS-
TGA-ZnTe has the largest and also broad curve which indicates the thickness of the core-shell

when Silica was added (Stawski et al., 2019). The accurate size of ZnTe quantum dots is



displayed in the size by number plot in Figure 4.8 below. The plot of the three different capping
reagents displays a peak at 17 nm indicate the majority of the particles have an average diameter
of 6 nm in size with other peak at 61 nm being the agglomerated particles. The average size of
the quantum dots at 17 nm decreased which indicate that the core of the quantum dots ZnTe is
being reduced with the addition of the shell (MPS and TEQOS). The nanoparticles that are
agglomerating were increasing indicating that as the capping reagents increases the surface of
the quantum dots, they were getting closer to each other making them to agglomerate but only
a few. These results are in accordance with the HRTEM analysis that reported the average
diameter of QDs at 17 nm. The TGA-ZnTe curve is narrow then when MPS was added the
curve broadened and it became more broad when TEOS was added and the bigger number of

the ZnTe quantum dots increased.
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Figure 4.8: SAXS particle size by number plot of TGA-ZnTe, MPS-TGA-ZnTe and TEOS-MPS-
TGA-ZnTe.



4.3.4 The X-ray powder diffraction
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Figure 4.9: X-Ray diffraction (XRD) pattern of TGA-ZnTe, MPS-TGA-ZnTe and TEOS-MPS-
TGA-ZnTe QDs synthesised. The XRD of ZnTe QDs is provided for reference (JCPDS Number
36-1452).



The figure above shows the diffraction patterns of ZnTe capped with different capping
reagents. The X-ray powder diffraction (XRD) patterns of ZnTe quantum dots are shown in
Figure 4.9. Diffraction peaks for TGA-ZnTe were observed at 20 = 23.14°, 27.55°, 38.35°,
40.34°, 43.31°, 45.96°, 49.71°, 56.87°, 62.94°, 66.35°and 68.96° which correspond to (100),
(101), (102), (110), (111), (002), (201), (112), (202), (113), (211) and (104) respectively. The
three distinct diffraction peaks were observed at 2 6 values of 27.55°, 38.35° and 40.34°,
respectively, corresponding to the (101), (102) and (110) crystalline planes of TGA-ZnTe. The
broad nature of the XRD peaks could be attributed to the nano-crystalline nature of ZnTe
particles (Qutub and Sabir, 2012). The XRD pattern of MPS-TGA-ZnTe corresponds to the
standard ZnTe QDs of cubic zinc blend structure. Comparing the spectra of TGA-ZnTe to
MPS-TGA-ZnTe, there is little movement of the TGA-ZnTe peaks as the MPS-TGA-ZnTe
shell is formed. This may be a result of the formation of core-shell. The diffractions peaks in
the MPS-TGA-ZnTe pattern have strong broad peak, which is attributed to the amorphous
silica phase. This correlates with-HRTEM findings in-Eigure 4.5 C) that indicates the
composites are composed of ZnTe crystals and amarphous SiO: after coating. Furthermore, the
MPS-TGA-ZnTe quantum dots were coated with tetraethyl orthosilicate, centrifuged and dried.
Thus obtained solid nano-powders were characterized by XRD technique. Results indicate that

the quantum dots are amorphous, this is due from the broad strong peaks (Gadalla et al., 2017).
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Figure 4.10: FTIR spectra of TGA and TGA-ZnTe.

The presence of capping molecule at the surface of quantum dots was confirmed by FTIR
spectroscopy. Figure 4.10 depicts the FTIR spectra of free TGA and TGA stabilized ZnTe
QDs. The proposed structure of a single quantum dot was shown in Figure 4-5. The band at
1401 cm™ was deduced to be due to C-C single bond of the thioglycolic acid capping agent of
the TGA-ZnTe QDs (Dhar, Singh and Kumar, 2015). However, the peak at 1639 cm™ might
have been due to v(C=0) from the terminal carboxylic group of the capping reagent, a broad
peak at 3400 cm-1 might have been a resultant of v(OH) from the OH group of carboxylic acid
derivative from the thioglycolic acid capping agent, and unbound OH groups from water that
was present during synthesis (Nwabisa, 2010). The absence of a CH stretching frequency at
2850 cm* to 3000 cm™! might have been either due the CH being concealed in the internal core
of the quantum dots or the peak was predominated by the presence of the access amount of
water within the TGA-ZnTe QDs solution. The peak for S-H (2570 cm™) vibration was absent
in the spectrum of TGA-ZnTe QDs as a result of covalent bonding between thiols and ZnTe
atom on the QDs surface (Chen, Liu and Jiang, 2012).



FTIR spec of MPS-TGA-CuTe is shown in Figure 4.11, the analysis shows the characteristic
peaks belonging to MPS. The most prominent peak of these are at 1110 cm™ belonging to
asymmetric stretching of Si-O-Si bonds respectively. The peak at 1240 cm™ is for Si-CH2-S
stretching (Kog, Tepehan and Tepehan, 2012). The peak at 1405 cm™ comes from asymmetric
deformation of C-H in CHs. The peak at 1639 cm™ belongs to C=0 bond. The peaks at 2941
cm™t and 3449 cm™ belong to C-H and O-H respectively (Shahraki and Irani, 2014). The FTIR
spectroscopy analysis confirms that the siloxane group was introduced on the QD surface after
silica coating. There was a shift of the spectrum of MPS-TGA-CuTe all the molecules shifted

this indicates the addition of MPS on the surface of the quantum dots.
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Figure 4.11: FTIR spectra of MPS and MPS-TGA-ZnTe.
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Figure 4.12: FTIR spectra of TEOS and TEOQS-MPS-TGA-ZnTe.

For the spectrum of TEOS-MPS-TGA-ZnTe QDs, the broad -OH peak at 3,441 cm™ indicates
that a fraction of the Si atoms exist on the surface has been hydroxylated, which gives the QDs
very good dispersion in water, The peaks at 1,101 and 800 cm™ are attributed to the Si—O-Si
asymmetric and symmetric stretching, respectively (Qu et al., 2014). The FTIR spectra of
TGA-ZnTe, MPS-TGA-ZnTe and TEOS-MPS-TGA-ZnTe are shown in Figure 4.13. Relative
to TGA-ZnTe, the C=0 (1639 cm™), O-H (3440 cm™) and C—H (1414 cm™) are associated
with TGA. Moreover, no S—H stretching vibration is observed in the 26002550 cm region,
which suggests that S-H from TGA is adsorbed onto the particles’ surface in the form of a
closed packed monolayer that stabilizes ZnTe QDs in solution (Song et al., 2014). The peaks
at 1,101 and 800 cm™ are attributed to the Si—-O-Si asymmetric and symmetric stretching,
respectively. This peak is present both on the MPS-TGA-ZnTe QDs and TEOS-MPS-TGA-
ZnTe QDs, this confirms that the two capping reagents had silica on them (Chen, Liu and Jiang,
2012).
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Figure 4.13: The FTIR spectrum showing the effect of different capping reagents on the

structure of quantum dots, TGA-ZnTe (black-line), MPS-TGA-ZnTe (red-line) and TEOS-MPS-
TGA-ZnTe (blue-line).



4.3.6 Electrochemistry

Cyclic voltammetry was used to study the electrochemical properties of ZnTe quantum dots
capped with three different capping reagents. Figure 4.14 shows the cyclic voltammograms of
AUE/TGA-ZnTe, versus bare AuE.
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Figure 4.14: Cyclic voltammogram of bare AuE and AUE/TGA-ZnTe in 0.1M PBS, pH 7.4 at
0.5 mV/s.

The cyclic voltammogram scanned from the positive direction from -1.2 V to +1.2 V, and from
+1.2 V back to -1.2 V. The cyclic voltammogram of ZnTe-QDs capped with TGA has been
reported in literature and three anodic peaks have been observed for CdTe QDs (Khene, Moeno
and Nyokong, 2011). The AuE peaks are observed at 0.45 V and 1.0 V at a pH = 7.4 of PBS
solution. In AUE/TGA-ZnTe the two gold peaks appeared at Az (0.95 V) and C1 (0.35 V), there
was a shift on both peaks which indicates that the quantum dots were absorbed on the surface
of the electrode. The peak at 0.89 V (As) will have a contribution of the Au and ZnTe-QDs,
oxidation peaks hence the enhancement in currents compared to bare Au electrode. Peak (C1)
is shifted to more negative potentials compared the peak observed for gold electrode in blank
buffer solution (Feleni, 2013). Systematic studies revealed that the oxidation peak Al can be

assigned to Te-related trap states. The reverse scan shows two peaks at -0.55 V (Cz) and -0.74



(Cs). Peak Czand Cz is associated with the electrochemical reduction of ZnTe-QDs oxidation

products which are metallic in nature (Li et al., 2011).
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Figure 4.15: Cyclic voltammogram of bare AUE/TGA-ZnTe and AUE/MPS-TGA-ZnTe in 0.1M
PBS, pH 7.4 at 50 mV/s.

In Figure 4.15, illustrate the effect of addition of (3-mercaptopropyl) trimethoxysilane (MPS)
as a capping reagent on TGA/ZnTe. One anodic and cathodic peak was observed from the
previous voltammogram of AUE/TGA-ZnTe. The anodic peak A1 (0.48 V) is due to the MPS,
this capping reagent affects mostly the core of the quantum dots. The voltammogram indicates
the change on the surface of the quantum dot. In Figure 4.16 is the cyclic voltammogram of
AUE/MPS-TGA-ZnTe and AUE/TEOS-MPS-TGA-ZnTe, the last capping reagent was added
to form a thicker shell on the quantum dots (Sakai et al., 2012). They both have the same peaks
anodic at 0.16 V, 0.48 V and 0.89 V and same oxidation peaks at 0.37 V, 0.75V and -0.49 V,
which indicates that there was no change on the surface/core of the quantum dots only the shell
that was affected by the decrease of the peaks. After silica was assembled on the electrode,
both anodic current and cathodic currents decreased, implying the hindrance exerted by silica

on the electron-transfer process (Liu et al., 2008).
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Figure 4.16: Cyclic voltammogram of bare AUE/MPS-TGA-ZnTe and AUE/TEOS-MPS-TGA-
ZnTe in 0.1M PBS, pH 7.4 at 50 mV/s.



4.4 Immunoassay

Figure 4.17 and Figure 4.18 shows the electrochemical impedance spectroscopic (EIS)
measurement results that were used to assimilate the electrical characteristics and application
perspective of ZnTe QDs. Here, ZnTe QDs were drop coated on the working electrode in a
three electrode cell for such measurements. The figures show the Nyquist plot of ZnTe
nanostructures. This plot represents the real and imaginary part of impedance and appears to
be made up of partial semicircles. The plot was further fitted with an equivalent circuit to

estimate the charge transfer resistance (Rct) value.
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Figure 4.17: Cyclic voltammogram AUuE/TEOS-MPS-TGA-ZnTe, AuE/ZnTeQDs/Antibody,
and AuE/ZnTeQDs/Antibody/BSA in 0.1M PBS, pH 7.4 at 50 mV/s.



The electrochemical impedance spectroscopy analysis shown by Figure 4.17, indicated that the
ZnTeQDs modified gold electrode with a small charge transfer. The Anti/ZnTeQDs modified
gold electrode showed a charge resistance that is higher than the QDs alone. A great charge
transfer resistance indicates the susceptibility of the material to charge opposition and depends
on charged species on the electrolyte solution and the charge of the quantum dots immobilised
onto the electrode surface (Nwabisa, 2010). It was clearly identified that the TEOS-ZnSe-QDs
had much more great charge susceptibility to the charged materials present in PBS solution.
Thus, the BSA/Anti/ZnTeQDs composite showed much more resistance to charge transfer in
PBS than the pure ZnTeQDs thus indicated that the composite BSA/Anti/ZnSeQDs was better
charge conducting material and a better electron conductive than the unmodified TEOS-
ZnTeQDs which might be due to presence of the conducting BSA and Anti within the
composite (Siméo et al., 2016). The proposed immunosensor was incubated with varying
amounts of IFN-y, and tested under optimal conditions. Figure 4.18 showed the current
response of the proposed immunosensor modified with-ZnTe QDs, Antibody and BSA in the
presence of different concentrations of IFN-v. As illustrated, there is an increased with
increasing IFN-y concentrations, consistent with the formation of a large quantity of the
quantum dots used on the electrode surface. These results indicated that the ZnTe quantum dots
attached to the immunosensor surface retained high catalytic activity toward H>O> reduction
and also that it was a suitable electron transfer mediator for the electro-immuno process. The
biosensor’s detection limit value was determined in Figure 4.19 to be a value of 0.067 mg/L.
This indicates that the biosensor is suitable formeasuring the low concentrations of IFN-y and

can be customised for higher concentrations (Li et al., 2017).
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Figure 4.19: Calibration curve of the as-prepared immunosensor upon incubated with different
concentrations of IFN-y (2, 4, and 6 ng/mL).



4.5 Conclusion

This study represented a successfully synthesized three different capping reagents with ZnTe
QDs. In ZnTe system, a remarkable red shift in UV absorbance and an energy transfer from
the core to the shell were observed. The Optical Absorption peak was observed at 229 nm
wavelength while that of bulk is 324 nm indicating the blue shift in absorption edge also the
band gap calculated from absorption spectra was at 4.42 eV while the bulk ZnTe has 4.30 eV
showing quantum size effect. The capped ZnTe QDs which were well dispersed with an
average particle size between 3-20 nm and a cubic zinc blende crystalline structure from the
XRD. The silica shell provides a versatile platform for the decoration of the surface with
specific functional groups to be later used for bioconjugation (thiols, carboxylic acids) and
increased biocompatibility. A calibration plot from the increasing IFN-y concentrations plotted
against increasing current was used to determine low limit of detection (LOD) (0.067 mg/L)
values. The concentration range studied is much lower than the range found in clinical samples
where the range of maximum Interferon gamma conceniration.is 2 to 6 mg/L. This means that
the biosensor can be applied for IEN-y detection in patients who are suspected to have the TB
disease from their systems very quickly. Thus, there is high expectation that such a device
could be developed as a reliable tool for point of care diagnasis for TB and other diseases. In
summary, a new disposable -electrochemical immunosensor with low cost and simple
fabrication was proposed to detect IEN-y. Therefore, this strategy reported here possessed

excellent clinical value in IFN-y detection.
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Chapter five

Summary
This chapter describes the procedures for the synthesis of CuZnTe core-shell QDs using three

appropriate reagents. Their properties were investigated - using techniques such as
spectroscopic (UV, FTIR), microscopic (HRSEM, HRTEM) and electrochemical (CV). It also
includes the comparison of CuTe, ZnTe and CuZnTe core-shell. This chapter also shows the

detection of interferon gamma.



CuZnTe core-shell Quantum Dots based Electrochemical Immunosensor
for Sensing Interferon gamma a TB biomarker.

Abstract

Developing a rapid and accurate technique for the detection of M. tuberculosis is crucial to the
control of TB. Nevertheless, current point-of-care (POC) detection method has some problems
such as slow speed, low rate of accuracy and limited to active TB infection, leading to the
inefficient reduction of TB-related deaths. As to the detection of TB, the technique should be
fast, accurate, cheap and field-applicable. Electrochemical immunosensors have attracted
numerous attention in the last decades owing to its simple operation, excellent sensitivity and
high selectivity. Because of the electrochemically inert of most antigen and antibody
molecules, electrochemical impedance spectroscopy (EIS) has been employed for the direct
determination of immunospecies. In comparison with assay methods, EIS method is cheaper
because none additional materials (e.g., labelled antibodies) are required. Therefore, EIS have
been widely used in a large number-of biological studies. Inthis study, a novel electrochemical
impedance immunosensor for the sensitive detection of IFN-y was developed for the first time.
The sensor was fabricated with CuZnTe modified electrode on which IFN-y monoclonal
antibody was immobilized. The concentration of IFN-y was determined by detecting the change
of impedance values after .the specific reaction. .of IFN-y antibody. The as-prepared
immunosensor demonstrated various advantages such as simple operation, low cost, label-free
and high sensitivity, which is superior to the conventional assay. The immunosensor is
demonstrated to be a potential method for the early diagnosis of TB infections. A new
disposable electrochemical immunosensor with low cost and simple fabrication was proposed
to detect interferon-y (IFN-y). In this work, a multilayer Gold electrode (AuE) modified with a
self-assembled Silica coated Copper Zinc Telluride (CuZnTe core-shell) quantum dots
followed by antibodies was fabricated for highly sensitive and rapid detection of IFN-y. The
formation of the antibody complex at the electrode surface causes the impedance to increase.
Differential pulse voltammetry (DPV) responses of the IFN-y/BSA/antibody/CuZnTe core-
shell/Au biosensor systems showed catalytic cathodic peaks at -275 mV (-0.3 V) for the IFN-
y reaction. This is the first report of developing an electrochemical IFN-y biosensor with a
ternary surface in biosensor developed. This immunosensor is able to detect IFN-y with a linear
sensing region of 2 ng/ml to 10 ng/ml and lower detection limit of 0.33 ng/ml (method detection
limit technique) in buffer solution. The resulting IFN-y immunosensor shows excellent

detection reproducibility, good specificity, and stability for tuberculosis.



5.0 Introduction

Tuberculosis (TB) is a chronic, infectious disease caused by the Mycobacterium tuberculosis
(MTB), continues to be a major cause of morbidity and mortality throughout the world (Smith,
2003). The World Health Organization 2016 global tuberculosis report estimates that in 2015
two million people died from TB (WHO, 2015). Many studies have confirmed that various
cytokines secreted by human peripheral blood immune cells in response to M. tuberculosis can
be used as diagnostic biomarkers for TB (Goletti et al., 2016). Research conducted over the
past decade has brought about the development of commercial molecular assays that are based
on the enzyme-linked immunosorbent spot (ELISPOT) assay(Li et al., 2017). Overexpressed
IFN-y production is generally regarded as a good indicator of MTB infection (Hossain and
Norazmi, 2013). Interferon gamma (IFN-y) is a crucial cytokines secreted by immune cell (T
cells) that can act as a diagnostic marker for TB disease, it can be used as a good indicator for
early diagnosis of TB infection (Crevel, Ottenhoff and Meer, 2002). Therefore, an IFN-y
release assay is a viable alternative to conventional measurements, such as the tuberculin skin
test (TST), because the IFN-y release assay is performed in vitro and is more specific than the
TST (Chang et al., 2012). At the present time, antibody-based immunoassays such as
ELISA/ELISpot represent the gold standard in IFN-y detection (Ying Liu, Timothy Kwa,
2012). Although the sensitivities of these detection kits are satisfactory, the assays are still
cumbersome, expensive, and time-consuming, involving multiple washing steps and requiring
large sample volumes for analysis (Chang et al., 2012; Chen, Liu and Jiang, 2012). Thus, it is
necessary to develop other strategies that can simply and directly detect IFN-y. Analytical
methods based on immunosensing techniques have been reported for the detection of IFN-y
(Wang, Mazurek and Alocilja, 2016). Although these approaches have a high sensitivity, they
are still hindered by high cost, time-consuming, and low stability of antibody-antigen binding
events. Thus, it is very urgent to develop an ultrasensitive, low cost, specific, rapid, and reliable

assay method for quantitative detection of IFN-y.



Biosensors have been used for the detection of a wide variety of biomolecules (proteins,
peptides, nucleic acids, etc.) and intact microorganisms (bacteria, viruses). Biosensor-based
detection of IFN-y has been reported. Compared to other methods, electrochemical biosensors
are attractive options for measuring IFN-y due to their sensitivity, speed, and ability to convert
a biological event directly to an electronic signal (Wang, Mazurek and Alocilja, 2016). The
principle behind electrochemical biosensor is the coupling of a specific antibody with an
electrode transducer which functions to convert a binding event into an electrical signal
(Dingran Chang, Sandy Zakaria, Mimi Deng, Nicholas Allen, 2016). Because of the
electrochemically inert of most antigen and antibody molecules, electrochemical impedance
spectroscopy (EIS) has been employed for the direct determination of immunospecies. In
comparison with assay methods, EIS method is cheaper because none additional materials (e.qg.,
labelled antibodies) are required. Moreover, the non-destructive testing EIS can be employed
for the detection of electrical properties of the biological interface. Therefore, EIS have been
widely used in a large number_of-biological studies-(Wang et al., 2017). While these
immunoassays are sensitive and specific, they are often fimited by the low stability and the
need for large sample volumes (Liu et al., 2015).

In comparison with assay methods, EIS method is cheaper because none additional materials
(e.g., labelled antibodies) are required. Moreover, the non-destructive testing EIS can be
employed for the detection of electrical properties of the biological interface. Therefore, EIS
have been widely used in a large number of “biological studies. In this study, a novel
electrochemical impedance immunosensor for the sensitive detection of IFN-y was developed
(Grossi and Ricco, 2017). The sensor was fabricated with CuznTe core-shell modified
electrode on which IFN-y monoclonal antibody was immobilized. The concentration of IFN-y
was determined by detecting the change of impedance values after the specific reaction
between IFN-y antigen and IFN-y antibody. The sensitivity of as-prepared immunosensor was
greatly improved by the usage of CuzZnTe core-shell QDs. We used a simple and facile
synthetic strategy to prepare uniform-size water-soluble CuZnTe core-shell QDs and fabricated
a novel immunosensor to effectively detect IFN-y based on the electrochemical signals. The
as-prepared immunosensor demonstrated various advantages such as simple operation, low
cost, label-free and high sensitivity, which is superior to the conventional assay. The
immunosensor is demonstrated to be a potential method for the diagnosis of TB infections.



51  Experiments
5.1.1 Chemicals

All reagents were of analytical reagent grade and purchased from Sigma Aldrich. The material
that were used are tetraethyl orthosilicate (TEOS, 90%), thioglycolic acid (TGA, 98%), (3-
mercaptopropyl) trimethoxysilane (MPS, 95%), tellurium (Te, 99.997%), sodium hydroxide
(NaOH, 98%), copper acetate monohydrate (Cu (OH)2CO3, 99.0%), sodium borohydride
(NaBH4, 98%), sodium phosphate monobasic dihydrate (NaH2PO4, 99%) and disodium
hydrogen phosphate dibasic (Na2HPO2, 98%). De-ionized water, used throughout the
experiments, was prepared with a Milli-Q water purification system. Analytical grade nitrogen
obtained from Afrox South Africa, was used for degassing buffer solutions. The Phosphate
buffer solutions (pH 7.4) was prepared from H>NaPOs4, HNa,PO4 and was used for all
electrochemical characterisation. The Alumina micro polishing pads were obtained from
Sigma-Aldrich.

5.1.2  Synthesis of core=shell CuZnTe quantum dots
The quantum dots (QDs) used in this study, was synthesized using the standard procedure
described in the literature. In flask 1 0.3993 g of Cu, 0.7024 g of Zn and 400 pL of TGA (5.7
mmol) was added in a flask with 25 ml of water. 2M NaOH was added dropwise to adjust the
pH to 11.8. Then in flask 2,0.396 ¢ of Tellurium (0.46 mmol) and 0.227 g of NaBH4 (6.0
mmol) was added together in 25 ml of water, so that'the NaBHas will reduce the Tellurium. The
precursor solution of reduced Tellurium was injected to: flask 1 to form CuzZnTe core-shell,
after injection there a colour change. The flask was degassed under vacuum at 100°C for 1 h.
Then, the flask was backfilled with nitrogen and heated up to 100 °C. On a portion of TGA-
capped CuTe nanoparticles, 330 pL of MPS (48 mmol in water) was added. To ensure even
distribution of MPS, a mini-stir bar was utilized during the 1 h required for surface priming.
After surface priming, 1270 pL of TEOS (1.8mmol) was added to the solution under stirring

to initiate silica polymerization at the particle surface.



5.1.3  Preparation of IFN-y immunosensor
In the fabrication process of biosensor, a gold electrode was first polished with 1 um, 5 min,
0.3 um, 10 min and 0.05 pm, 20 min alumina slurries in polishing pads respectively, followed
by ultra-sonication in absolute ethanol and distilled water for 10 min each. CuZnTe core-shell
quantum dots suspension was prepared by adding 3.0 puL of CuZnTe core-shell QDs into 3.0
ML of deionized water, and the QDs solution was treated with ultrasonic and stirring before, in
order to achieve complete dissolution. 3.0 puL of the mixture was drop coated on to the AuE
electrode surface. The CuZnTe core-shell/AuE electrode was then stored at room temperature
for 24 h and kept in the dark in order to form a well characterised, self-assembled monolayer
on metal electrodes (AuE). This was used as a strategy to immobilise and organise
biomolecules at the interface and also give stability and provide electron transfer (Goncolves
et al., 2007). After that the CuZnTe core-shell/AuE modified electrode was rinsed carefully
with distilled water to remove unbound CuZnTe core-shell QDs molecules. The CuZnTe core-
shell/AuE modified electrode was then activated by drop-coating a 30 pL solution containing
1:1 of (EDC/NHS), stored for 30 min in a dark place. After that the CuzZnTe core-shell/AuE
modified electrode was rinsed carefully with PBS. Subsequently, 10 pL of antibody solution
(10 pM) was drop coated on to CuZnTe core-shell/AuE surface. The electrode was then stored
for 2 hours at room temperature in a dark place. The electrode was then washed with PBS
solution. BSA solution (1%) was used for blocking the nonspecific sites. The reaction occurred

at room temperature for 10 min. The IFN-y immunosensor was then washed with PBS solution.



5.2 Instrumentation

Ultraviolet-visible spectroscopy (UV-Vis) of the ZnTe QDs solution was carried out using a
Nicolet evolution 100 UV-Vis spectrophotometer (Thermo Electron Corporation, UK) and the
instrument was controlled with VisionPro software. High resolution transmission electron
microscope (HRTEM) images of the ZnTe QDs were obtained using a Tecnai G2 F20X-Twin
MAT FETEM from FEI (Eindhoven, Netherlands) and it is a 200 kV instrument equipped with
Energy Dispersive Spectroscopy (EDS). SAXS was used to determine the structure of particle
systems in terms of averaged particle sizes or shapes. SAXSpace (Anton peer, Australia)
system using 1nm diameter quartz capillary positioned at 317 mm from the CCD and
temperature controlled at 20°C. Data evaluation was performed with the GIFT software (which
is a versatile tool for the evaluation of small angle scattering data). FTIR is a technique that
was used to investigate chemical bonding or molecular structure of materials due different
functional groups. FTIR spectra were recorded in the range 4000 - 1000 cm™ using a Perkin
Elmer model Spectrum 100 series. Raman spectroscopy were-also prepared on a glass slide and
analysed using Xplora Raman spectrometer (Horiba Scientific) utilising a 514 nm He-Cd laser
as an excitation source. Data capturing and instrument control were performed using LabSpec
software. Immunoassay measurement of materials was carried out by using a Palm Sensor.
Electrochemical measurements were carried out in-0.1 M phosphate buffer, pH 7.4, cell
solution using a 3 mm diameter Au disk working electrode, a platinum wire counter electrode
and a Ag/AgCl (with 3 M KCI salt-bridge) reference electrode supplied by Bioanalytical
Systems, Incorporated (BASI). The electrochemical signals were recorded with an IviumStat
Electrochemical Interface and Impedance Analyser (Ivium 113 Technologies B.V., Eindhoven,
The Netherlands). Differential pulse voltammetry (DPV) was recorded at a scan rate of 50
mV/s. As to EIS experiments, the amplitude of applied potential was 10 mV and the frequency

ranges from 10! to 105 Hz.



5.3 Results and Discussion

5.3.1  Ultraviolet - vis spectroscopy
The UV-vis spectrum of CuZnTe core-shell quantum dots aqueous solution is presented in Fig
5.1. Deionized water was used as a reference solution in taking the spectrum of the quantum
dots solution. The spectrum of TGA-CuZnTe core-shell has a distinct absorption peak at 256
nm which is attributed to the characteristic absorption of TGA and a broad peak at 320 nm
which is attributed to the formation of the quantum dots CuZnTe core-shell. After the addition
of MPS, the UV absorption peak observed at 256 nm shifted to 226 nm, which shows are blue
shift (Zi et al., 2014). The peak at 320 nm became flattened, which is due to the addition of the
silica particles made the absorption features appear less sharp for the QDs (Zhang et al., 2008).
With the addition of TEOS to the quantum dots there was a red shift of peaks. The absorption
peak of MPS-TGA-CuZnTe core-shell red shifts from 226 to 228 nm and the peak at 320 nm
to 325 nm, suggesting that the electronic conjugation within the nanomaterial was restored
upon the reduction procedure. - The spectra of TEOS-MPS-TGA-CuZnTe core-shell solution
exhibits maximum absorption peak-at 325 nm.-The red shift also indicates the quantum dots

growth with addition of silica, making the outer shell thicker (\Wang, Chen and Cao, 2014).
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Figure 5.1: UV-Vis spectrum of CuznTe core-shell quantum dots capped with TGA, MPS and
TEOS.



The UV-vis spectra of the silica coated quantum dots are shown in the figure below (Figure 5.2).
TEOS-CuTe quantum dots show two absorption shoulders at 250 nm and 325 nm. These present
a significant blue shift from the absorption edge of bulk CuTe (531 -548 nm). The UV-Vis
absorption spectrum of colloidal ZnTe QDs showed weak broad absorption in the UV range. The
maximum absorbance was obtained at about 307 nm. This peak was deduced to be associated with
electrons transition of d valence electrons from Zn to Zn* exited state (Nwabisa, 2010). The onset
of absorption is considerably blue shifted relative to the bulk of ZnTe indicating a significant effect
of synthesized ZnTe QDs. The broad peak at 227 nm indicates the capping reagent TGA (Asano
etal., 2017; Ram et al., 2017). The spectrum of TEOS-CuZnTe core-shell quantum dots shows an
absorption shoulder at 225 nm. Although its shape is similar to the spectra of TEOS-CuTe quantum
dots, it is interesting to note that the absorption peak is at the same wavelength as that of the weak
absorption of TEOS-CuTe quantum dots and the ternary quantum dots have a more enhanced band.
In this case, the broad and low absorption peak can be related to the small particle size due to a
reduced mean free path for conduction electrons. At very.small sizes, limitation of the mean free

path by the particle boundary broadens and decreases peak absorption (Varshney et al.).
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Figure 5.2: UV-vis spectra of TEOS-CuTe, TEOS-ZnTe and TEOS-CuZnTe core-shell quantum
dots.



5.3.2  Small-angle x-ray scattering

The particle size and size dispersion in aqueous media was investigated using small-angle x-
ray scattering (SAXS) and dynamic light scattering (DLS). Furthermore, information regarding
the stability of the nanoparticles in aqueous media (tendency to agglomerate) could also be
obtained through these techniques. The results from the SAXS analysis was Fourier
transformed using GIFT software, into a pair distance distribution function (PDDF) by volume
and size distribution by number function NN(r). The results are shown in Figure 5.3 to Figure
5.4.

8000 4{ —— TGA-CuZnTe
{ —— MPS-TGA-CuZnTe
6000 4 —— TEOS-MPS-TGA-CuZnTe
i 78 nm
4000
5 2000 -
8 1 6 nm
a 0
(m) J
o
-2000 -
-4000 -
-6000 -
) T T v T T T T T T T T T
0 20 40 60 80 100 120

r (nm)

Figure 5.3: Representation of SAXS data in form of PDDF of TGA-CuZnTe (black-line), MPS-
TGA-CuZnTe (red-line) and TEOS-MPS-TGA-CuZnTe (blue-line).



In Figure 5.3, the PDDF curve of TGA-CuZnTe core-shell (black-line) showed the largest
particles detected have a radius of 6 nm and 78 nm. From these results, TGA-CuZnTe shows a
globular graph which shoes that quantum dots are spherical, there is an agglomeration of the
quantum dots (Quyet Van Le, Jong Beom Kim, Soo Young Kim, Byeongdu Lee, 2017). The
diameter of the TGA-CuZnTe ends at 100 nm and it does not have a capping reagent. The
PDDF curve of MPS-TGA-CuZnTe (red-line) shows that the quantum dots are uniform and
curve is globular with no agglomeration. The diameter of the MPS-TGA-CuZnTe is 120 nm
which is 20 nm more than the TGA-CuZnTe QDs and the MPS-TGA-CuZnTe ha a curve in
the negative region which indicates core-shell due to the addition of silica. TEOS-MPS-TGA-
CuznTe core-shell (blue-line) is globular and more narrow which indicates uniform
distribution of the quantum dots. The size of the TEOS-MPS-TGA-CuZnTe quantum dots
diameter is 140 nm, which is 20 more than MPS-TGA-CuZnTe and 40 more times than TGA-
CuZnTe. At the first curve with the addition of the capping reagents it reduced, and the curve
at 78 started increasing. This is an indication of growth of quantum dots, and the TGA-CuZnTe
core-shell curve is asymmetrical having two peaks that shows agglomeration of the quantum
dots (‘The SAXS Guide’, 2013; Gabriella and Pacoste, 2017). All the capping reagents goes to
the negative reign which indicates the core-shell of quantum dots. The core-shell of the MPS-
TGA-CuTe it has a smaller curve than that of TEOS-MPS-CuTe, this proves that the core-shell
is thickened by the addition of TEOS. The Figure 5.4 illustrates that TGA-CuZnTe core-shell
had a radius of 13 nm (diameter of 26 nm) when diluted in aqueous media. The MPS-TGA-
CuTe QDs (red-line) have an average particle size of 27 nm in diameter (17 nm radius) in
aqueous media. In the case of the TEOS-MPS-TGA-CuTe QDs (blue-line) the most abundant
size within the particles is 18 nm in diameter when dispersed in aqueous solution (Gabriella
and Pacoste, 2017).
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Figure 5.4: Representation of SAXS data in form of particle radius (r) distributed by number
of particles for TGA-CuTe (black-line), MPS-TGA-CuTe (red-line) and TEOS-MPS-TGA-
CuTe (blue-line).
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Figure 5.3: Representation of SAXS data in form of PDDF of TEOS-CuTe (black-line), TEOS-

ZnTe (red-line) and TEOS-CuznTe core-shell (blue-line).

In Figure 5.3, the 3 different quantum dots after the capping with tetraethyl orthosilicate
(TEQS) are showed. With TEOS-CuTe QDs the graph shows agglomeration of the quantum
dots with the curve it has a shoulder. The quantum dots have a globular shape which indicates
that they are spherical. TEOS-ZnTe also have the same results as TEOS-CuTe which shows
also the Zinc quantum dots are not stable. Addition to the information they both are capped
with TEQS; this is indicated by the dip in the PDDF that goes to the negatives (‘The SAXS
Guide’, 2013). With TEOS-CuZnTe core-shell quantum dots the curve only has one peak and
its globular which shows that the quantum dots are spherical and they do not agglomerate and
also the dip of the PDDF on to the negatives shows that they were successfully capped with
TEOS. The CuZnTe core-shell QDs are the best of the three which also shows that Copper and

Zinc with Telluride works well when combined than when separate.



5.3.3  Transmission electron microscopy

The size and shape of the products were examined by transmission electron microscopy
(TEM). The TEM image of CuzZnTe core-shell QDs is shown in Figure 5.5, 5.6 and 5.7
respectively. Figure 5.5 A) shows the image of the quantum dots that are of spherical in
morphology. A degree of monodispersity and homogeneity in the particle distribution of TGA-
capped CuzZnTe core-shell QDs was achieved, as indicated in the image magnification
(Adegoke et al., 2016). The morphological assembly of the nanocrystals revealed the formation
of a quasi-spherical pattern of particles (Dhar, Singh and Kumar, 2015). The average particle
size distribution for TGA-CuZnTe core-shell QDs was estimated as 5.9nm. In contrast, the
SAED Pattern Figure 5.5 C) shows well resolved bright rings corresponding to lattice planes
this indicates that the degree of crystallinity is higher for the particles synthesized (Sovan
Kumar Patra, BhavyaBhushanb and Priyam, 2016). Energy dispersion X-ray spectroscopy
(EDX) is shown in Figure 5.5 B). In the EDX spectrum of quantum dots, peaks related to Cu,
Zn, Te and S from the thioglycolic acid is ebserved. The excess Ni is due to physical absorption
of Nickel from environment during sample preparation. Furthermore, the size and the shape of
the resultant MPS-TGA-CuZnTe core-shell were obtained using TEM between a scale of 10
and 20 nm. The TEM image Figure 5.6 A) suggests that the measured size of the particles have
an average size of 17 nm. The particles were of spherical shape but with the image is not in
good condition. The size measured by TEM analysis was higher than the TGA-CuZnTe core-
shell which corresponds with SAXSpace finds, this is due to the addition of silica to thicken
the shell of the quantum dots. In the EDX spectrum of MPS-TGA-CuZnTe core-shell quantum
dots, peaks related to Cu, Zn, Te, S and Si from the MPS is observed. A diameter of about 18-
20 nm was obtained for the quantum dots as observed in Figure 5.7 A) with an existence of
lattice fringes indicating that TEOS-MPS-TGA-CuZnTe core-shell quantum dots exhibited a
crystalline structure (Han et al., 2017). As shown in this Figure, there are some dark layers
covering the nanoparticles due to excess capping agent on the surface of the quantum dots. The
CuZnTe core-shell QDs could be uniformly coated on the surface of silica nanospheres. Such
good dispersity of CuZnTe core-shell QDs on silica surface could effectively prevent
themselves from agglutination, a problem that commonly occurs when employing ultra-small
nanoparticles as the signal labels (Lu et al., 2019). We attribute this stability to the effective
silanization procedure, which modified the QD surface while retaining its morphological
pattern (Adegoke et al., 2016). The quantum dots do not agglomerate as seen in the Figure 5.3,

these results are in correlation with the SAXS results.
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Figure 5.5: A) The TEM image, B) the SAED image and C) the Energy Dispersive X-ray (EDX)

spectrum of TGA-CuZnTe core-shell.
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Figure 5.6: A) The TEM image, B) the SAED image and C) the Energy Dispersive X-ray (EDX)

spectrum of MPS-TGA-CuZnTe core-shell.
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Figure 5.7: A) The TEM image, B) the SAED image and C) the Energy Dispersive X-ray (EDX)

spectrum of TEOS-MPS-TGA-CuZnTe core-shell.




Figure 5.8: HRTEM micrographs of A) TEOS-CuTe, B) TEOS-ZnTe and C) TEOS-CuZnTe
core-shell.

The TEM images of TEOS-CuTe, TEOS-ZnTe and TEOS-CuZnTe core-shell are shown in the
figure above. Non- aggregated quantum dots with average size of 9.30 nm 6.80 nm and 5.30
for TEOS-CuZnTe core-shell, TEOS-ZnTe and TEOS-CuTe respectively were observed. The

non-agglomeration of the quantum dots is a clear indication of successful capping by TEOS

https://etd.uwc.ac.za/



keeps the quantum dots apart. This retention of the capping agent is in agreement with the FTIR
results which showed vibrations characteristic to functional groups in the capping reagent

TEQOS. Lattice fridges depicting high crystalline of the materials are also evident in the images.



534 Raman

Raman line shape: first-order and high-order Raman scattering. The Raman spectra of TGA-
CuZnTe core-shell, MPS-TGA-CuZnTe core-shell and TEOS-MPS-TGA-CuZnTe core-shell
with different shell thickness are presented in Figure 5.8. As shown in the Figure below the
frequency 348 cm™, 483 cm™ the first number stands for the experimentally measured
frequency and the second one is the corresponding theoretical one, which is the vibration of
the S-C; and the C1 — Cs stretches. The theoretical counterpart suggests that the frequency 483
cm comes from the HSCH>COOH (Zhou, Williams and Wu, 2010). The frequency 1463 cm"
1 is due to the vibration of the COOH of the capping reagent TGA. The mode 1539 cm?, can
be assigned to this COO— stretch in the SCH2COO—, which indicates that after the dissociation
of the mercapto hydrogen atom and the deprotonation of the carboxylic acid group, some
original HSCH.COOH molecules on the surface have turned into the SCH2COO— molecules
(Zhou, Williams and Wu, 2010). The outstanding peak in the Raman spectrum of TGA-
CuZnTe core-shell is attributed to-the scattering of CuZnTe core-shell longitudinal optic
phonons; the peak at 2487.9 cm. With the TGA-CuZnTe core-shell capped by MPS shell, the
intensity of the peak at 501 cm™*and 2487.9 cm™ increases. Some of the small peaks in TGA-
CuZnTe core-shell start to fade when the quantum dots are capped with MPS. As the shell
thickness further increases, it remains at 2487.9 cm™ for the CuZnTe core-shell. In addition of
TEOS to the quantum dots, a new peak at 428 cm™ was also observed at the TEOS-MPS-TGA-
CuZznTe core-shell(Lu et al., 2007). In addition, there are features in Raman spectrum arises
from Si substrate. These consist of abroad peak at 340 cm™ due to stretching modes of Si - Si
bonds and a sharp peak at 520 cm™ due to the Si substrate (Musa, Qamhieh and Said, 2019).
The shift is also due to the increase of the quantum dots when silica is being added (Eleanor
Adachil, Idemudia John Airuoyo2, Lakshmi Krishna2, 2016).
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Figure 5.9: Raman spectra of development of synthesized quantum dots, TGA-CuZnTe core-
shell, MPS-TGA-CuZznTe core-shell and TEOS-MPS-TGA-CuZnTe core-shell.



In Figure 5.9, is the comparison of the three quantum dots TEOS-CuTe, TEOS-ZnTe and
TEOS-CuZnTe core-shell. In the Raman spectra of TEOS-CuTe as shown, with peaks at 867
cm?, 986 cm, 1373 cm™® and 2441 cm™. The peak at 867 cm™ is attributed to C-C vibrations,
the peak at 986 cm™ may be due to Si-O-Si and the peak at 1373 cm™ is attributed to CHs. As
indicated the strong vibration peak at 2433 cm™ is assigned to S-H vibration band (Eleanor
Adachil, Idemudia John Airuoyo2, Lakshmi Krishna2, 2016). In the spectra of TEOS-MPS-
TGA-CuZnTe core-shell a peak at 340 cm™ was also observed and it arises from Si substrate
at the (Lu et al., 2007). These consist of a sharp peak at 502 cm™ due to the Si-O-Si (Musa,

Qamhieh and Said, 2019).
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Figure 5.10: Raman spectra of development of synthesized guantum dots, TEOS-CuTe and
TEOS-CuZnTe core-shell.
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Figure 5.11: The FTIR spectrum showing the effect of capping reagents on the structure of
quantum dots TGA-CuZnTe core-shell.

In chapter 3 and chapter 4, each capping reagent was explained in full detail. Figure 5.9, shows
the FTIR spectra of TGA-CuZnTe core-shell, MPS-TGA-CuZnTe core-shell, and TEOS-MPS-
TGA-CuZnTe core-shell, respectively. From the FTIR spectrum of TGA-CuZnTe core-shell
and MPS-TGA-CuZnTe core-shell, a broad and intensive peak appeared at 3480 cm™ was
assigned to O—H stretching band, which might originate from water molecules adsorbed inside
the quantum dots. Besides, peaks at 1385, 1726, and 2985 cm™ were corresponded to C-H, C—
H, and C=0 vibration frequency, respectively. The FTIR spectrum of CuZnTe core-shell
showed that the intensities of peaks corresponding to various functional groups were largely
decreased, demonstrating that CuZnTe core-shell was successfully reduced. With the addition
of silica to the quantum dots the Si-O-Si peak became broad indicating the thickening of the
shell.
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Figure 5.12: The FTIR spectrum shewing the effect of capping reagents on the structure of
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Figure 5.13: The FTIR spectrum showing the effect of capping reagents on the structure of
guantum dots TEOS-MPS-TGA-CuZnTe core-shell.



The FTIR spectra of TEOS-CuTe, TEOS-ZnTe and TEOS-CuZnTe core-shell quantum dots in
the region 1000 cm™ to 4000 cm™ are shown in the figure below. All the three quantum dots
show bands in the region 1365 cm-1 to 1475cm™. These bands arise from the rock and scissor
type bending vibrations of Si-O-Si groups from the Silica. The absorption bands between 2974
cm™ have been assigned to the asymmetric stretching vibrations of the C-H bonds of the
residual ethoxy moieties from TEOS (Tang et al., 2017). There was a shift of the spectrum of
TEOS-MPS-TGA-CuTe all the molecules shifted this indicates the addition of TEOS on the
surface of the quantum dots. The results found in FTIR are in correlation with the results found

in Raman, each capping reagent showed their compounds in both techniques.
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Figure 5.14: The FTIR spectrum showing different quantum dots, TGA-CuZnTe core-shell
(black-line), MPS-TGA-CuZznTe core-shell (red-line) and TEOS-MPS-TGA-CuZnTe core-shell
(blue-line).



5.3.6  Electrochemistry

The surface electrochemical properties of the CuZnTe core-shell quantum dots were evaluated
directly onto the gold electrode surfaces. The surface concentration and dynamic kinetic
properties of the quantum dots were evaluated using static cyclic and square-wave voltammetry
techniques. In cyclic voltammetry (CV), a static 0.1 M phosphate buffer solution of pH 7.4 was
used as the supporting electrolyte. Figure 5.10 — 5.20, presents the cyclic voltammetry profiles
of CuznTe core-shell quantum dot Coated on the surface of gold electrode, with a fixed

potential window between 1200 mV to -1200 mV, and scan rates of 50 mV/s.
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Figure 5.10: Cyclic voltammogram of bare AUE and AuE/TGA-CuZnTe core-shell QDs in
0.1M PBS, pH 7.4 at 50 mV/s.

The cyclic voltammetry of TGA-CuZnTe core-shell quantum dot solution on gold electrode
was studied at a potential range of -1200 to +1200 mV and the results are shown in the figure
above. Three anodic peaks are observed Ci, Cz and Cs. In the reverse scan, five cathodic peak
occurs Az, A2 As, A4, and As. Peaks As and C; are peaks that are from the gold electrode as it

is seen from the bare Au, the peak As shifted significantly to more positive potentials while



peak C; shifted to more negative potentials. This is an indication that the reactions responsible
for these peaks are irreversible and points to an electrochemical decomposition of the TGA-
CuZnTe core-shell quantum dots. The peak at Cs is due to the reduction of Te® to TeZ. The
anodic peak A; at approximately —0.402 V represents the oxidation of elemental Zn (Ishizaki
et al., 2005). The peak A; at -00142 V is attributed to tellurium (Te?*) and the reduction peak
associated with reduction of Te® to Te?" appeared at -0.677 V (Khene et al., 2011). The peak
Az is due to the oxidation of Te?* to Te* (Ndangili, 2011). The redox couple (C2/As) is
attributed to the reaction of Cu(l) + e < Cu (Xingli Zou, 2017).
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Figure 5.11: Cyclic voltammogram of AUE/MPS-TGA-CuZnTe core-shell QDs in 0.1M PBS,
pH 7.4 at 50 mV/s.

Cyclic voltammetry is a simple and easy mean to show the changes of electrode behaviour after
each assembly step, because the electron transfers between the solution species and the
electrode must occur by tunnelling through either the barrier or the defects in the barrier
voltammograms (CVs) of differently modified electrodes in PB solution. In Figure 5.11, a
capping reagent MPS was added to the quantum dots for a silica core-shell and the behaviour
was characterized using cyclic voltammetry. When MPS is formed on electrode, one can notice
an obvious decrease in the cathodic and anodic peak currents. The reason is that the —~SH of the

MPS solution serving as binding site for the covalent attachment of MPS to electrode surface



blocked electron transfer (Zhong et al., 2005). It was observed that the was significant decrease
in the current values, indicating that the electrode surface was blocked by a strong adsorption
of the reagent and products of the oxidation reaction. Two anodic peaks were observed A; and
Az, A1 is at approximately —0.402 V represents the oxidation of elemental Zn as mentioned
above and A; is the gold peak. Form AUE/TGA-CuZnTe core-shell to AuE/MPS-TGA-
CuZznTe core-shell there were peaks that disappeared. All the anodic peaks that were attibuted
to Te on the AUE/TGA-CuZnTe core-shell disappeared, this is due to the silica that is being
added to the quantum dots (Christine et al., 2016). C; is a gold peak, C> is due to the oxidation
of Copper and Cz and C4 are due to the reduction of Tellurium (Claude and Lyon, 2015). C4
can also be due to the addition of MPS.
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Figure 5.12: Cyclic voltammogram of AUE/TEOS-MPS-TGA-CuZnTe core-shell QDs in 0.1M
PBS, pH 7.4 at 50 mV/s.

Figure 5.12 depicts cyclic voltammograms of TEOS-MPS-TGA-CuZnTe core-shell quantum
dots immobilized onto the Au electrode and measured in 0.1 M PBS. On TEOS-MPS-TGA-
CuZnTe core-shell new peaks were observed this may be due to the silica that is being added
to shell of the quantum dots. With the TEOS addition, peaks that were present in TGA-CuZnTe
core-shell are present now with the full silanization of the quantum dots. Five anodic peak were

observed A1, Ay, Az, Azand As, Az is due to the addition of silica. Az is the oxidation of element



Zn as mention in Figure 5.10, the peak shifted to negative potential. The peak Aszis due to the
oxidation of Te?* to Te** (Ndangili, 2011). The redox couple (C2/A4) is attributed to the
reaction of Cu(l) + e < Cu (Xingli Zou, 2017). As and Cy are anodic peak and cathodic peak
of the gold electrode. Also five cathodic peaks were observed in Figure 5.12, Cy is due to the
oxidation of Copper where as Cz is a new peak observed it may be due to the addition of TEOS.
In all other cases the application of the coating improved the anodic behaviour of the samples
(Sakai et al., 2012). C4 can also be due to the addition of MPS. C4 and Cs are due to the
reduction of Tellurium (Claude and Lyon, 2015). The reduction peaks are seen to be shifting
towards more positive potentials while the oxidation peaks are seen to be shifting to more

negative potentials indicating an electron transfer and irreversible process.
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Figure 5.11: Multi-scan voltammograms of CuZnTe core-shell/AuE in 0.1 M PBS, pH 7.4 at
50 mV/s.

This was carried out to investigate electrochemistry of quantum dots in the potential window
between -1.2 V to 1.2 V, scan rates of 10 mV/s to 100 mV/s. The quantum dots on to gold
electrode was studied by cyclic voltammetry at different scan rates from 10-100 mV/s at a

potential range from E = -1200 mV to E = 1200 mV in a traditional electrochemical setup



consisting of Ag/AgCl as a reference electrode, Pt mesh wire as the counter electrode and a
Gold electrode as the working electrode, dipped into PBS. Figure 5.11 displays a multi-scan
of the TEOS-MPS-TGA-CuZnTe core-shell QD and it can be seen that as the scan rate
increases the anodic peaks shift to more positive potentials while the cathodic peaks shift to
more negative potentials, this is an indication of slow electron transfer process and kinetic
effects (Hossain and Norazmi, 2013).
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Figure 5.13: CV voltammogram of bare AuE, CuzZnTe core-shell/AuE, antibody/CuZnTe core-
shell/AuE, BSA/antibody/CuzZnTe core-shell/AUE and IFN-y/BSA/antibody/CuZnTe core-
shell/AuE, respectively were carried out in 0.1 M PBS at pH 7.4.

Cyclic voltammetry is a simple and easy method to study the characteristics of the
immunosensor at its different preparation phases. In Figure 5.13 shows the cyclic
voltammogram experiments of a bare gold electrode (AuE), CuZnTe core-shell/AuE,
antibody/CuznTe core-shell/AuE, BSA/antibody/CuzZnTe core-shelllAUE and IFN-
y/BSA/antibody/CuZnTe core-shell/AuE, respectively were carried out in 0.1 M PBS (pH 7.4).
Specifically, PBS solution (0.1 M, pH 7.0) was used as electrolyte, and 50 mV/s as scan rate.
The degree of modification of the sensing interface was evaluated by monitoring changes in

electrochemical features for a sensitive electrochemical readout. As shown in the figure above,



a couple of reversible redox peaks appeared on the bare AuE, with PBS as the electrochemical
probe, indicating the presence of a clean and activated AuE surface. After being modified by
CuZnTe core-shell quantum dots, capable of promoting the electron transfer rate, the cyclic
voltammetric (CV) signals revealed a great degree of current increase, indicating the covering
of the AUE surface by CuzZnTe core-shell QDs. It also indicated the excellent conductivity of
AUE-CuZznTe core-shell QDs (Zhang et al., 2015). When anti-human INF-y antibody was
attached to QDs on the surface of the sensor, the peak current of the sensor increased. This
indicated successful deposition of anti-human INF-y antibody on the electrode surface.
Following that, the electrode was incubated in BSA solution, the peak current value showed a
gradual increase which was attributed to that BSA occupied a large amounts of active sites on
the surface of the Antibody/CuZnTe core-shell/AuE, forming major insulating BSA protein
layers on the electrode to retard the electron transfer (Bhatia et al., 1989; Simao et al., 2016).
Subsequently, it was found that the current response further decreased after the immunosensor
was incubated in a solution with 2 ng/mL IEN-y. This may originate from the insulating IFN-
y protein layers on the electrode that retards the electron transfer (Zhang et al., 2015). To
evaluate the feasibility of this electrochemical assay, the single-analyte sensing was firstly
performed using DPV. As shown in Figure 5.14, the voltammogram (obtained from IFN-y-
BSA-Anti-CuzZnTe core-shellQDs/Au) presents the well-shaped peak current at 275mV. After
the treatment with different concentrations of IFN-y, the decreased peak current was observed

without its position change Figure 5.15 (Xia et al., 2015).
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Figure 5.14: DPV after interactions with different concentrations of IFN-y. Insets showed the

corresponding DPV recorded of electrochemical immunoassay in 0.1 M, pH 7.0 PBS.
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Figure 5.15: DPV after interactions with different concentrations of IFN-y.
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Figure 5.16: The calibration plot between the DPV peak current and the logarithm values of

IFN-y concentrations from 2 to 12 ng/ mL.

Figure 5.16, shows calibration plots obtained from the immunosensor with increasing
concentrations of IFN-y (2—-12 ng/mL). Typically, IFN-y was attached to the electrode surface
through immunoreaction with anti-IFN-y which was immobilized on the immunosensor
previously. The insulating IFN-y protein layer acting as a non-conductor obstructed the electron
transfer between the electrolyte and electrode surface (Ding and Lu, 2018). Therefore, the DPV
peak currents decreased proportionally with the increasing concentration of IFN-y (Figure
5.15), which can be utilized as a quantitative measurement of IFN-y concentration (Xia et al.,
2015; Zhang et al., 2015). As shown in the figure above, the calibration plots show a good
linear relationship between the peak current and the values of the analyte concentrations. The

calibration plots of our study are 2— 12 ng/mL (Figure 5.16).
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Figure 5.13: Nyquist plots obtained on AuE/Bare, CuZnTe care-shell/AuE, Antibody/CuZnTe

core-shell/AuE, BSA Antibody/CuZnTe core-shell/AuE and IFN-y/BSA/Antibody/CuZnTe core-
shell/AuE.

Electrochemical impedance spectroscopy: (EIS) is an effective technique to monitor the
electrode surface features. The impedance spectra include a semi-circular portion and a linear
portion, the semi-circular portion at higher frequencies corresponds to the electron-transfer-
limited process, and the linear part at lower frequencies corresponds to the diffusion process.
The semicircle diameters correspond to the electron-transfer resistance (Grossi and Ricco,
2017). In general, the change of impedance during the modification process was measured by
EIS experiments. The Faradaic impedance spectra achieved in each modification process were
shown in Figure 5.17. The diameter of semicircle calculated from the Nyquist plot corresponds
to the electron transfer resistance (Rct). As can be deduced from the impedance spectrum
obtained at bare AUE, the transfer resistance was low owing to the very small semicircle. The
Rct value showed a slight increase when AuE was modified with CuzZnTe core-shell QDs,
indicating the successful formation of the quantum dots on the surface of AuE (Shenouda,
Sayed and Sayed, 2015). The Rct showed a decrease for antibody/CuZnTe core-shell/AuE, the
reason might be attributed to the fact that the synthesized Antibody (HRP-Ab4) possessed high

conductivity and good electron transfer efficiency (Zhang et al., 2016). Rct increased after the



block treatment to antibody/CuzZnTe core-shell/AuE with BSA. In contrast, the linear portion
coinciding with the diffusion limited electron shift occurred at comparatively lower
frequencies. When the fabricated immunosensor was used for the detection of IFN-y, Rct was
found to increase furtherly owing to that BSA and IFN-y protein layers on the electrode retards
the electron transfer. The impedance changes of the modification process indicated that
CuznTe core-shell quantum dots, Antibody, BSA, IFN-y had been successively assembled
onto the Gold electrode (Arshad et al., 2016). The performance of fabricated immunosensor
for the determination of IFN-y at different concentrations was observed and the results were
shown in Figure 5.18. As shown from the Nyquist plots of impedance spectra below, the
diameter of semicircle increased with increasing concentrations of the IFN-y. As can be seen
from the calibration curve (Figure 5.19) of IFN-y, the Rct change displayed a linear relationship
with logarithm of IFN-y ranging from 2 to 10 ng/mL. Linear equations are y=2.6286—0.027x
(R=0.9992). In the present work, the lowest detectable concentration is 0.33 ng/mL (defined as
DL =3SB/m, where m is the slope of the corresponding calibration curve and SB is the standard
deviation of the blank). One can find that the proposed sensor in this work presents a relatively
large linear range and low detection limit. The results indicated that this signal amplification
method was efficient for the ultrasensitive electrochemical detection of IFN-y. Therefore, the

proposed immunosensor was a suitable means to quantify IFN-y concentration.
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Figure 5.18: Impedance spectra of the as-prepared immunosensor upon incubated with
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Figure 5.19: Calibration curve of the as-prepared immunosensor upon incubated with different
concentrations of IFN-y (2, 4, 6, 8 and 10 ng/mL).
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Zview software of Autolab was used to process impedance data on the base of Randles
equivalent circuit. Figure 5.20; showed a modified Randles equivalent circuit and the
corresponding fitted graph based en one measured spectrum, indicating that the circuit model
was consistent with the measured system over.the whole measured frequency range. The circuit
consists of solution resistance (Rs), Constant phase element (CPE), and solution resistance
(Rs). Usually, Rs represents the bulk properties of electrolyte solution, and the CPE element
represents a non-ideal capacitor and replaces the capacitance due to its roughness and
heterogeneous surface (Ricardo Adriano Dorledo de Faria, Hassan Iden, Luiz Guilherme Dias
Heneine, 2019). The impedance data was fitted to Randles equivalent circuit with a constant
phase element (CPE) instead of classical capacitance due to the complicated interface between
electrode and electrolyte in this study. The result also indicated that Rct is a suitable signal for
sensing the interfacial properties of the prepared immunosensor during all these modification

steps.



5.5 Conclusion

In conclusion, an electrochemical impedance immunosensor for label-free detection of IFN-y
was developed for the first time. The as-proposed immunosensor was fabricated using CuZnTe
core-shell quantum dots modified Gold electrode (AuE) on which IFN-y monoclonal antibody
was immobilized. The novel immunosensor, equipped with prominently conductivity and
biocompatibility of the quantum dots, is ideal for the development of electrochemical
immunosensor. Anti-IFN-y can be attached to the modified electrode and used to specifically
recognize IFN-y. The goal was to achieve an accurate analysis of samples using a sandwich
immunoreaction. The sandwich-type immunosensor provided a convenient, low-cost, and
novel method for specific and highly sensitive detection of IFN-y. This immunosensor was
easy to fabricate without complicated procedures or expensive instruments and exhibited an
excellent performance. The resultant IFN-y immunosensor demonstrated various advantages
such as simple manipulation, ultrahigh sensitivity, excellent specificity, wide linear range,
good reproducibility and stability-as well. As indicated by the recovery experiments, the
proposed immunosensor with high-accuracy demonstrated potential usage in the detection of
IFN-y in practical samples. This is the first report of developing an electrochemical IFN-y
biosensor with a ternary surface in biosensor developed. This immunosensor is able to detect
IFN-y with a linear sensing region of 2 ng/m! to 10 ng/ml and lower detection limit of 0.33
ng/ml (method detection limit technique).in. buffer solution. The ability of the biosensor to
accurately detect IFN-y in protein matrices without sample pre-treatment is well-suited for
rapid in-field biosensor detection strategies. Therefore, this novel, facile strategy reported here
may hold great promise for applications in the clinical diagnosis with further development.
Compared with the ELISA, our sensor has a lower detection limit, and thus provides a new

promising platform for clinical immunoassay.
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Chapter six

Summary
This chapter revisits the specific abjectives of the study to report whether the aims of this
dissertation was achieved, and to give an overview of the success and shortcomings of the
study. Also reported here is an indication of which areas of this study warrant further
investigations in the future.



5.5 Conclusion

In this study, a rare chemistry of telluride has been explored as a source of precursor for
synthesis of novel biocompatible and water soluble silica coated quantum dots. The telluride
has also been used to tailor the optical and electrochemical properties of copper and zinc
quantum dots. In the process, this study has introduced novel biocompatible and water soluble
binary-capped (CuTe) and (ZnTe) quantum dots. One of the main problems encountered in the
development of QD-based systems is the selection of a suitable capping ligand in order to
achieve adequate solubility of QDs in the dispersion media. In the process of the aqueous
synthesis, thiols were predominantly employed as the capping agents. Thioglycolic acid
(TGA), was used in such synthesis where the thiol-end of the molecule binds to the particle
surface, the other end-groups such as carboxylate (COO-) or hydroxide (OH) remains free,
which imparts biocompatibility and opens up a window to interact and integrate with other
biomolecules. A significant research effort-has been devoted to prepare core-shell type QDs
with a cross-linked shell that would protect the- QDs much better than thiol-based coating. To
protect the surface of the quantum dots the most widely used approach is silica coating.
Silanization of quantum dots showed a great success in protecting their surface characteristics.
The silanization of QDs was dane in laborious process that goes through multiple steps. The
first step involved was the activation of QD surface for attaching the first layer of silane
molecules to QD surface. The (3-mercaptoprapyl) trimethoxysilane (MPS) was used as the first
layer of silica followed by thickening of the shell.tetraethyl orthosilicate (TEOS). Electrostatic
repulsion arising from functional groups on the surface of the quantum dot particles kept them
non-agglomerated. Retention of the capping agent on the quantum dot surface was confirmed
by FTIR studies, which showed characteristic bands related to C-H, C=0, Si-O-Si, Si-CH,-S
as well as —O-H groups. The electrochemical studies of the binary CuTe quantum dots, ZnTe
quantum dots and the ternary CuZnTe core-shell quantum dots reveal that ternary quantum
dots were stable and showed a significant enhancement in the conductivity of CuZnTe core-
shell solution compared to that of CuTe and ZnTe, all studied in solution. The fluorescence and
UV-vis studies of the quantum dots showed that the ternary quantum dots have distinctive band
at 325 nm at it was the only one that had a red shift. After the addition of TEQOS it increased to
the longer wavelengths. With the SAXS, it was showed that the CuzZnTe core-shell are the only
guantum dots do not agglomerate after the addition of the capping reagents, also it showed a
very narrow tube that indicated that the quantum dots are uniform. These results were in
correlation with TEM results that showed that the ternary quantum dots do not agglomerate

and also they are uniformly dispersed. Successful detection of the studied analytes on the binary



and ternary quantum dot platforms widens the scope of biocompatible nanostructured platforms
upon which other biomolecules of interest can be immobilized for a wide range of analytical
purposes. In this work, a QDs-based electrochemical biosensor was successfully constructed
for the detection of Interferon gamma in aqueous solution. The CuZnTe core-shell QDs
contributed to retaining the antibody properties in immobilizer. This was confirmed through
cyclic voltammetry studies. We demonstrated the feasibility of the immunosensor by
measuring the amount of IFN-y in samples with known concentrations. This immunosensor
was easy to fabricate without complicated procedures or expensive instruments and exhibited
an excellent performance. The resultant IFN-y immunosensor demonstrated various advantages
such as simple manipulation, ultrahigh sensitivity, excellent specificity, wide linear range,
good reproducibility and stability as well. We observed a linear relationship between the
electrochemical signal and IFN-y concentration from 2 ng/mL to 10 ng/mL and lower detection
limit of 0.33 ng/ml (method detection limit technique) in buffer solution. Specificity was high
and measurement of IFN-y concentrations took less time than one reported before. A high-
sensitivity biosensor for IFN-y such as the one described in this work can be used in a variety
of medical and biological applications. Blood and serum IFN-y levels have been used to
monitor the progression of diseases such as tuberculosis and malaria. IFN-y levels of
tuberculous in patients, for instance, have been shown to be around 1048pg/mL before
treatment and 2233pg/mL after treatment. The fact that our sensor requires a very small sample
volume and gives an almost instantaneous result makes it convenient in medical settings. This
biosensor platform provides advantage of not anly chemical stability, but also the ability to be
extended to other related targets. Because antibody can be generated for such a wide variety of
targets — ions, peptides, viruses, etc. — one would only need to change the antibody while
keeping the rest of the sensor identical in order to detect another analyte of interest. The
proposed sensor therefore has a potential application in medical diagnostics, infectious disease
monitoring and biomedical applications. These characteristics suggest that, with optimization,
this immunosensor may have clinical utility. This makes the sensor more suitable for
determining the presence of IFN-y in a sample, rather than determining the exact concentration
of the sample. This could contribute to reduce waiting times which is beneficial both to patients

and doctors involved, as well as cost-effective.



5.5 Recommendations for future studies

The following aspects of the electro-biosensors for the determination of Interferon gamma, a

first line tuberculosis treatment drug presented in this work warrant further investigations:

e More work needs to be done to improve the electro-activity of sensor through the synthesis

of higher generations.

e It would a great work if the work could be done without the use of antibody.

e Work on the material to check if it is good for people with different metabolisms.

e Test the sensor to see if it will be good for other disease.
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