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Abstract
A cadmium selenide quantum dot (CdSe-QDs) based genosensor for the detection of the CP4
epsps DNA segment of 5-Enolpyruvylshikimate-3-Phosphate Synthase (CP4 EPSPS) in
Genetically Modified Cereal was developed. The efficacy of the CdSe-QDs synthesized from
cadmium chloride (CdCl2) and selenium powder (Se) with polyvinyl alcohol (PVA) as a
stabilizer was investigated. The QDs were characterised using UV-Vis for film thickness which
affects the band gap energy and particle size and Fourier transform infrared spectrophotometry
(FT-IR) for functional group analysis and potentiometric tests for determination of signal
transduction and limit of detection. The UV-Vis results for the QDs showed a peak of 485 nm
with an absorption edge towards 600 nm, which is attributed to the quantum confinement
effect. The band gap for the QDs was found to be 3.43 electron Volts (eV) and the average
diameter size was 2.82 nm, indicating the successful formation of quantized particles with very
high luminescence and this was supported by the shorter absorption wavelength of the particles
in the fluorescence measurements obtained. The surface modified and functionalised CdSe
QDs gave a maximum binding capacity, Qm, value of 0.0108 mg/g, and an R? = 0.99902 for
the Langmuir and R? = 0.81190 for the Freundlich isotherms, indicating that the data fitted
better in the Langmuir isotherm model. The FT-IR results showed characteristic absorption
bands for thiourea, glutaraldehyde and the immobilized oligonucleotides indicating successful
modification of the QDs. In this research the DNA containing samples were qualitatively and
quantitatively determined potentiometrically yielding the following results: 92.2% (forward
sample, F), 4.1% (reverse sample, R), 76.5% (positive control sample, +ve), 5.4% (negative
control sample, -ve), 3.4% (cereal A sample) and 57.9% (cereal B sample) hybridizations.
These results indicate that this designed method of detection based on CdSe QDs may actually
work as a rapid detection method for GM soyabeans and corn, both qualitatively and

quantitatively, and had a very low detection limit of 2.42 x 10° ng L.
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CHAPTER 1

Introduction
1.1 Background
The drive towards growing of crops that are climate resilient in order to ensure food security for the
ever increasing human population, has motivated agricultural enterprises in many parts of the world
to develop new varieties of food crops through genetic engineering, a technique in which genetically
modified organisms (GMOs) are created. A GMO is a plant, animal or any other living organism that
has had its genetic material manipulated, often through transgenesis, in order to give the organism a
certain desirable traitl. This may be done through the modification or introduction or elimination of
one or more genes coding for agronomic input traits like agrochemical, drought, and salinity tolerance

as well as pest resistance?.

The use of GMOs in foods, however, has raised a lot of concerns world over that they may potentially
cause unforeseen adverse effects. Some have argued in favour that this type of technology is very
welcome as it has helped to supplement on the natural food sources®, while others have argued against
such notions as they fear modification of genes in organisms or their feed would lead to the production
and expression of features that were not initially present in the organism. The modification could
introduce allergenic or toxic substances into the food supply chain causing very serious mutations in
either the recipient organisms or those that are made to feed on the manipulated organisms®. For
example in the case of humans feeding on Bacillus thuringiensis (Bt) maize (i.e maize that has been
genetically altered to produce the Bacillus thuringiensis bacteria, a mutated toxin which Kills insects)
allergic response, or undesired side effects such as toxicity, organ damage, or gene transfer may

result®.

Other concerns are on the impact that GMOs might have on the environment. Genetically modified
plants may potentially cross-breed with wild relatives and create hybrid plants that cause ecological
threats and, effect on non-target organisms, such as beneficial insects and birds®. For instance the use
of glyphosate on herbicide-resistant GMOs has led to increased herbicide-resistant weeds, and this
may impact the environment and human health negatively’. Furthermore, some other critics have
often argued that there has been a lack of long-term studies on the impacts of GMOs on human health
and the environment. They advocate for more independent research to assess the long-term effects of
GMOs. Therefore, there is a need for monitoring of genetically modified (GM) food products so as
to ensure that the contents of the foods that are available on the market are known and thereby
enabling consumers to make informed decisions about what they ingest. The monitoring of GMOs

and GM foods would be best done at the point of entry into a country. In the case of Zambia which

1



has not allowed the cultivation of genetically modified crops but has instead put in place regulations
to control the import, export, development, research, contained use or placing on the market of
genetically modified organisms or their feed®, analytical laboratories designed explicitly for
monitoring genetically modified foods and their products have to be situated at all points of
designated entry in the country and trained experts deployed to those areas. The presence of GMOs
or deoxyribose nucleic acid (DNA), constructs used in most GM foods can be detected using a
genosensor, which is a type of chemical sensor that detects the presence of a biological substance(s)
in a given sample®. At the moment, in Zambia as a country, the monitoring of GMOs and GM foods
is done only by research institutions such as Zambia Agricultural Research Institute (ZARI), under
Ministry of Agriculture, and Zambia National Biosafety Authority (NBA), using polymerase chain
reaction (PCR) based and enzyme-linked immunosorbent assay (ELISA) based methods on certain
allowed GMO containing foods. Seeing that these two methods have their own challenges in terms
of cost, lack of the much needed man-power and their inability to deal with all GMO events and false
positives and negatives, therefore, the monitoring of GMOs and GM foods has not been done to the

full extent that it should have been?®,

The methods of GMO and GM food detection methods currently available are PCR and ELISA
based!! 12, Despite the availability and the current improvements to some of these GMO detection
methods, the monitoring of the so many GM foods has not been effective due to the high costs and
complexity associated with the machinery used and the protocols, and this has greatly limited the
practical application of such approaches for in-field and on-site identification. For example, PCR
based methods of measurement face challenges with false positives and false negatives, protein based
methods have a limitation in terms of cross-reactivity and the availability of specific antibodies for
all GM events®®. Other methods use complex machines, and expensive software and technologies

such as Next-Generation Sequencing (NGS) technologies.

Chemical sensors are devices that use the interaction between the analyte molecule and the sensing
part of the device to cause a change in the electrochemical properties of the sensor and produce a
readable response!®. Chemical sensors have the potential to be better at detecting genetically modified
(GM) crops than some traditional methods due to their sensitivity, selectivity, and portability?®.
Chemical sensors can detect even small amounts of specific substances or compounds present in GM
crops, such as unique metabolites or markers associated with genetic modifications. They offer high
sensitivity, allowing for the detection of trace levels of these compounds, which could help accurately
identify GM crops, even when present in low concentrations. Chemical sensors can be designed to

target and detect unique compounds indicative of GM crops specifically. By relying on selectivity,

2



these sensors can distinguish between GM crops and non-GM crops or other organisms without
specific genetic modifications. This specificity helps to reduce false positives and negatives, thereby
improving the chemical sensor's accuracy. Chemical sensors also have the potential to be portable.
They can be miniaturised and made portable, enabling on-site or in-field analysis. This portability
allows for quick and convenient testing, eliminating the need to send samples to the laboratory.
Portability also enables continuous monitoring of crops during cultivation in fields, harvest and

distribution, reducing the time between detection and response®>-¢,

This study therefore, reports the design and development of an easier, rapid, efficient and low
detection limit method for 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase DNA sequence in
genetically modified maize and soybeans. EPSP synthase is an enzyme produced by plants and

microorganisms to catalyse the chemical reaction shown in Figure 1.1.

H
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Figure 1.1: Figure shows some steps in the Shikimate Pathway'’

The genosensor was constructed using CdSe QDs!8. The synthesised CdSe QDs were surface
modified with thiourea and then functionalised with glutaraldehyde which helped to provide them
with the necessary ligands for attachment of the capture probe (a 20 base single stranded segment of
DNA)™.

1.2 Statement of the Problem

The development and widespread use of genetically modified organisms (GMOs) have raised
considerable concerns regarding their potentially harmful effects on humans and the environment (on
non-target organisms and ecosystems) and these concerns have been compounded by the lack of
sufficient long-term data to assess their true impact. The limited research conducted on GMOs' long-
term impact and the lack of exploration of CdSe QDs for CP4EPSPS gene detection in GM cereals
hinder our ability to fully evaluate the potential risks and benefits associated with the use of GM

crops.



There are no monitoring laboratories or testing facilities at the food entry points into the country,
Zambia. The only form of GMO testing is for research purposes, and this is done by the Zambia
Agricultural Research Institute (ZARI) and the Zambia National Biosafety Authority (NBA)%. The
methods used to test GMOs and GM foods are polymerase chain reaction (PCR) and Enzyme-Linked
Immunosorbent Assay, (ELISA). These methods of GMO detection face many challenges in terms
of complexity of the equipment used, time-consuming which takes 10 to 12 weeks after receipt of a
sample due to the complexity of the process, the high cost of the software used, and the inability of
the methods to address the issue of false positives and false negatives.

Furthermore, most people do not know that some if not most of the food products they consume
contain GMOs because the companies that process and package these foods do not label them
correctly as is required by law. Therefore, there was a need to develop an easier, rapid, efficient and
relatively cheaper means of detection which also offered a lower detection limit and this would make
it easier for the authorities to enforce the law that prohibits the sale of GMOs. This would in turn
compel food-producing and processing companies to label their products and ultimately allow
consumers to make informed decisions about whether they would want to consume foods containing

GMOs or choose non-GMO-containing foods.

1.3 Significance of the Study

The easy and speedy detection of genetically modified products is very important in that it would
help to improve the GMO detection and monitoring capacity of the relevant authorities. This
improved detection capacity would not only benefit Zambia, but also other countries that have taken
similar stricter measures concerning cultivation, importation, exportation, or direct or indirect use of
GMOs. This improved monitoring capacity will then compel all the food producers, biotechnological
companies, to correctly label their food products upon packaging and as such this would in turn help
consumers to decide on whether to purchase and consume such products or not. The method of
detection developed in this study helps to shorten the period of detection from several weeks to several
hours, cut out the time and cost associated with DNA sequencing as in the case of PCR based
detection??, Next Generation Sequencing (NGS) technologies such as lllumina Sequencing?, Digital
droplet PCR (ddPCR)?, and High-Throughput Sequencing such as lon Torrent Pacific Biosciences?,
for purposes of identification as well as offer high sensitivity, selectivity and a lower limit of detection
of 5-enolpyruvylshikimate-3-phosphate synthase DNA segment in genetically modified maize and
soybeans. This study also adds to the body of knowledge about synthesis of quantum dots using a

cheaper synthetic method and development of an easier detection platform for GMOs.



1.4 Research Questions
i What are the optimal conditions for synthesis of CdSe QDs using surfactant assisted
method?
ii. What is the best architectural design of the CdSe QD-based genosensor?
iii. What are the optimal optical and morphological characteristics of CdSe QDs, and what is

the lowest detectable amount of GM food product by CdSe QD-based genosensor?

1.5 Aim
To design, evaluate and optimise a CdSe QD-based genosensor for the detection of 5-

enolpyruvylshikimate-3-phosphate synthase DNA sequence in genetically modified maize

(Zea mays) and soybeans (Glycine max).

1.6 Specific Objectives
i To synthesise and characterise functionalised CdSe QDs.
ii. To design a CdSe QD-based genosensor.
iii. To evaluate the designed CdSe QD-based genosensor in detecting genetically modified

maize and soybeans samples, and determine the detection limit.



CHAPTER 2
Theoretical Background

2.1 Introduction

This chapter provides important background information about a sensor, biosensor in a detailed
manner that highlights the salient characteristics of these types of sensors. The discussion also
includes information about CdSe QDs, very tiny semi-conducting particles, chosen for the
design of the genosensor in this study because of the ease with which their properties can be
tuned and low cost of synthesis as well as stability when compared to nanoparticles.

2.2 Sensor

A sensor is a device designed to detect and respond to physical inputs or environmental
changes, converting them into measurable signals that can be interpreted by an observer or an
instrument. These electronic components play a pivotal role in various systems, ranging from

everyday consumer electronics to advanced industrial applications®®.

At its core, a sensor operates based on a set of fundamental principles. The most common type
is the transducer, which converts one form of energy into another?. For instance, a temperature
sensor detects changes in temperature and converts this energy into an electrical signal. Sensors
employ a variety of mechanisms to capture data, such as optical sensors that use light to sense

movement or chemical sensors that react to specific substances.

The key principle behind sensor operation is the transduction process, where a physical
quantity such as pressure, light, temperature, or motion is transformed into an electrical signal.
This signal is then processed and analyzed by an electronic system to provide useful
information (displayed digitally for instance) or trigger appropriate actions?’. Sensors play a
critical role in modern technology, enabling automation, data collection, and monitoring across
numerous fields, from healthcare to aerospace and beyond. Their ability to perceive and react
to the world around them continues to drive innovation and advancement in countless

applications?.

2.3 Biosensor

A biosensor is a compact analytical device that combines a biological element with a
physicochemical detector to provide quantitative or qualitative information about the presence
of a specific compound or analyte?®. Typically, the biological element, such as enzymes,
antibodies, or nucleic acids, interacts with the target analyte, leading to a measurable signal
that is then detected by the transducer®®. This signal can be electrical, optical, or thermal in
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nature, depending on the biosensor design. Biosensors find applications in various fields,
including healthcare, environmental monitoring, and food safety, offering rapid and sensitive
detection capabilities that are crucial for diagnosing diseases, detecting pathogens, and
monitoring environmental conditions®. An example of a biosensor is represented
diagrammatically in Figure 2.1 below?2. The development of biosensors has been driven by
advances in nanotechnology, biotechnology, and material science®®. Recent research has
focused on improving biosensors' sensitivity, specificity, and stability. In addition, efforts have
been made to integrate biosensors with microfluidics and wireless communication for real-time
monitoring®®. Biosensors have the potential to revolutionize many areas of life sciences and

have significant impact on public health and environmental protection®®.

Detection platform

Complex medinm containing target

N

analytes, such as DNA or ENA

+ . Signal processor

Display

‘:> B )| 0.050

Biomolecular
recognition

Bioreceptors: enzymes, proteins, cells,
nucleic acids, nanoparticles, QDs, etc.

Figure 2.1: Schematic diagram shows the outlay of a biosensor and the interaction with analytes?® 36

2.4 Advantages and Disadvantages of Biosensors

Biosensors are powerful analytical devices that combine a biological element with a
physicochemical detector to convert a biological response into a measurable signal®®. These
innovative tools offer numerous advantages in various fields, including healthcare,
environmental monitoring, food safety, and security®’. However, like any technology,

biosensors also come with their own set of limitations.

One of the primary advantages of biosensors is their high sensitivity, specificity, and
selectivity. Sensitivity refers to the ability of a biosensor to detect very low concentrations of
analytes, making them ideal for applications requiring the detection of minute quantities of
substances. Specificity enables biosensors to accurately distinguish between target analytes and
other interfering compounds, ensuring reliable and precise measurements. Selectivity, on the
other hand, allows biosensors to detect specific analytes in complex samples with minimal

interference from other components®8.



The properties of high sensitivity, specificity, and selectivity in biosensors can be attributed to
the unique recognition elements integrated into their design®. For instance, enzymes,
antibodies, nucleic acids, or whole cells are commonly used as the biological components in
biosensors. These bioreceptors interact specifically with the target analyte, triggering a signal
that is then transduced by the physicochemical detector?®. The coupling of the highly selective
biological recognition element with a sensitive transducer enhances the overall performance of

biosensors.

A notable example of a biosensor is the glucose biosensor used for continuous glucose
monitoring in diabetes management. Enzymes such as glucose oxidase are employed to
selectively detect glucose levels in blood samples with high sensitivity, enabling patients to
monitor and manage their condition effectively*®. Another example is the use of biosensors in
environmental monitoring, where microbial biosensors are utilized to detect pollutants in water

sources, offering a rapid and sensitive method for assessing water quality*.

Despite their numerous advantages, biosensors also present certain disadvantages or
limitations. One common limitation is the potential for interference from complex sample
matrices, which can affect the accuracy and reliability of measurements*. Additionally,
biosensors may exhibit variability in performance due to factors such as temperature
fluctuations, pH changes, or sensor drift over time, requiring regular calibration and

maintenance®.

To address these limitations, ongoing research in the field of biosensors focuses on enhancing
their robustness, stability, and reproducibility. Advancements in nanotechnology, material
science, and signal processing have paved the way for the development of more sophisticated

biosensors with improved performance characteristics**.

2.5 Types of Biosensors

Biosensors can be classified into different types based on the transduction mechanism, such as
optical, electrochemical, thermal, gravimetric, electronic, and acoustic biosensors®. Optical
biosensors use light as the transducer to detect biological molecules “6, while electrochemical
biosensors use electrodes to convert the chemical signal into an electrical signal *’. For example
the procedure can involve the measurement of the potential difference between two electrodes
in contact with the sample*®, and thermal biosensors measure the heat generated or absorbed

by the reaction between the biological molecule and the receptor®®4®. Each type of biosensor



has its own advantages and limitations, and the selection of a biosensor depends on the specific

application and the characteristics of the biological molecule to be detected.

2.5.1 Optical Biosensors

In Optical biosensors, which include chromogenic, luminogenic, chemiluminescence, optical
fibre and surface plasmon resonance biosensors, biological molecules are detected using light,
which then interacts with the transducer®®. The optical properties of the transducer such as its
absorbance or fluorescence change once there is an established interaction between the
biological molecule to be detected and the capture probe®®. Surface plasmon resonance (SPR)
and fluorescence are the two principles on which most commonly used optical biosensors
operate*® 31, In the SPR biosensors, the biological analyte to be detected, binds to the capture
probe of the detection platform and cause a change in the refractive index of the detection
platform whereas for the fluorescence based optical biosensor, the biosensor detects the change
in the fluorescence intensity®2. Optical biosensors are highly sensitive and can be coupled with
microfluidics for enhanced sensing capabilities 6. This is done by controlling sample flow,
reducing diffusion distances, improving mixing efficiency, and enabling multiplexed analyses

in small volumes of samples®3.

2.5.2 Electrochemical Biosensors

Electrochemical biosensors are sensors that use electrodes to convert the chemical signal into
an electrical signal. Examples include potentiometric, amperometric, voltametric,
conductometric and impedometric biosensors. The interaction between the biological molecule
and the receptor causes a change in the electrochemical properties of the electrode, such as
potential, current, or impedance®*. The most widely used electrochemical biosensors are based
on amperometry, potentiometry, and impedance spectroscopy®®. Amperometric biosensors
measure the current generated by the oxidation or reduction of the electroactive species
produced by the reaction between the biological molecule and the receptor, while
potentiometric biosensors measure the potential difference between two electrodes in contact
with the sample®®. Potentiometric biosensors are a type of biosensor that uses a change in
potential to detect the analyte of interest. They have several advantages over other types of
biosensors, including high sensitivity, low cost, and ease of use. Potentiometric biosensors have
been used in a variety of applications, including environmental monitoring, food safety, and
medical diagnostics. Recent research has focused on the development of novel potentiometric

biosensors using advanced materials such as graphene and nanowires®’. Impedance



spectroscopy biosensors measure the change in impedance caused by the interaction between
the biological molecule and the receptor. Electrochemical biosensors have high sensitivity,
selectivity, and fast response time, and they can be miniaturized and integrated with
microfluidics for point-of-care testing®’. Figure 2.2 below, shows a typical example of an

electrochemical biosensor.
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Figure 2.2: Schematic representation of an electrochemical biosensor®®,

2.5.3 Thermal Biosensors

Calorimetric biosensors are a type of thermal biosensors that measure the heat produced or
consumed by a biological reaction to detect the presence of an analyte>®. They have several
advantages over other types of biosensors, including high sensitivity and the ability to detect
multiple analytes simultaneously. For example in the determination of affinity constants of
antibodies, calorimetric biosensors are able to provide high accurate measurements between
biomolecules, offering insights into the strength of interactions of such molecules in a
biological system®. In thermodynamic parameter determination, calorimetric biosensors have
been used to accurately measure parameters such as enthalpy, entropy, and Gibbs free energy
changes associated with biomolecular interactions, which helps to explain and provide a deeper
understanding of reaction mechanisms and their dynamics®. Calorimetric biosensors have also
been used in a variety of other applications, including medical diagnostics and environmental
monitoring®?. Recent research has focused on the development of novel calorimetric biosensors

for the detection of specific analytes, including glucose and bacteria®®.

2.5.4 Gravimetric Biosensors

Gravimetric biosensors are a type of biosensors that detect and measure changes in mass
occurring at their sensing surfaces®®. They utilize transducers that convert the molecular
interactions between the target analytes and the sensing surfaces into a measurable mass
change. The sensing surfaces are typically coated with bioreceptors, such as enzymes,

antibodies, or DNA, which selectively bind to the target analyte®®. When the analytes interact
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with the bioreceptors, the mass of the sensing surfaces change, leading to a shift in the
resonance frequency of the transducers. The shift caused is detected and converted into signals
that correspond to the concentration or presence of the target analytes. Gravimetric biosensors
like Piezoelectric and Magnetoelastic find applications in fields such as environmental

monitoring, medical diagnostics, and food analysis®®.

2.5.5 Electronic Biosensors

Electronic biosensors are biosensors that convert the biological recognition events into
measurable electrical signals®’. They typically consist of a biological receptor, transducer and
an electronic circuitry. The biological receptor can be an enzyme, antibody, nucleic acid, or a
living organism, depending on the target analyte. When the target analyte interacts with the
biological receptor, it triggers a biochemical reaction or binding event, leading to the
production of an electrical signal®®. The transducer detects this electrical signal, which is then
amplified, processed, and analyzed by the electronic circuitry. Electronic biosensors offer
advantages such as high sensitivity, rapid response, and the ability to integrate with
microelectronics for miniaturization and portability. They are commonly used in medical

diagnostics, environmental monitoring, and biotechnology research®.

2.5.6 Acoustic Biosensors

Acoustic biosensors are biosensors that utilize sound waves to detect and analyze biomolecular
interactions’®. They operate based on the principle that the binding of target analytes to specific
biological receptors on a sensing surface causes changes in the acoustic wave properties. The
sensing surface is usually coated with a biological receptor, such as antibodies or aptamers,
which selectively recognize and bind to the target analyte’. When the binding event occurs, it
leads to a change in the mass or elasticity of the sensing surface, resulting in the alteration of
the acoustic wave characteristics, such as frequency, phase, or amplitude. These changes can
be detected and quantified, providing information about the presence and concentration of the
target analyte. Acoustic biosensors have advantages such as label-free detection, high
sensitivity and selectivity, real-time monitoring, versatility, stability and reproducibility, as

well as miniaturization and portability’.

2.6 Applications of Biosensors in Genomic Detection
Biosensors that use DNA or RNA as the recognition element to detect specific genetic
sequences are called genosensors’®. They have several advantages over traditional DNA

detection techniques, including high sensitivity, specificity, and the ability to perform real-time
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monitoring. Genosensors have been used extensively in the field of genomics, including the
detection of mutations and the diagnosis of genetic diseases’*. Recent research has focused on
the development of novel genosensors using advanced materials such as gold nanoparticles and
graphene . Currently, most genosensors use a variety of nanoscale particles, particularly
quantum dots which have superior characteristics in comparison to other nanoscale particles.
The properties of these particles make them excellent candidates for use in biological assays,
where they can be used as labels to detect and quantify biomolecules of interest, such as
proteins, DNA, and RNA. Additionally, quantum dots can be engineered with specific surface
properties, allowing them to be targeted to specific biomolecules and cell types’®. The synthesis

and properties of quantum dots is explained in the sections that follow.

2.7 Quantum Dots

Quantum dots (QDs), are tiny semiconducting crystals, whose degree of conductivity depends
on their size and purity’’. The optoelectronic properties of quantum dots can be changed by
manipulating the size of the quantum dots’®. As can be seen from diagram (a) in Figure 2.3
below, the fluorescence colour emitted by quantum dots is dependent on the size of the
particles. Typically very small quantum dots with a shorter wavelength have high intensity and
emit blue and green fluorescence light while quantum dots with big sizes have longer

wavelengths and emit red fluorescence light °.

The size of the quantum dots also affects the band gap energy of the particles. As the size of
the quantum dots decrease the band gap increases giving high energy photons, as can be seen
in diagram (b) of Figure 2.3%. So, depending on the use of the quantum dots, the size can be

tuned to give a specific fluorescence colour.
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Figure 2.3: Fluorescence and band gap manipulation of quantum dots a) Diagrammatical representation of how
the fluorescence colour of quantum dots depends on the size of the quantum dots  b) Diagrammatical
representation of how the band gap energy increases with decrease in the size of quantum dots®.

Quantum dots are well suited for developing biosensors due to their unique optical and
electronic properties, such as size-dependent fluorescence emission, high quantum yield, and
photostability®?.
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When quantum dots are used in sensor detection, they are typically functionalized with specific
molecules that can specifically bind to the target molecules of interest®2. This binding causes
changes in the optical properties of the quantum dots, such as their fluorescence intensity or
wavelength, which can be detected and measured. In sensor applications, the target molecules
bind to the functionalized quantum dots on the sensor surface, leading to changes in the
fluorescence properties of the quantum dots. By measuring these changes, the presence and
concentration of the target molecules can be determined. This allows for highly sensitive
detection of various targets, such as biomolecules, gases, or ions, with applications in fields

like environmental monitoring, medical diagnostics, and food safety®.

Specifically, the binding of a target molecule can lead to quenching (reduced fluorescence
intensity) or enhancement of the fluorescence of the quantum dots, depending on the specific
interactions between the quantum dots and the target molecule®®. This change in fluorescence
can be monitored to detect the presence of the target molecule. The binding of a target molecule
can also cause a shift in the emission wavelength of the quantum dots. This shift can be used
to identify and quantify the target molecule in the sample. Binding to a target molecule can
affect the stability of the quantum dots and their resistance to aggregation or degradation®.
Changes in stability can impact the performance and durability of the sensor. Quantum dots
have a high quantum yield and photostability, which can lead to signal amplification when they
bind to target molecules. This can increase the sensitivity of the sensor detection system®.

2.8 The Band Gap Theory and Quantum Dots Particle Size Estimation

2.8.1 The Band Gap Theory

Band gap theory is a fundamental concept in solid-state physics that explains the behavior of
electrons in materials®. It revolves around the idea of a band gap, which is an energy range in
a material where no electron states can exist. This gap shows the difference between the energy

levels where electrons are allowed to exist and those where they are forbidden.

In materials, electrons are arranged in energy bands that are related to the energy levels of the
atoms within the material. These include the valence band (VB) or highest occupied molecular
orbital (HOMO, which contains electrons at their lowest energy levels, and the conduction
band (CB) or lowest unoccupied molecular orbital (LUMO), which contains electrons that can
move freely within the material®”. The gap between the highest-filled energy level and the

lowest unfilled energy level is known as the band-gap (Eg)®. The band gap theory explains the
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classification of materials into conductors, semiconductors, and insulators based on the energy

separation between the valence band and the conduction band.

Conductors are materials with overlapping valence and conduction bands, allowing electrons
to move freely. Insulators, on the other hand, have a large band gap that prevents electrons
from moving from the valence band to the conduction band easily. Semiconductors fall
between conductors and insulators; they have a smaller band gap compared to insulators, which

allows them to conduct electricity under certain conditions®.

The band gap is crucial in determining the electrical, optical, and thermal properties of
materials. In terms of electrical conductivity, materials with wide band gaps are insulators
because the energy required for electrons to jump from the valence band to the conduction band
is high. On the other hand, materials with smaller band gaps, such as semiconductors, can
conduct electricity with less energy input®.

The band gap also influences the optical properties of materials®*. When photons of light
interact with a material, they can be absorbed if their energy matches the band gap. The
absorption or emission of photons in a material is directly related to its band structure, which
determines which wavelengths of light are absorbed or emitted®?,

Furthermore, the band gap theory is essential in the design and development of electronic
devices. Semiconductors, with their intermediate band gap, are widely used in electronic
components like transistors and diodes. By controlling the band gap through doping or other
methods, engineers can manipulate the electrical behavior of these materials to create devices

with specific functionalities®.

2.8.2 Quantum Dots Particle Size Estimation
2.8.2.1 Film Thickness Determination
The formula given below (1), is used to calculate the film thickness of a glass slide coated with

nanoscale particles such as QDs**:

4= f—e () @)
where

d= film thickness
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Am= number of peaks in the wavelength used for calculation (the number of prominent peaks that
appear in the spectrum generated)

n = refractive index of the material on which the particles have been coated

0 = angle of incidence with respect to sample

Mand A2 = start and end wavelength used in the wavelength range used for calculations

2.8.2.2 Band Gap Calculation
The band gap measurement studies of the CdSe QDs were conducted in order to ascertain that
the synthesised material was at quantum scale. The indirect band gap energy for CdSe was

calculated using the Tauc’s relation shown below®.
(ahv) = A(hv —Eg)" @)

where

a = molar extinction coefficient of the material

h = Planck’s constant

v = photon’s frequency

A = proportionality constant

Eg = band gap of the material

n = factor representing the type of transition of the material (equal to %2 and 2 for direct and indirect
band gap respectively).

Take note that for CdSe quantum dots, n is equal to 2, which corresponds to allowed indirect

transitions.

2.8.2.3 Particle Size Determination

The size of a quantum dot can be estimated using the relationship between its band gap energy
and its physical dimensions, which is described by the quantum confinement effect®®. The
guantum confinement effect arises when the size of the material is reduced to a few nanometers
or smaller, leading to the confinement of electrons and holes within a nanoscale volume®’. This
confinement leads to a discrete energy spectrum, and the energy difference between the highest

occupied state and the lowest unoccupied state called the band gap as earlier stated above.

The relationship between the band gap energy and the size of a quantum dot can be described
by the effective mass approximation and the Brus equation (3)%. The effective mass
approximation assumes that the electrons and holes in a semiconductor material can be treated

as free particles with an effective mass that depends on the size of the quantum dot. The Brus
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equation relates the band gap energy to the size of the quantum dot and the effective mass of

the electrons and holes®®.

Ey = [Epux + % (i + i) - == ] (3)

mg  my 4TEgErR

where

E, = band gap energy of quantum dot,

Ebuik = band gap energy of the bulk semiconductor material

R = radius of quantum dot

m’"e = effective mass of excited electron

m"h = effective mass of excited hole

h = Planck’s constant,

&y = permissivity of vacuum

&, = relative permittitivyt (a constant that depends on the dielectric constant and the electron-hole

interaction in the material).
Rearranging the Brus equation gives:

Ry |(5) (et~ ()|

(Eg—Epuik)

(4)

2.8.3 Synthesis of Quantum Dots

Quantum dots (QDs) are semiconductor nanoscale particles with unique optical and electronic
properties that make them attractive for a wide range of applications, including biological
imaging, solar cells, and electronic devices!®. Numerous methods have been developed for

synthesizing QDs, each with its own advantages and drawbacks’" 1%,

One common method for synthesizing QDs is colloidal synthesis, in which the nanocrystals
are prepared in a solution containing a precursor material and a stabilizing agent'%2. This
method is relatively simple and inexpensive, and can produce high-quality QDs with narrow
size distributions'®®. An example of a colloidal synthesis is shown in Figure 2.4 below, in which
high quality carbon quantum dots are synthesised. However, this method of synthesising
quantum dots may not be suitable for large-scale production and can result in toxic waste

products.

Another method for synthesizing QDs is the solvothermal method, which involves the use of

high-pressure and high-temperature conditions to promote crystal growth'®. This method
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typically results in QDs with high crystallinity and good optical properties, but it requires
specialized equipment and can be time-consuming®.

Other methods for synthesizing QDs include electrochemical synthesis, microwave-assisted
synthesis, and laser ablation®. Each of these methods has its own advantages and drawbacks,
and the choice of method will depend on the specific application and desired properties of the
QDSW.

Overall, the development of new synthesis methods for QDs is an active area of research, with

the goal of producing QDs with good optoelectronic and high purity.
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Figure 2.4: Schematic representation of synthesis of carbon quantum dots®%,
2.8.4 Proposed Reaction Steps for the Formation of CdSe QDs
The plausible mechanism of action for the formation of CdSe QDs consists of two concerted

steps: (1) the formation of the CdSe QDs and, (2) the stabilization of these QDs using polyvinyl
alcohol (PVA)1®.

Step 1: Formation of CdSe QDs

The first step involves the formation of CdSe QDs by reacting a solution of cadmium chloride
and trisodium citrate at pH 12, which is adjusted using a 1M sodium hydroxide solution, with
a solution of freshly prepared sodium selenosulphite mixed with sodium borohydride. The
sodium borohydride acts as a reducing agent, which reduces the sodium selenosulphite to
selenide ions. These selenide ions react with the cadmium ions in solution to form CdSe
QDS“O.
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3CdCl3 (ag) + 2NazCeHs507 (ag) » Cd3(CeHs07)2 (aq) + 6NaClagy  (5)

Na2SeS03 (aq) + 4NaBH4 (ag) + 7TH20 () — NazSe (agq) + NazB4O7 ag) + 15H2 (g) + Na2SO3 (ag)
(6)

Cd3(CeHs07)2 (ag) + 3Na2Seg) » 3CdSe (aq) + 2 NazCeHsO7(aq) @)

Step 2: Stabilization of the CdSe QDs using PVA
The second step involves stabilizing the CdSe QDs using PVA. Polyvinyl alcohol which is

present in the reaction mixture as the QDs are forming, binds to the surface of the CdSe QDs
via hydroxyl groups on the polymer. This prevents the QDs from aggregating and stabilizes
them in solution in a similar manner to what is depicted in Figure 2.5 below. The PVA also
acts as a capping agent, which controls the growth of the quantum dots, resulting in uniform

size and shape!!!,

Conclusively, the formation of CdSe QDs stabilized by PVA involves a complex series of
chemical reactions that require careful control of the reaction conditions to ensure formation

of well-defined quantum dots with desired optoelectronic propertiest*2,
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Figure 2.5: Diagrammatic representation of quantum dots stabilization using PVA!?

2.8.5 Methods of Genosensing Using Quantum Dots
Quantum dots (QDs) are semiconductor nanoscale particles that have unique optical and
electronic properties, making them attractive for genosensing applications®®. QDs can be

functionalized with oligonucleotide probes that can bind to specific DNA sequences!4,
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allowing for the detection of genetic mutations or polymorphisms. Studies have been done
where QDs have been used to detect single nucleotide polymorphisms (SNPs) in the breast
cancer type 1 (BRCA1) gene, which is associated with breast and ovarian cancer, as shown in
Figure 2.6 115, In these studies, QD-based approach showed high sensitivity and specificity and
was able to detect SNPs in both cell lines and clinical samples. Other studies report
development of a QD-based genosensing approaches for the detection of GM crops, based on
expressed proteins 2. The QD-based approaches were able to detect GM content in samples
from as low as 0.1 ng L™ to as high as 13.2 ng L of GM soybeans in non-GM soybeans and
showed high selectivity and reproducibility*'®. These studies demonstrate the potential of QD-
based genosensing for a variety of applications, including GMO detection and genetic disease

diagnosis.
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Figure 2.6: Schematic representation of single polymorphism guantum based genosensor %7

2.9 Adsorption Isotherms

In order to gain insight into the adsorption behaviour of particles such as nano-particles and
quantum dots, adsorption isotherm models are used'®. These models help to explain the
interaction between adsorbate molecules and the adsorbent surface, and they can be used to
estimate important parameters such as adsorption capacity, affinity, and energetics of the
resulting modified particle!*®. Such models include Langmuir, Freundlich and Temkin.

2.9.1 Langmuir Isotherm Model

The Langmuir isotherm model assumes monolayer adsorption onto a homogeneous surface
with a finite number of identical adsorption sites. It is based on the assumptions that: adsorption
occurs only at specific sites on the surface, each site can accommodate only one adsorbate

molecule, there is no interaction between the adsorbed molecules and all adsorption sites are



identical and energetically equivalent?’. The nonlinearized Langmuir isotherm equation is
given by:

_ QmKL Ce
Qe =ik co (8)

where:

C. is the equilibrium concentration of the adsorbate in the solution.

Qe is the amount of adsorbate adsorbed per unit mass of adsorbent.

Qm is the maximum adsorption capacity of the adsorbent.

KL is the Langmuir constant related to the affinity of the adsorbate for the adsorbent.

The Langmuir isotherm model provides information about the maximum adsorption capacity
(Qm) and the equilibrium constant (K.), which provides insights into the strength of the

adsorbate-adsorbent interaction. The linearised form of the Langmuir equation is shown below:

Ce — 1 &
Q_e (QmKL) Qm (9)

2.9.2 The Freundlich Isotherm Model

The Freundlich isotherm model describes adsorption on heterogeneous surfaces. It assumes
multilayer adsorption onto a surface with a non-uniform distribution of adsorption energies.
The Freundlich model assumes that adsorption occurs on a heterogeneous surface with
different adsorption energies, the adsorption capacity decreases as the surface becomes more
and more occupied with adsorbates and that there are no specific adsorption sites?.

The Freundlich isotherm equation is given by:

1
n

Qe = KgCg (10)

where:

Qe is the amount of adsorbate adsorbed per unit mass of adsorbent.
Ce is the equilibrium concentration of the adsorbate in the solution.
Kk is the Freundlich constant related to the adsorption capacity.

n is the Freundlich constant related to the adsorption intensity.

The Freundlich isotherm model provides information about the adsorption capacity (Kr) and
the adsorption intensity (n)*?2. The parameter n represents the linerarity or nonlinearity of the
adsorption process. When n is equal to 1, it indicates a linear adsorption isotherm, and the

adsorption process is favourable. If n is greater than 1, it suggests a cooperative adsorption
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process, meaning that the adsorption becomes increasingly favourable as the concentration of
the adsorbate increases. On the other hand, if n is less than 1, it indicates a less favourable or
unfavourable adsorption process, where the adsorption decreases as the concentration of the

adsorbate increases'®.

In the linearized equation shown below:

In Qe = =InCe + In K (11)

where Qe and Ceare the same as in Langmuir isotherm, Kr and n are the Freundlich constants.
Ke [(mg/g) (L/g) ¥ is related to the binding energy of the adsorbent and n is the heterogeneity
factor that measures the deviation from the linearity of the adsorption.

2.9.3 Temkin Isotherm Model

The Temkin isotherm model incorporates the effects of adsorbate-adsorbent interactions and
assumes a linear decrease in adsorption energy with coverage!?®. The assumptions of the
Temkin model are that, the heat of adsorption decreases linearly with coverage, there is a
uniform distribution of binding energies and that there is no interaction between adsorbed

molecules'®.

The Temkin isotherm equation is given by:

e = Xyhk,C,) (12)
bt

dm

where:

ge and gm are the equilibrium and saturated adsorption amount of solute on solid surface
respectively (mg/g)

R is the ideal gas constant (8.314 J/ mol-K)

T is the temperature (in Kelvin)

br is the adsorption to heat parameter ( J/mol)

KL is the adsorption equilibrium constant of solute on solid surface (L/mg)

Ce is the equilibrium concentration of the solute (mg/L).

The Temkin isotherm model is suitable for describing various adsorption processes, including
both physical and chemical adsorptions. It can provide insights into the surface heterogeneity

and the interaction between the adsorbate and the adsorbent.
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CHAPTER 3
Literature Review
3.1 Introduction
This chapter gives a review of what genosensing is and how it relates to genetically modified
organisms (GMOs) detection, the concerns surrounding their use and the methods that are
available for their detection and the challenges associated with such existing methods. The

chapter also looks at genosensing using quantum dots and the ethical considerations.

Genosensing is a technique that involves the detection of specific genetic sequences within a
sample, as explained by Sanchez-Paniagua et al.'?®. In the context of genetically modified crop
detection, genosensing plays a crucial role. By targeting and identifying unique genetic markers
inserted into the DNA of genetically modified crops, genosensing allows for the accurate and
efficient identification of these modified organisms!?’. This is essential for regulatory purposes,
ensuring proper labeling and monitoring of GM crops in the food supply chain. Furthermore,
genosensing can help verify the authenticity and prevent the fraudulent labeling of non-GM
crops'?8, However, there is a lack of exploration of CdSe QDs for cp4epsps gene detection in
GM cereals in almost if not all the current methods of GM crop detection®?®.

3.2 CP4EPSPS Gene and GMO Controversy

The cp4depsps gene, also known as the 5-enolpyruvylshikimate-3-phosphate synthase gene, is
a key component in genetically modified organisms. This gene is often inserted into the DNA
of GMOs to confer resistance to glyphosate-based herbicides, such as Roundup. By producing
an enzyme that allows the plant to continue producing essential amino acids in the presence of
the hercide, crops with the cp4epsps gene are able to survive glyphosate applications while
weeds are eradicated. This trait has been widely adopted in genetically modified crops, leading

to increased efficiency in weed control and crop management by farmers.

Genetically modified (GM) crops, particularly soybeans and corn, have been a topic of
controversy for several years*3. The primary concern is the potential impact on human health
and the environment. Soybeans and corn are two of the most widely grown GM crops in the
world, with approximately 90% of soybeans and 85% of corn grown in the United States being

genetically modified as reported by Qaim®3Z.

The primary benefit of GM soybeans and corn is their ability to resist pests and herbicides,

which increases crop yields and reduces the need for pesticides®® **2. However, concerns have
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been raised about the potential harm to human health and the environment due to the
widespread use of genetically modified crops**®. Studies have shown that GM crops can have
unintended adverse effects on non-target organisms, such as beneficial insects and soil
microorganisms as reported by Van!3,

Domingo®®* reports that there are also concerns about the potential for GM crops to cross-
pollinate with non-GM crops, leading to the unintentional spread of GM traits. Additionally,
there is a lack of long-term studies on the impact of GM crops on human health, which has led

to controversy and debate!*®.

Beeckman and Rudelsheim® report that regulatory frameworks for GMOs vary between
countries and regions, although generally they aim to ensure the safety of GMOs for human
health and the environment. These frameworks typically involve risk assessment procedures to
evaluate the potential impacts of GMOs on ecosystems and human health. They also often
require GMO labeling to imform consumers about the presence of GM ingridients in food
products. Additionally, regulatory frameworks may involve monitoring and post-market
surveillance to track the long-term effects of GMOQOs once they are released into the
environement. The ultimate goal of these regulatory frameworks is to balance the benefits of
GMO technology with potential risks, ensuring responsible development of genetically

modified crops and products, as reported by Righelato’.

Despite these concerns and the extant regualatory frameworks, the use of GM crops continues
to increase due to their benefits in terms of increased crop yields and reduced pesticide use. As
such, it is important to continue monitoring the potential impact of GM crops on human health

and the environment!3,

There has been restricted investigation done on advanced genosensing techniques for
identifying cp4epsps gene in GM crops'?®. This study therefore, delves into developing a
detection method aimed at enhancing sensitivity and realibilty of detecting cp4epsps DNA

segment, a gene that codes for an enzyme linked to herbicide-resistant GM crops.

3.3 GMOs and their Prevalence in the Food Industry

Genetically modified organisms refer to organisms whose genetic material has been altered
using genetic engineering techniques®®®. Amaro-Blanco et al.'*° report that in the context of
food, GMOs are often created by introducing genes from one species into another to confer

specific traits, such as increased resistance to pests, diseases, or herbicides.
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The presence and regulation of GMOs in the market vary from country to country**!. Some
countries, such as the United States, have a relatively high adoption of GMO crops, while
others have stricter regulations or limited GMO cultivation*2. Common genetically modified
crops include soybeans, corn, cotton, canola, and sugar beets. These crops are often used as
ingredients in many food products, such as oils, sweeteners, and processed foods, as reported

by Oguchi et al.**3

In terms of adoption and market penetration, genetically modified crops, particularly soybeans,
corn, cotton, canola, and sugar beets, have been widely cultivated and incorporated into
numerous food products in many countries, as reported in (The International Service for the
Acquisition of Agri-biotech Applications) ISAAA4. On the 23rd year of commercialization
of biotech/GM crops in 2018, 26 countries grew 191.7 million hectares of biotech crops!#4. The
United States, Brazil, Argentina, Canada, and India are among the leading producers of
genetically modified crops. The average biotech crop adoption rate in the top five biotech crop-
growing countries increased in 2018 to reach close to saturation, with USA at (93.3%) (average
for soybeans, maize, and canola adoption), Brazil (93%), Argentina (~100%), Canada (92.5%),
and India (95%). The number of African countries currently growing biotech crops stands at
3— South Africa at (3.4%), Sudan at (0.3%), and eSwatini at (3.9%). Two more countries —
Ethiopia and Nigeria gave environmental release approvals: Ethiopia for Bt cotton, while
Nigeria approved cotton and cowpea. Earlier, Kenya and Malawi also granted environmental
release approvals and are working towards commercialization of biotech cotton in the short-
term!®®. Figure 3.1 below shows the percentage growth of the five top biotech crops globally,

while Table 3.1 shows the area allotted for cultivation of specific biotech crops.

Biotech Canola

10.1 Mhas
{5.3%) —‘
Biotech Cotton

24.8 Mhas -|

Other Biotech Crops*
1.9 Mhas (1%)

(13%)

\| Biotech Soybeans
95,9 Mhas

(50%)

Figure 3.1: Biotech crops in 2018, eggplant (Area and adoption rate). *Sugar beets, potatoes, apples, squash,
papaya, and brinjal/eggplant. Source: ISAAA, 20184,
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Table 3.1: Global Area of Biotech Crops in 2018: by Country (Million Hectares)**

Rank | Country Area (Million | Biotech Crops
Hectares)
1 USA* 75.0 Maize, soybeans, cotton, canola, sugar beets,
alfalfa, papaya, squash, potatoes, apples
2 Brazil* 51.3 Soybeans, maize, cotton, sugarcane
3 Argentina* 23.9 Soybeans, maize, cotton
4 Canada* 12.7 Canola, maize, soybeans, sugar beets, alfalfa,
potatoes
5 India* 11.6 Cotton
6 Paraguay* 3.8 Soybeans, maize, cotton
7 China* 2.9 Cotton, Papaya
8 Pakistan* 2.8 Cotton
9 South Africa* | 2.7 Maize, soybeans, cotton
10 Uruguay* 1.3 Soybeans, maize
11 Bolivia* 1.3 Soybeans
12 Australia* 0.8 Cotton, canola
13 Philippines* 0.6 Maize
14 Myanmar* 0.3 Cotton
15 Sudan* 0.2 Cotton
16 Mexico* 0.2 Cotton
17 Spain* 0.1 Maize
18 Colombia* 0.1 Cotton, maize
19 Vietnam <0.1 Maize
20 Honduras <0.1 Maize
21 Chile <0.1 Maize, soybeans, canola
22 Portugal <0.1 Maize
23 Bangladesh <0.1 Brinjal/Eggplant
24 Costa Rica <0.1 Cotton, soybeans
25 Indonesia <0.1 Sugarcane
26 eSwatini <0.1 Cotton
Total 191.7
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*18 biotech mega-countries growing 50,000 hectares, or more, of biotech crops
**Rounded-off to the nearest hundred thousand.
Source: ISAAA, 2018144,

Gaskell et al. and, Lusk and Rosan 146

, report that when it comes to the issue of GMO labelling
and consumer awareness, various countries have implemented different regulations. Some
require mandatory labelling of GMO-containing products, while others do not. Consumer
awareness and preferences for GMO labelling vary geographically, with some consumers

expressing a desire for clear and transparent labelling.

Safety and health concerns of GMOs are a subject of ongoing scientific debate!*”. Based on the
short-term studies that have been done, numerous scientific organizations, including the
National Academy of Sciences and the World Health Organization, have concluded that
genetically modified foods currently on the market are safe to consume®* 148, Critics, however,
express concerns about potential long-term health effects, environmental impacts, and the
economic implications of GMO adoption, including the consolidation of seed companies and
the loss of crop diversity**"® 14 |t should be noted that most of these studies have been
conducted and funded by biotechnology companies responsible of commercializing these GM
plants. Studies specifically addressing safety assessment of GM plants are still limited,
published literature on GM plants over the past 4 years concerns only 3 products, therefore,

more efforts are required to build confidence in the evaluation/acceptance of GM plants4®-10,

According to Kuzma and Vermaas®®!, many countries have adopted different approaches in
order to try and deal with the issue of GMOs . For example, some European countries like
France, Germany and Italy have banned the use of GMOs completely while other countries on
the other hand like the United States of America and Brazil have adopted softer measures,
allowing cultivation and consumption of GMOs'* 52 Other countries yet still have
implemented various regulatory frameworks to assess and manage GMOs' safety and
environmental impacts. These frameworks involve rigorous pre-market assessments, including
safety evaluations and environmental risk assessments. Regulatory approaches differ between
countries, and public opinion plays a significant role in shaping the regulatory landscape®®®.
However, it is important to note that scientific research and public perceptions of GMQOs

continue to evolve.
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3.4 Previous Studies and Current Methods of GMO Detection

Detecting genetically modified (GM) soybeans and corn involves the use of various analytical
methods. This section discusses some commonly used methods, along with the associated
challenges.

Holst-Jensen et al.’>* report that Polymerase Chain Reaction (PCR) is a widely used method
for detecting genetically modified organisms (GMOs) by amplifying specific DNA sequences
that are characteristic of GM traits. It allows the identification of specific genetic elements
introduced into the plant. However, PCR-based methods face challenges in terms of sensitivity,
specificity, and the potential for false-positive or false-negative results. Despite its wide spread
use, PCR primers may not be perfectly specific leading to non-target amplification, the
presence of PCR inhibitors such as salts and humic acids can reduce its reaction efficiency, and

there are cross-reactions between primers which can reduce the accuracy of the method**®.

James'® reports that enzyme-linked immunosorbent assay (ELISA), is an immunological
method that detects specific proteins or antibodies associated with GM traits. It can identify
the presence of GM proteins in soybeans and corn. However, ELISA-based methods have
limitations in terms of cross-reactivity, failure to identify expressed proteins in over-processed
GMO containing foods, and the nonavailability of specific antibodies for all GM events!®,

Palleja et al.'®® report that Next-Generation Sequencing (NGS) technologies can provide
comprehensive genomic information, enabling the detection of GM traits by comparing the
DNA sequences of a sample with a reference database. While NGS offers high-throughput and
unbiased analysis, it requires expensive and sophisticated bioinformatics tools and reference

databases for accurate identification.

Morisset et al.®" report that Digital PCR (dPCR) can be used to partition DNA into thousands
of small reactions, allowing quantification of target sequences. It can provide guantification of
GM DNA and detect relatively low levels of GM contamination. However, dPCR has
challenges related to assay design, cost, sensitivity and selectivity, and the need for specialized

equipment.

Mass Spectrometry (MS)-based methods analyze protein or peptide profiles to identify GM
proteins in soybeans and corn. It offers high specificity and can detect multiple GM traits
simultaneously as reported by Zhang and co-authors'®®, However, MS methods require skilled

operators, sophisticated equipment, and reference protein databases for accurate identification.
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It's important to note that the field of GMO detection is dynamic, and new methods and
technologies continue to emerge. The methods available fail to address the issue of false
positives and negatives and there are no standardized detection methods and protocols to ensure
consistency and accuracy across laboratories. Therefore, endeavoring to come up with new and
easier methods of detection based on quantum dots due to their potential for enahanced

sensitivity and specificity is crucial for accurate GM crop detection.

3.5 Quantum Dot-based Genosensing

Dong et al.**® report that quantum dots (QDs) are nanoscale semiconductor particles, with
unique optical and electrical properties that make them valuable in genosensing applications.
These advantanges include hgh photosatability, tunable fluorescence, and size-dependent
emission spectra. By leveraging these properties, QDs enhance the sensitivity and specificity

of genosensing assays, enabling efficient detection of genetic material.

Incorporating quantum dots in genosensing opens up new possibilities for accurate and reliable
genetic analysis in various fields such as medicine, environmental monitoring, and

biotechnology, as reported by Zhang et al.*®

Genosensing using CdSe quantum dots has been an area of intense research in recent decades
due to its potential applications in medical diagnostics, environmental monitoring, and genetic
analysis as reported by O'Connor et al*®!. The various aspects of genosensing using CdSe

quantum dots, including their synthesis, functionalization, and applications are discussed here.

CdSe quantum dots have unique optical and electronic properties, making them ideal for use
in genosensing applications®®. They have a high surface area to volume ratio, which provides
a large number of binding sites for DNA molecules. CdSe quantum dots can be synthesized
using various methods, including the colloidal synthesis, sol-gel synthesis, and hydrothermal
synthesis, as earlier explained above'®2. Among these methods, colloidal synthesis is the most

commonly used method due to its simplicity, reproducibility, and scalability*53.

Fan et al. 1% explain that functionalization of CdSe quantum dots is essential for their
application in genosensing. Functionalization can be achieved through covalent or non-
covalent interactions. Covalent functionalization involves the formation of a covalent bond
between the CdSe quantum dots and the molecule being used to improve its surface properties.
Non-covalent functionalization, on the other hand, involves the use of electrostatic,
hydrophobic, or van der Waals interactions. The choice of functionalization method depends
on the application and the properties of the DNA segment to be attached to them.
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Genosensing using CdSe quantum dots has been demonstrated in various applications,

including DNA detection and gene expression analysis®®

. DNA detection using CdSe quantum
dots involves the hybridization of the target DNA with the complementary probe DNA that is
attached to the surface of the CdSe quantum dots. The hybridization event leads to a change in
the optical properties of the CdSe quantum dots, which can be detected using fluorescence
spectroscopy. For example CdSe quantum dots have been reported to have been used in the

detection of progesterone in human serum, as reported by Oh et al.%®

Several studies have reported the use of CdSe quantum dots in genosensing applications®® 167,
For example, Chen et al.!®® report the use of CdSe quantum dots for the detection of
Mycobacterium tuberculosis DNA. The authors in this study functionalized the CdSe quantum
dots with thiolated DNA probes and demonstrated the specific detection of the target DNA
with a limit of detection of 2.2 nM. Fang et al.*%® report the use of CdSe quantum dots for SNP
genotyping of the CYP2C19 gene, which is associated with drug metabolism. These authors
functionalized the CdSe quantum dots with allele-specific probes and demonstrated the specific
detection of the target SNPs with high sensitivity and selectivity. Huang et al.'®® reported the
use of CdSe quantum dots for gene expression analysis of the vascular endothelial growth
factor (VEGF) gene. The authors functionalized the CdSe quantum dots with DNA probes that
specifically hybridize with the VEGF mRNA and demonstrated the specific detection of the
target mMRNA in cancer cells.

Finally, it can be said that genosensing using CdSe quantum dots has emerged as a promising
technology for DNA detection, SNP genotyping, and gene expression analysis. The unique
optical and electronic properties of CdSe quantum dots, combined with their high surface area
to volume ratio, make them ideal for use in genosensing applications. However, to the best of
the researcher’s knowledge, there has been an insufficient exploration of CdSe QDs for

cpdepsps detection in GM cereals.

3.6 Advances in Quantum Dot-based Genosensing

Quantum dots have emerged as a promising platform for genosensing applications due to their
unique optioelectronic properties, making them ideal candidates for bioanalytical techniques.
In recent years, significant advancements have been made in utilizing CdSe QD-based
genosensing for various biomedical purposes, as reported by Chen et al.1”® and Meysam*?.

According to Gupta and Rajamanil’?, one of the notable developments in this field is the
improved sensitivity achieved through the functionalization of CdSe QDs with specific DNA

29



probes. By attaching complementary DNA sequences to the quantum dots, researchers have
been able to enhance the selectivity and efficiency of genosensing assays. This strategy has
enabled the detection of target DNA sequences with high precision, even in complex biological

samplest’,

Furthermore, Lui et al.X™ report that, the integration of CdSe QDs into microfluidic devices
has facilitated the miniaturization and automation of genosensing platforms. These lab-on-a-
chip systems allow for the rapid and high-throughput analysis of nucleic acids, offering
potential applications in point-of-care diagnostics and personalized medicine. By leveraging
the unique optical properties of CdSe QDs, such as their tunable emission wavelengths and
exceptional photostability, researchers have been able to develop sensitive and reliable

genosensors for various genetic markers.

Moreover, the development of multiplexed genosensing assays based on CdSe QDs has
enabled the simultaneous detection of multiple DNA targets in a single experiment. This
capability is particularly valuable for applications requiring the parallel analysis of different
genetic sequences, such as genotyping and mutation screening. By functionalizing distinct
quantum dots with complementary DNA probes specific to different target sequences,
researchers have achieved multiplexed genosensing with high throughput and accuracy, as

reported by Vijian et al.1™

Liu et al.1’® report that in addition to their application in DNA detection, CdSe QDs have also
been explored for the detection of RNA molecules and proteins. By designing aptamer-
functionalized quantum dots capable of binding to specific RNA or protein targets, researchers
have expanded the utility of these nanomaterials in bioanalytical assays. This versatility
highlights the potential of CdSe QD-based genosensing for a wide range of biomedical
applications beyond DNA analysis.

According to Davoodi et al.}”’, it has also been noted that CdSe QD-based genosensing offers
significant advantages over traditional methods and other nanomaterials in DNA detection.
This is because QDs possess unique optical properties, such as size-tunable emission and high
photostability, making them ideal for sensitive and specific genosensing applications, as
reported by Sapsford et al.1’®. In contrast to traditional methods that often rely on complicated

labelling techniques or time-consuming protocols, CdSe QD-based genosensing is simpler,
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faster, and more cost-effective. Additionally, their high surface-to-volume ratio allows for

enhanced biomolecular interactions, leading to improved detection sensitivity.

When compared to other nanomaterials like gold nanoparticles or carbon nanotubes, CdSe QDs
demonstrate superior performance in terms of signal amplification and target DNA detection.
Their ability to efficiently transfer electrons and energy makes them valuable tools in

genosensing applications, enabling accurate and rapid DNA analysis, according to Qiu et al.1"®

Qiu et al.'™® further report that, recent developments in CdSe QD-based genosensing as
compared to other traditional detection methods have demonstrated significant progress in
enhancing the sensitivity, selectivity, and multiplexing capabilities of bioanalytical techniques.
As researchers continue to innovate in this field, CdSe QDs are poised to play a vital role in
advancing genosensing technologies for biomedicine, biotechnology, and clinical diagnostics,
as reported by Soldado et al.*® It can also be clearly seen that the techniques discussed in this
section have no methods that have been developed to deliberately detect cp4epsps DNA gene

in GM crops.

3.7 Challenges and Future Directions

Cadimium selenide quantum dots have shown great promise in genosensing applications due
to their unique optical properties, as reported by Liu et al.}’® However, the use of QDs in
genosensing comes with its own share of challenges that need to be addressed for further

improvement in the genosensing field.

Salmi and Rouabhi®! report that, one of the main challenges associated with QDs is their
potential toxicity. Therefore, this has led researchers to actively explore ways to encapsulate
or modify the QDs to reduce their toxicity while maintaining their much needed optical

properties'®?,

Another challenge is the need for enhanced stability and sensitivity of the QDs in genosensing
assays. Factors such as oxidation, photobleaching, and nonspecific binding can affect the
reliability and accuracy of genosensing results. Improvements in the design of quantum QD-
based sensing platforms , along with better surface modifications, are essential to overcome

these stability and sensitivity isseues.

Abdoos!®, reports that the use of CdSe QDs in genosensing applications represents a cutting-
edge approach in the detection and analysis of genetic materials. These nanoscale particles
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offer superior sensitivity and specificity compared to conventional methods*®*. However, their
use in genosensing raises a lot of significant ethical and regulatory concerns that must be
carefully considered, as reported by Clift and Stone'®®. The significant ethical and regulatory
concerns are toxicity and bio-compatibility, privacy and data protection, informed consent,
equity and access, as well as lack of standardized regulations, safety and efficacy evaluations,

environmental impact, and labelling and disclosure, respectively8®,

In summary it can be seen from the literature reviewed in this study that the existing methods
of GMO detection face many challenges in terms of cost of equipment and software for
identification of DNA sequences found in these genetically modified crops as well as the
inability to differentiate between false positive results and false negative results. There is also
a lack of advanced studies on the use of quantum dots such as CdSe QDs to detect the cp4epsps
gene in GMOs. This research therefore, was focused on developing a rapid, efficient and
relatively cheaper means of genosensing of cpdepsps DNA segment in genetically modified

cereal using luminescent CdSe QD-based sensor which also offered a lower detection limit.
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CHAPTER 4
Experimental Methods

4.1 Introduction

This chapter provides detailed descriptions of all the experiments conducted in this study,
starting with the synthesis of CdSe quantum dots (QDs), which are the key components of the
designed detection platform because of their ability to interact with biological molecules and
change their properties even when bound with trace amounts of analytes. It also covers the
surface modification and functionalization of these particles to improve their biocompatibility
and sensitivity, as well as characterization. Additionally, the chapter discusses sample

preparations and electrochemical analyses.

4.2 Materials Used

Cadmium chloride hemipentahydrate, (CdCl2-2%2H20, >99%, Aldrich), trisodium citrate
dihydrate, (CsHsNasO7-2H20, >98%), selenium powder (Se, >90%, Aldrich), glutaraldehyde,
(CsHgO2, >25%, Aldrich), polyvinyl alcohol (PVA), Sodium sulphite, (Na:SO3), sodium
hydroxide pellets, (NaOH), sodium borohydride, (NaBH4), agarose gel (Invitrogen UltraPure
Agarose), ethidium bromide, (EtBr), Oligonucleotides (Ingaba Biotec., South Africa), Qiagen
QlAamp DNA Mini Kit (50) (Murtaza Traders, India), ethanol (99.9%), nuclease-free water,
distilled water (from the University of Zambia, School of Natural Sciences, Department of
Chemistry), certified GM maize from NBA (Chilanga), suspected GM maize, soy bean-
containing cornflakes, cereal containing GM soya, and non-GM local maize seeds bought from

the Zambian market in Lusaka.

4.3 Instrumentation

UV-VIS measurements were recorded using a Shimadzu 2600 UV-Vis spectrophotometer. The
measurements were carried out on thin films of CdSe QDs, CdSe@TU, and CdSe@TU@GA
on glass slides, and solutions in cuvettes. A Perkin EImer Spectrum RXI FT-IR Spectrometer
was used to generate FT-IR data. The fluorescence spectra-of the samples were obtained using
an Ossila Optical Spectrometer instrument. The measurements were carried out in solution
form in cuvettes. The PCR machine was used to synthesize the target DNA segments from the
whole genome sample extracts using specially designed primers.. The amplified target
sequences of DNA were viewed for confirmation of successful amplification using DNA Band
Imaging System (WSE-5400 Atto Printgraph Classic). Potentiometric measures on all the

samples used in the research were carried out using an anapot. The samples were quantitatively
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analysed using Linear Sweep Voltammetry, in the Analytical Mode of the instrument, on gold-
screen-printed electrodes. Q5000 NanoDrop Spectrophotometer was used to validate the

measurements done using the developed detection platform based on CdSe QDs.

4.4 Preparation of Materials

Figure 4.1 below shows the procedure used to design the detection platform. The diagram
depicts the synthetic route for the CdSe QDs, their surface modification with thiourea to give
them the needed ligands to interaction with the functionalization molecules, glutaraldehyde.
The functionalized CdSe QDs were then immobilized with the NH»-terminated
oligonucleotides used as capture probes. This resulted into the successful design of the

detection platform for of cp4epsps DNA segment incorporated into genetically modified crops.
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Figure 4.1: Schematic diagram shows CdSe QDs synthesis, surface modification, functionalization,
immobilization with the oligonucleotide capture probe and detection of target sSSDNA analyte.

4.4.1 Synthesis of CdSe QDs

The synthesis was carried out using a one-pot synthesis at room temperature without bubbling
in nitrogen gas. In the procedure, 0.745 mmol of cadmium chloride hemipentahydrate,
(CdClI2-2%2H20)) was mixed with 0.442 mmol of trisodium citrate dihydrate (TSC),
CsHsNaszO7-2H20, and different concentrations of polyvinyl alcohol (PVA), 3.21 x 10° M,
6.42 x 10°M, 9.63 x 10°M and 1.28 x 10™* M, in 50 mL of distilled water, to make a citrate
ion stabilized precursor of Cd?* ions. The pH of the solution was adjusted to 12 by 1 M NaOH
solution. On the other hand, 2 g of selenium powder (Se) and 20 g of Sodium sulphite, Na;SOs,
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were refluxed in 100 mL of distilled water at 90 °C for 7 hours, forming a solution of sodium
selonosulphite, Na>SeSOs, which acted as the precursor for selenium. From this formed
solution of sodium selonosulphite, 4 mL was then mixed with 3.44 mmol of sodium
borohydride, NaBHjs, in distilled water making a total volume of 50 mL, and stirred until the
mixture changed from colourless to red. From this freshly prepared selenium precursor, 3 mL
was added drop-wise to the previously prepared cadmium precursor at room temperature and
stirred for 1 hour. After 30 minutes of stirring, 5 mL of the formed product was pipetted out
and it was immediately observed under UV-light, the colourless solution gave a very deep
green luminescence. As the mixture was allowed to continue stirring, the solution changed
slightly to a pale yellow solution which still gave deep green luminescence under UV-light.
The product also gave a characteristic CdSe-QDs ultraviolet-visible excitation peak at 485

nm187.

4.4.2 Synthesis of CdSe@TU

Thiourea was used to modify the surface of the CdSe QDs. The following concentrations of
thiourea were prepared and used in the surface modification step: 0.0540 mg mL, 0.1100 mg
mL?, 0.1600 mg mL, 0.2200 mg mL?, 0.2700 mg mL, 0.3300 mg mL™?, 0.3800 mg mL™*,
0.4300 mg mL™, 0.4900 mg mL™? and 0.5400 mg mL™. From each of the ten different
concentrations, 1 mL was measured out and mixed with 0.1 mL (added to 0.90 mL of nuclease-
free water) of a solution of cadmium selenide, synthesised using 9.36 x 10* M of PVA. The
mixtures were vortexed for 15 seconds to ensure that the thiourea was well dispersed in the
solutions. The mixtures were then mounted onto the oscillating flask shaker and allowed to run

for 24 hours.

This was immediately followed by centrifugation for 5 minutes. The supernatants were
separated from the CdSe quantum dots and analysed using the UV-VIS spectrophotometer.

4.4.3 Synthesis of CdSe@TU@GA

From the previously prepared CdSe@TU, 1.0 mL was measured out and reacted with 0.2 pL
of glutaraldehyde while shaking for 1 hour, per each required preparation. The synthesised
composites were separated from the unreacted glutaraldehyde by centrifugation. The residue
was washed several times using nuclease-free water and then stored securely at -4 °C for

characterisations.
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4.4.4 Synthesis of CdSe@TU@GA@NH:2-Probe-DNA

In the synthesis of CdSe@TU@GA@NH2-Probe-DNA, 1 mL of the previously prepared
CdSe@TU@GA was reacted with 5 pL of the 5.0 ng L't NH.-Probe-DNA (oligonucleotide,
diluted using nuclease free-water) and shaken for 30 minutes, followed by centrifugation at
10,000 rpm for 15 minutes. The supernatant was carefully removed and discarded. The
remaining particles, which settled at the bottom of the vial, were washed using nuclease free
water to remove the unbound oligonucleotides. The designed detection particles with the

capture probes were then stored at -20 °C to be used later in the electrochemical analyses.

4.4.5 Extraction of DNA Samples

The following steps were taken in the extraction and preparation of cpdepsps DNA segment
from GM corn and soy beans containing cereal, locally grown maize seed and certified GM
soy beans, adopted from the method reported by Pacheco et al 188,

A water-bath was setup, at 65 °C. A 100 mg sample was weighed out and added to a 2-mL
Eppendorf tube followed by addition of 1 mL Lysis Buffer and 10 pL proteinase K solution,
mixed thoroughly by vortexing for 15 seconds and incubated at 65 °C for 30 minutes with
occasional vortexing. After incubation, the mixture was allowed to cool to room temperature
(20 °C). The tube was centrifuged at 8,000 rpm for 5 minutes and 500 pL of supernatant was
further transferred into a new 2 mL Eppendorf tube. After adding 500 pL of chloroform to the
supernatant, the tube was vortexed for 15 seconds and centrifuged at 8,000 rpm for 15 minutes
at 4 °C. The upper phase was carefully collected, mixed with 500 pL chloroform and
centrifuged again at 8,000 rpm for 15 minutes at 4 °C. The supernatant was collected in a 2-
mL Eppendorf tube and mixed carefully with 1 mL phosphate buffer. Then 600 puL of this
solution was transferred to a QlAquick spin column and centrifuged at 9,500 rpm for 1 minute
and filtrate was discarded. Then 500 puL of AW2 (99.9% ethanol to wash the salts out) was
added to the QIAquick spin column and centrifuged at 9,500rpm for 1 minute. After discarding
the filtrate, the column was again centrifuged at 8,500 rpm for 1 minute. The DNA was eluted
into a fresh 2-mL Eppendorf tube by adding 100 pL elution buffer to the QIAquick spin column
and incubating it for 5 minute at room temperature and then centrifuging at 8,500 rpm for 1
minute. The procedure was repeated for the other three samples. This modified extraction

method took 1 hour 30 minutes for all samples.
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4.4.6 Synthesis of CP4ESPSP DNA Segment from the Extracted DNA Samples

Using a PCR machine, cp4epsps DNA containing segments were synthesized by reacting a
mixture of the genomic DNA extracted from GM cereal and specially designed primers as
described below.

From the extracted genomic DNA, 1 pg was measured out and added to a clean microcentrifuge
tube containing 0.5 uM of each of the designed forward and reverse primers, 200 uM of each
dNTP, appropriate amounts of DNA polymerase and the PCR buffer, based on the
manufacturer’s instructions. The containts of the tube were mixed gently by pipetting up and
down 5 times and then carefully loaded onto the wells of min-PCR machine. A 60.20 °C
temperature was set, a 60 minutes duration and 40 cycles for the targeted segment of the
research conducted. After setting the program, the PCR reaction was started to amplify the
target DNA sequence.

After the synthesis process was done, the target DNA segment sample was put in a clean vial

and stored at -20 °C for further use.

4.4.7 Agarose Gel Electrophoresis

Given that PCR reactions generate a large number of DNA segments, the amplified DNA
molecules with the expected length, as per the designed primers, was analyzed by agarose gel
electrophoresis using 1% agarose gel (Invitrogen UltraPure Agarose). Electrophoresis was
performed using 1x Tris—acetate—-EDTA (TAE) buffer containing 1 pg/mL of ethidium
bromide (EtBr) and at a constant voltage of 100 V for 30 minutes. The DNA bands were
visualized and images were acquired using an Imaging system (WSE-5400 Atto Printgraph

Classic).

4.5 Characterization of Materials

The synthesized and functionalized CdSe QDs were interrogated for their optical properties.
UV-Vis measurements were obtaied using a Shimadzu 2600 UV-Vis spectrophotometer. The
measurements were carried out on thin films of CdSe QDs, CdSe@TU, and CdSe@TU@GA
on glass slides, and solutions in cuvettes. The FT-IR spectra were recorded using KBr powder
on a Perkin Elmer Spectrum RXI FT-IR spectrometer. The samples were scanned over a range
of 500 cm™ to 4000 cm™. The fluorescence intensities of the samples were analysed using an
Ossila Optical Spectrometer instrument. The measurements were carried out in solution form

in cuvettes. The electrochemical analyses of all the samples were carried out using an AnaPot
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(a potentiometer). The samples were quantitatively analysed using Linear Sweep Voltammetry,

in the Analytical Mode of the instrument.

4.6 Band Gap Measurements

4.6.1 Determination of Band Gap Energy and Calculation of Particle Size of CdSe QDs
In the procedure for determination of the band gap energy and the subsequent calculation of
the size of the synthesized CdSe QDs. Thin glass films were spin-coated with the CdSe QDs
and using the UV-Vis spectrophotometer, absorption spectral data were generated from a
wavelength range of 1400 nm to 200 nm. The UV-Vis spectral data obtained were used to
calculate the film thickness, using equation (1), and the value found was used to determine the
band gap energy. The value of the anlge 6 used in calculating the film thickness was obtained
from the Shimadzu 2600 UV-Vis spectrophotometer. The Tauc’s Relation was used to
determine the band gap energy of the CdSe QDs.

Using the Tauc's relation, the plotting of (a/4v)Y? versus the photon energy (4v) gave a straight
line in a certain region and the extrapolation of the straight line intercepted the (4v)-axis to give
the value of the indirect optical energy gap (Eg) for the synthesized CdSe QDs8°,

From the estimated energy band gap of the CdSe QDs of 3.43 eV and the shift in the energy
band gap between the bulk CdSe (1.74 eV, as the standard value), the size of the CdSe QDs
was calculated by using the Brus equation (3). The sample calculation is given in Appendix D:
D.1.

4.7 Adsorption Isotherm Studies

The binding properties of the synthesised CdSe QDs were studied using adsorption isotherms.
In the procedure employed, four standard concentrations of thiourea of 0.1000 mg mL, 0.200
mg mL, 0.4000 mg mL* and 0.6000 mg mL*were used to plot a calibration curve, using the
Linear Sweep Voltametric function of the Anapot, in the Analytical Mode, on gold-screen-
printed electrodes. The gold electrodes were thoroughly cleaned using absolute ethanol. Initial
concentrations of thiourea of 0.0540 mg mL™, 0.1100 mg mL™, 0.1600 mg mL™, 0.2200 mg
mL, 0.2700 mg mL?, 0.3300 mg mL*, 0.3800 mg mL*, 0.4300 mg mL™, 0.4900 mg mL*
and 0.5400 mg mL"! were measured against the plotted calibration curve and recorded in Table
5.1. 1 mL of the above stated concentrations of thiourea were then added to 10 separate vials
containing 0.1 mL of the synthesised CdSe QDs and the mixtures were allowed to react while

shaking at 1,000 rpm for 24 hours. This was followed by centrifugation at 4,000 rpm for 5
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minutes. The supernatant was collected and then used to determine how much of the thiourea
had bound to the CdSe QDs.

4.8 Assessment and Evaluation of Detection Platform

4.8.1 Detection Platform Evaluation and Specificity Determination

4.8.1.1 Detection of Complementary Probe-DNA and Uncomplimentary DNA

In order to evaluate the designed CdSe QD-based detection platform, standard solutions of 1.0
ng L, 2.0 ng L%, 4.0 ng L™and 6.0 ng L™ probe-DNA, bound to the QDs, were prepared and
calibration curves plotted on the Anapot, using gold-screen-printed electrodes. Then five
different concentrations of the single stranded probe cDNA (F) of 2.0 ng L™, 2.5 ng L, 3.0 ng
L1, 3.5ng L% 4.0ng L7, and five of the uncomplimentary ssDNA (R) of 2.0 ng L, 25 ng L
13.0ng L% 4.0ng L% and 5.0 ng L, were prepared. 0.01 mL of each of these solutions was
reacted with 0.01 mL of the designed detection platform (in 1.98 mL of nuclease free water)
for 30 minutes while shaking. The vials were centrifuged at 8,000 rpm for 15 minutes. The
supernatant was carefully removed from each vial, the remaining QDs with attached analytes
were carefully resuspened and measured against the plotted standard concentrations on the
Anapot.

4.8.2 Binding Ability of Designed Detection Platform

4.8.2.1 Binding Ability of CdSe@ TU@GA@NH2-Probe-DNA and CdSe@TU@GA for
cp4epsps DNA Segment

The binding ability of the designed CdSe QD-based detection platform, for the cpdepsps DNA
sequence, was evaluated by reacting the probe cDNA with both CdSe@TU@GA@NH2-Probe-
DNA and CdSe@TU@GA. In the procedure, a concentration of the probe cDNA of 2.5 ng L°
1 was prepared and reacted with CdSe@TU@GA@NH:-Probe-DNA and CdSe@TU@GA
separately, for 30 minutes while shaking. The vials were centrifuged at 10 000 rpm for 15
minutes. The supernatant was carefully removed from each vial, the remaining QDs with
attached analytes were carefully resuspended and measured against the plotted standard
concentrations on the AnaPot.

4.8.2.2 False Positive and False Negative Measurements

Further experiments were done in order to deal with the problem of false negatives and false
positives. In the procedure used, the designed CdSe QD based detection platform was allowed
to interact with both a non-GM DNA sequence containing sample and a GM DNA sequence

containing sample, prepared as described in section 4.4.5. In the preparation procedure 100 mg
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of non-GM locally grown maize and GM soy beans (certified to be genetically modified by
ZARI) were used. The extracted DNA segments were treated with the primers used to
synthesize cpdepsps DNA segments from the suspected samples, and the electrochemical
analysis was done as described in section 4.9.11 above.

4.8.3 Determination of Detection Limit

In order to determine the lowest amount of targeted sample DNA that could be detected using
the designed detection platform, the concentrations of the probe cDNA were reduced by
dividing the lowest concentration used in the generation of the calibration curve by 10 which
resulted into concentrations of 2.42 ng L%, 2.42 x 10t ng L%, 2.42 x 102 ng L, 2.42 x 1073
ngL?t 242 x10%ng Lt 242 x10%ng L7, 242 x10%ng LY, 242 x 107" ng L, 2.42 x 108
ng L, and 2.42 x 10 ng L%, These concentrations were measured against the calibration curve
and the results reported. The result obtained was validated theoretically, using linear regression.

4.8.4 Detection of DNA Samples

A 1 pL volume was taken from each of the 40x amplified extracted DNA samples and added
to 9 pL of nuclease free water to make a total volume of 10 puL. 1 mL of CdSe@TU@GA@
NH2-Probe-DNA was pipetted into two different Eppendorf tubes and a 2 pL of the above
prepared suspected samples was added to each tube, shaken for 30 minutes and then centrifuged
at 8,000 rpm for 15 minutes at room temperature (25 °C). The supernatant was taken out
carefully, the remaining QDs with attached analytes were carefully resuspened and then
measured against the previously plotted calibration curves. The determined concentrations of
the DNA in the samples were then calculated using the dilution factor and the PCR

amplification factor.

4.9 Validation of Methods

The validation of the developed method was done using a Q5000 NanoDrop
Spectrophotometer. The Q5000 Nanodrop Spectrophotometer had a detection limit of 1 ng/pL
as per the manufacturer’s specifications. Therefore, in order to make sure that the samples that
were tested using this instrument were in the detectable range, the amounts of the designed
detection particles were increased 1000 fold from 0.01 mL to 10 mL and the concentrations of
the analytes were increased 1, 000, 000 fold. The increased number of particles of the designed
detection platform ensured availability of an increased number of hybridization points for the

then increased number of analyte molecules!®,
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The Nanodrop Spectrophotometer was prepared by turning it on to allow it to warm up. Using
a lint free-cloth, the sample pedestal (pin) of the instrument was cleaned with an optical
cleaning solution to ensure accurate measurements. The wavelength was set to 260 nm,
corresponding to the absorbance maximum for DNA. 1 pL of each of the DNA samples was
pipetted onto the sample pedestal of the instrument using a fresh pipette tip in order to prevent
contamination. The lid of the instrument was closed and 10 s were allowed to pass to ensure
stabilization. The instrument measured the absorbance of the DNA sample at a wavelength of
260 nm and it was recorded. The procedure was repeated for all the DNA samples. The
concentration of the DNA sample was automatically computed by the software of the
instrument installed onto a computer, and gave a numerical figure with the appropriate units of

ng/uL.
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CHAPTER 5
Results and Discussion

5.1 Introduction

This chapter presents and discusses the results of the characterisation experiments carried out
in this study. These include, UV-VIS analyses, band gap energy determination, particle size
estimation via calculations, adsorption studies, fluorescence determination as well as FT-IR
analyses of the CdSe QDs and the surface modified and functionalized particles. The chapter
also presentst the DNA extraction data from samples and electrochemical analyses of the
extracted and prepared DNA samples, determination of the limit of detection as well as

validation of the study conducted.

5.2 Ultraviolet/Visible (UV-Vis) Spectroscopy Studies

5.2.1 UV-Vis Spectrum of the Synthesised CdSe QDs

The synthesised CdSe QDs solution had a colourless appearance in ordinary light but when
viewed under UV-light, the particles showed a deep green luminescence. Figure 5.1, below,
shows the appearance of the synthesised CdSe QDs in a) ordinary light while b) under UV-
light.

- la) b)
Figure 5.1: CdSe-QDs solutions in a) ordinary light and b) under UV-light at 366 nm.

To determine the optical properties of the synthesized CdSe QDs, the UV-Vis Spectrum was

collected using Shimadzu 2600 spectrophotometer, and is shown in Figure 5.2.

In Figure 5.2, the CdSe QDs showed an absorption peak of 485 nm, with an absorption edge
towards 600 nm. The absorption was in agreement with what has been reported in literature for
CdSe QDs!*!,
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Figure 5.2: UV-Vis spectrum of the synthesised CdSe QDs.

The interrogation of the CdSe QDs using UV-Vis analysis, helped to validate their optical
properties. The particles showed an absorption peak around 485 nm*®?, with an absorption edge
towards 600 nm, due to their large band gap energy. The band gap energy of semiconductor
QDs is inversely proportional to its size, and CdSe QDs with a diameter of around 2-4 nm have
a band gap energy that corresponds to absorption in the visible region of the electromagnetic
spectrum?®®, The absorption band around 485 nm corresponds to the energy required to excite
an electron from the valence band to the conduction band of the quantum dot, which is
determined by the band gap energy!®*. Therefore, the size of the CdSe QDs determines its band

gap energy and hence the wavelength of light required to excite it%.

5.2.2 UV-Vis Spectrum of CdSe, CdSe@TU, and CdSe@TU@GA

The interaction of the thiourea with the CdSe QDs was also confirmed by the red shift in the
UV-Vis absorption spectrum as can be seen from Figure 5.3 below. This is due to the formation
of a new surface state that is energetically higher than the original surface state. This new state
can lead to a decrease in the band gap energy and an increase in the absorption wavelength, as
can be seen in Figure 5.3, the absorption peak has shifted from 485 nm to 584 nm. This result

was in agreement with what has been reported in literature®.
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Figure 5.3: UV-Vis spectra of the synthesised CdSe QDs, CdSe QDs@TU and CdSe QDs@TU@GA

Coating CdSe QDs with thiourea leads to a red shift in the UV-Vis spectrum due to the
formation of a thin layer of thiourea molecules on the surface of the quantum dots. This layer
can alter the electronic structure and energy levels of the QDs, leading to a 99 nm shift in the

absorption and emission spectral®’.

The spectrum for CdSe@TU@GA, indeed confirms the modification and functionalization of
the CdSe QDs. The huge red shift shown in Figure 5.3 shows that new electronic states were
created in the QDs as the particles became covered with a layer of thiourea and glutaraldehyde

molecules%c,

In addition, the UV data helped to confirm that the particles were forming according to the
design shown in Figure 4.1. For example, in Figure 5.3, the absorption bands are attributed to
functional groups present in thiourea. This data can also be complimented with that from FT-

IR shown in Figure 5.5.

5.3 Optical Band Gap Determination of CdSe QDs
The graph in Figure 5.4, below shows the plot of (ohv)Y? versus the photon energy (hv) which
gives a straight line in a certain region. The extrapolation of this straight line intercepts the

(hv)-axis to give the value of the indirect optical energy gap (Eg).
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Figure 5.4: Tauc plot for indirect band gap of the synthesised CdSe QDs

Determining the band gap energy and size of quantum dots is crucial due to their direct impact
on the optical and electronic properties of the particles'®®. This energy gap dictates the type of
light they absorb and emit, which is critical for application in genosensors'®®. Knowing the
exact band gap makes it easier to tailor quantum dots for specific uses, optimizing their
efficiency and performance. Tuning the band gap also influences their conductivity and
electron behavior. Fundamentally, accurate band gap energy determination is important for
customizing quantum dots with desired optical and electrical characteristics, paving the way
for better genosensor design?®.

In this study, from Figure 5.4 above, the band gap value for the synthesised CdSe QDs was
estimated to be 3.43 eV. This value showed that the CdSe particles were of quantum dot size
(i.e. with closer electron holes; higher kinetic energy). The reported band gap for CdSe QDs
from literature is 2.28 eV and a relative red shift to the band gap of bulk cubic CdSe of 1.74
eV2%%, This obtained big value of the band gap energy of the synthesised CdSe QDs conforms

to the fluorescing properties observed in the material produced.

The radius was calculated to be equal to 1.410 nm giving an average diameter size of the
synthesised CdSe QDs of 2.82 nm, a result that fell within the reported diameter range for
quantum dots of 2 nm to 10 nm?%2, Example calculations of the radius are reported in Appendix
D: D.1.
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5.4 Fourier Transform-Infrared (FT-IR) Spectral Studies

5.4.1 FT-IR Spectral Analyses of CdSe QDs, CdSe@TU and CdSe@TU@GA@Probe
Fourier Transform-Infrared (FT-IR) spectroscopic studies were done to confirm successful
coating of thiourea onto the quantum dots as well as the subsequent functionalization of the
surface modified particles using glutaraldehyde.

The FT-IR plots in Figure 5.5 show the detected characteristic absorption bands of the thiourea
and glutaraldehyde and the probe oligonucleotides onto the surface of the CdSe QDs.
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Figure 5.5: FT-IR Spectra of CdSe QDs, CdSe@TU, CdSe@TU@GA and CdSe@TU@GA@Probe

In the FT-IR plot shown in Figure 5.5 above, the characteristic broad absorption band of Cd-
Se bond?® appears at 570 cm™. The OH band®** at 3300 cm™! from the particle stabilizer PVA,
is characteristic of the stretching vibration of the hydroxyl groups on the surface of the CdSe
QDs. Introducing thiourea as a surface modifier led to the appearance of bands associated with
thiocarbonyl (-C=S) stretch® around 2080 cm™'. The presence of thiourea was confirmed by
observing characteristic bands around 1250 cm™ for C-N stretching and 680 cm™ for C-S
stretching®%. Functionalizing the thiourea-modified CdSe QDs with glutaraldehyde introduced
aldehyde groups that would react with amino groups present in the oligonucleotides. The
appearance of a band around 1730 cm™ corresponded to the C=0 stretching of the aldehyde

206a,

group 207 The immobilization of oligonucleotides onto the surface-functionalized QDs
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involved the interaction between amino groups of the oligonucleotides and the aldehyde groups
on the CdSe QD surface. This interaction led to the formation of imine bonds. In the FT-IR

208 was observed at 2235 cm’. Additionally,

spectrum, the formation of imine bonds
characteristic bands related to the oligonucleotide structure, such as phosphate bands appeared

around 1235 cm™! and sugar-phosphate backbone vibrations>” around 980 cm™! were observed.

5.5 Fluorescence Studies
The fluorescence results in Figures 5.6 and 5.7 below show emission of CdSe QDs at shorter
wavelength which confirms that indeed the particles synthesized were of very small size?™°.

700 @00
Wavelength (nm)

Figure 5.6: Fluorescence spectrum for CdSe QDs (Ossila spectrometer generated)
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Figure 5.7: Fluorescence intensity of CdSe, CdSe@TU, CdSe@TU@GA and CdSe@TU@GA@Probe

The CdSe QDs show a well-defined spectrum. The fluorescence intensity of the CdSe@TU
was higher than that of the CdSe QDs, which indicated that the surface modification of the
particles had taken place successfully, resulting in change of the surface chemistry of the CdSe

QDs. Functionalizing the surface modified CdSe QDs with glutaraldehyde further modified
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their fluorescence properties as can be seen from Figure 5.7 above. The immobilization of the
oligonucleotides onto the surface modified and functionalized CdSe QDs appeared to have
affected the intensity of the particles, by reducing it?!1. The results helped to comfirm the
desired modifications of the particles.

5.6 Adsorption Isotherm Models

The adsorption isotherm models are widely used to describe and analyze the adsorption
process, particularly in the field of surface chemistry and material science. These models
provide insights into the interaction between adsorbate molecules and the adsorbent surface,
and they can be used to estimate important parameters such as adsorption capacity, affinity,
and energetics?'?. A full discussion and equations for adsorption isotherm models are given in
chapter 2, section 2.9, while the results for all experiments on the surface modification and

functionalization of the CdSe QDs can be found in Appendix B: B.1.

5.7 Sample Extraction Data
5.7.1 DNA Extraction Data from Negative Control, Positive Control, and the Two
Suspected GM DNA Sequence Containing Samples and PCR Amplicons

Using a modified Mericon extraction method, the amounts of the DNA concentrations obtained
and reported in Table 5.1 below, were consistent with what has been reported and
recommended except for one sample, sample A, which consistently gave very low amounts

each time the extraction was carried out?®3.

Table 5.1: Determination of concentration and purity of DNA extracted Samples

No. | Sample | Description | Sample | SW | SW Abs | 260 Abs | 280 260/280 | 260/230 | Conc.
ID Type (nm) (10 Abs (10 | (DNA (ng/uL)
mm) mm) Purity)
1 My (-) (Negative | dsDNA | 260 | 2.059 2.059 1.132 1.82 0.49 102.94
Sample | control, local
1() maize seeds)
2 My Bokomo dsDNA | 260 | 0.251 0.251 0.135 1.75 0.24 12.53
Sample | cornflakes
2 (A)
3 My Bokomo dsDNA | 260 | 1.597 1.597 0.854 1.87 0.53 79.47
Sample | ProNutro
3(B) Original
Cereal
4 My Positive dsDNA | 260 | 2.376 2.376 1.322 1.80 0.48 118.79
Sample | control,
4(+) Certified
GM soya
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Take note that in Table 5.1 above, SW stands for “specific wavelength”, SW Abs is the
“absorption at the specified walength”, 260/280 is the “ratio of the absorption wavelength for
DNA to RNA”, which is used as a measure of the purity of DNA, and 260/230 ratio is “a
measure of contamination of the DNA”. A 260/280 ration range of 1.8 — 2.0 indicates that the
DNA sample is relative pure while a 260/230 ratio range of 2.0 — 2.2 indicates that the DNA
sample is free of contamination from salts, phenols or other organic compounds?!#. From the
results presented in the table, the low 260/230 ratios gotten were due to the fact that the DNA
samples were extracted using strong salts and no subsequent DNA purification experiments

were conducted as this was not necessary for the procedure used in the research.

5.7.2 Agarose Gel Electrophoresis

The extracted DNA samples were amplified and analyzed by agarose gel electrophoresis using
1% agarose gel (Invitrogen UltraPure Agarose). Electrophoresis was performed using 1x Tris—
acetate-EDTA (TAE) buffer containing 1 pg/mL of ethidium bromide (EtBr) and a constant
voltage of 100 V for 30 minutes. The DNA bands were visualized and images were acquired

using an imaging system (Atto Printgraph Classic), as shown in Figure 5.8 below.

No. DNA marker A T(+ve) (-ve) (+ve)

Base
Pairs

Key
A =sample A (Bokomo cornflakes)

B = sample B (Bokomo ProNutro

Original Protein Cereal)

1500

1300 T (+ve) = Positive control sample
1000 (Certified GM soy beans, used to test
800 ;

200 constancy of primers used)

600

288 (-ve) = Negative control sample (local
300 maize seeds)

200 -
(+ve) = Positive control sample

100 (Certified GM soy beans)

Figure 5.8: Agarose gel electrophoresis for the amplified negative control, positive control and the two
suspected GM DNA containing samples (1% agarose)
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5.8 Assessment and Evaluation of Detection Platform

5.8.1 Platform Evaluation and Specificity Determination

DNA hybridization is a fundamental concept in molecular biology and genetics that involves
pairing of complimentary DNA strands. Given that DNA is composed of four nucleotide bases:
adenine (A), thymine (T), cytosine (C) and guanine (G), therefore, if two strands of DNA have
bases that are complimentary to each other, then hybridization (alignment of respective bases)
would take place forming a double stranded duplex of DNA. Specifically, adenine (A) pairs
with thymine (T), via two hydrogen bonds and cytosine (C) pairs with guanine (G) via three

hydrogen bonds?®®.

On the other hand non-complimentary strands refer to strands that do not align properly with
each other due to mismatched bases. This therefore then indicates that if the hybridization
percentage is more than 50%, then the level of complementarity is very high in the strands that

are being aligned?2®,

Therefore, in this research, in order to try and evaluate the workability of the designed detection
platform based on CdSe QDs, five known concentrations of the complimentary DNA to the
capture probe DNA sequence as well as five known concentrations of the opposite strand to
the complimentary strand were prepared and subjected to the detection platform. The
concentrations of the samples containing the complimentary strand to the capture probe had a
higher degree of hybridisation with an average value of 94.4% hybridization while that of the
non-complimentary strand was relatively lower with an average hybridization value of 5.0%,
from the data shown in Table 5.2. These results obtained indeed helped to prove that detection
platforms based on the use of a specific sequence of DNA strands can have a high level of
selectivity, seeing that the hybridization percentage was higher than the recommended
hybridization threshold of 50% and this proved that no other DNA sequence could bind to the

devised capture probe DNA other than the intend target sequence.

Table 5.2: Specificity evaluation of the designed CdSe QD-based genosensor

Sample ID F F F F F R R R R R

Initial Conc. (ng L) | 2.0 2.5 3.0 3.5 4.0 2.0 2.5 3.0 4.0 50

Final Conc. (ng L) | 0.032 | 0.083 | 0.117 | 0.298 | 0.424 | 1.876 | 2.360 | 2.847 | 3.840 | 4.805

Used Conc. (ng L) | 1.968 | 2.417 | 2.883 | 3.203 | 3.576 | 0.124 | 0.140 | 0.153 | 0.160 | 0.195

% Hybridisation 98.4 96.7 96.1 915 89.4 6.2 5.6 51 4.0 3.9
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5.8.2 Binding Ability of CdSe@ TU@GA@NH:2-Probe-DNA and CdSe@TU@GA for the
cp4epsps DNA Segment

The binding ability of the designed detection platform was tested by subjecting known
concentrations of the probe complimentary DNA (cDNA) to both CdSe@TU@GA@NH:-
Probe-DNA and CdSe@TU@GA respectively and the results obtained are as shown in Table
5.3. Figure 5.9 shows the vials containing the detecting particles under both ordinary light and

UV-irradiation for the selectivity experiments carried out.

Table 5.3: Binidng ability determination of the detection platform

Sample ID CdSe@TU@GA@NH2-Probe-DNA CdSe@TU@GA
Initial Conc. (ng L) 2.5 2.5

Final Conc. (ng L) 0.0625 2.395

Used Conc. (ng LY) 2.438 0.105
Hybridisation percentage 97.5% 4.2%

It can be seen clearly from the large hybridization percentage of the CdSe@TU@GA@NH:-
Probe-DNA of 97.5% compared to that of the CdSe@ TU@GA of only 4.2% that the designed
detection platform indeed had very high selectivity. This result was confirmed by the physical
changes of the fluorescence of the CdSe@TU@GA@NH2-Probe-DNA and that of
CdSe@TU@GA.

Figure 5.9: CdSe QDs, CdSe@TU@GA@NH:-Probe-DNA and CdSe@TU@GA solutions, from left to right,
a) in ordinary light and b) under UV-light at 366 nm before interaction with the analyte and c) after interaction
with the analyte containing the target DNA segment.

Figure 5.9 shows that the solutions in ordinary light had a colourless appearance and when
viewed under UV-light, they showed luminescence ranging from light yellow for the CdSe
QDs, green for CdSe@TU@GA@NH2-Probe-DNA and greenish-yellow for CdSe@TU@GA
and after interaction with the analyte. The observed differences in the fluorescence intensity of
the modified QDs with the capture probe and the QDs without the capture probe DNA
sequences can actually be used to signal if the analyte of interest is present in the sample or
not. The luminescence of the surface modified and functionalized CdSe QDs immobilized with
the capture probe reduced very significantly compared to the particles without the capture

probe. This change in fluorescence of the QDs before and after interaction with the analyte

51



sample was used to propose a qualitative method of detection for the sample containing the
targeted DNA segment. Seeing from all the experimental results presented, it can said that the
detection platform is highly selective and specific, therefore, the change in the intensity or
almost disappearance of the fluorescence of the detecting particles after hybridization with the

sample analyte cannot be mistaken for anything else.

5.8.3 Determination of Detection Limit

In order to determine the lowest amount of targeted sample DNA that could be detected using
the designed detection platform, the concentrations of the probe cDNA were reduced by
dividing the lowest concentration of 2.42 ng L™, used in the generation of the calibration curve
by 10 which resulted into concentrations of 2.42 x 10" ng L%, 2.42 x 102 ng L, 2.42 x 1073
ng L% 2.42x10%ng L7 242 x10°ng L1, 242 x10%ng L, 2.42x 107 ng L, 2.42 x 10°
8ng L and 2.42 x 10° ng L™L. These concentrations were measured against the calibration
curve and the lowest detectable amount of target DNA was found to be 2.42 x 10° ng Lt. DNA

concentrations smaller than 2.42 x 10° ng L* could not be detected.

Further more, the theoretical determination of the limit of detection was done using Ipeak
readings of concentrations, shown in Table 5.4 below. The Ipeak readings are maximum
current readings that were obtained from the potentiometer after allowing the current to pass
through the above stated conecntrations of the samples. The readings were used to plot a graph
of concentration against Ipeak, as shown in Figure 5.10 below. Using the linear regression
equation y = 5654.54545 x + 1.372 (r? = 0.99506), the limit of detection (LOD) and limit of
quantification (LOQ) were computed from their following respective equations LOD =3.3 /s
and LOQ =10 o/s, where o is residual of standard deviation of regression or standard deviation
(SD) of the y-intercept and s is the slope from the regression analysis. The limit of detection
from these calculations was found to be 0.0228 pg L (2.28 x 10° ng LY), a result that was
comparable with that obtained in the first set of experiments, of 2.42 x 10° ng L™, discussed
earlier. The limit of quantification was found to be 0.0692 pg L™ (6.92 10° ng L ). The results
obtained therefore, showed that indeed the designed detection platform had low limit of

detection.

Table 5.4: Theoretical limit of detection for cp4epsps DNA gene segment

conc. 1.0x101 | 9.0x102 | 8.0x102 | 7.0x102 | 6.0x102 | 5.0x102 | 4.0x102 | 3.0x102 | 2.0x102 | 1.0x102
(MgL™h

IPeak 1.95 1.86 1.82 1.78 1.70 1.67 1.62 1.51 1.49 1.43
(HA)
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Figure 5.10: Linear regression analysis of Ipeak and concentration

5.8.4 Normality Tests

Normality tests are used in statistics to calculate the likelihood that a random variable
underlying a data collection will be normally distributed and to assess whether a data set is
well-modelled by a normal distribution. The Shapiro-Wilk Test and the Normal Q-Q Test were
used to test the theoretical limit of detection determination data obtained in this study for

normality?Y’.

5.8.4.1 Shapiro-Wilk Test
The Shapiro-Wilk Test, is a test of normality that is commonly used for testing the normality
assumption in parametric statistics?'®. Table 5.5 shows the results obtained from a Shapiro-

Wilk normality test on the data that was used to determine the theoretical limit of detection.

Table 5.5: Shapiro-Wilk Tests of Normality

Kolmogorov-Smirnov? Shapiro-Wilk
Statistic df Sig. Statistic | df Sig. (p-value)
IPeak (WA) | 0.143 10 0.200" | 0.966 10 0.853

a. Lilliefors Significance Correction

*. This is a lower bound of the true significance.
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Shapiro-Wilk Test assumes that the data is normally distributed, and this is referred to as the
Null hypothesis. The p-value is the probability of obtaining the observed test statistic if the null
hypothesis is true (thai is if the data is normally distributed)?8,

A p-value > 0.05 indicates that the data is normally distributed and therefore, the null
hypothesis can not be rejected, while a p-value < 0.05 indicates that the data does not follow a
normal distribution and the null hypothesis should be rejected?®®.

The data obtained from the experiments done in this study gave a p-value = 0.853 which means

that the data was normally distributed and therefore the null hypothesis has been accepted.

5.8.4.2 Normal Q-Q Plot

A Normal Q-Q Plot is used to test the normal distribution of data graphically. The data points
will be near the diagonal line if they are normally distributed; they will deviate from the line in
a non-linear way if they are not??°. The normal Q-Q plot in Figure 5.11 below shows that the
data was normally distributed and therefore the null hypothesis must not be rejected for these

experiments done on determination of the theoretical limit of detection.

Normal Q-Q Plot of TPeak (uA)

1.5+

1.0+

Expected Normal
o
T

-0.5+

-1.0—

-1.54

14 1.5 1.6 1.7 1.8 19 2.0
Ohbserved Value

Figure 5.11: Normal Q-Q Plot of Ipeak (uA) data
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5.8.5 Detection of DNA Samples

The electrochemical detection of DNA strands involves the use of electrochemical methods to
identify and quantify DNA molecules. It is a sensitive and very useful technique that has gained
significant attention in DNA analysis and diagnostics. The detection process typically involves
the measurement of the electrical potential of the electrode with the DNA capture probe
molecule attached to it before and after hybridization with the target DNA sequence of interest.
The binding then induces specific changes in the properties of the system which can then be

detected and measured??.

In the electrochemical analyses performed, using the Anapot, the concentrations of the samples
were measured before and after interaction with the designed CdSe QD-based nanosensor and
the obtained values were assessed based on the earlier mentioned 50% recommended
hybridization percentage?'®. Sample F, which was a complimentary strand to the capture probe
oligonucleotide had a 92.2% hybridisation, while the opposite strand sample R only gave a
4.1% hybridisation. The positive control sample (+ve) gave a 76.5% hybridisation with the
capture probe, while the negative control sample (-ve) only gave 5.4% interaction. These
results were consistent with the agarose gel electrophoresis analysis showed in Figure 5.8,
which indicated that the control sample did not contain the target DNA segment that was
present in the positive control sample. Of the two suspected samples that were analyzed, sample
A and sample B, sample A had a relatively lower yield of DNA and the electrochemical
analysis results only gave a 3.4% hybridisation, while sample B gave a fairly higher
hybridisation percentage of 57.9%, as shown in Table 5.6 below. These results proved that

sample A had no target DNA sequence while sample B had the targeted DNA sequence.

Table 5.6: Determination of concentrations of analytes using the CdSe DQ-based genosensor

Sample ID F R (+ve) (-ve) A B
Initial conc. (ng L) 5.027 1.857 1.189 1.597 2.270 1.491
Final conc. (ng L?) 0.394 1.781 0.279 1.511 2.193 0.628
Used conc. (ng L?) 4.633 0.076 0.910 0.086 0.077 0.863
% of Hybridisation 92.2% 4.1% 76.5% 5.4% 3.4% 57.9%

This method of measurement showed that even if all the samples had DNA in them, only the
ones with DNA of specific sequence interacted with the designed detection platform, hence,

therein lies the specificity of the detection platform itself.
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5.9 Validation of Methods

The results of the samples obtained from the electrochemical measurements, using the Anapot,
were authenticated using the NanoDrop Spectrophotometer. Despite the discrepancies in the
actual figures in the results measured using the devised CdSe QD-based nanosensor and the
NanoDrop Spectrophotometer, as can be seen from Tables 5.6 above and 5.7 below (due to the
very high concentrations used in the later procedure), there was perfect agreement in the nature
of the data obtained in the study and therefore, this designed detection platform for detection
of 5-enolpyruvylshikimate-3-phosphate (CP4EPSP) gene in GM cereal can be used to act as a

prototype for devising detection platforms for all varieties of GM crops.

Table 5.7: Determination of concentrations of analytes using the NanoDrop Spectrophotometer

Sample ID F R (+ve) (-ve) A B
Initial conc. (ng/uL) | 5.140 5.110 5.200 5.317 5.004 5.010
Final conc. (ng/pL) 1.521 4.788 2.012 4.955 4.719 2.500
Used conc. (ng/pL) 3.619 0.322 3.188 0.362 0.285 2.510
% of Hybridisation 70.4% 6.3% 61.3% 6.8% 5.7% 50.1%
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CHAPTER 6

6.1 Conclusion

In this study, it has been shown that quantum dots can be synthesised using an easier and
cheaper method that does not need the use of nitrogen, high temperatures and toxic organic
solvents as is reported in most papers, but only needs the use of an appropriate surfactant,
stabilizer and the right pH??2. This method gave soluble and highly luminescent CdSe QDs
whose degree of luminescence and stability depended on the concentration of the stabilizing
urgent, PVA, used. The CdSe QDs had an absorption peak around 485 nm and the band gap
energy was calculated to be 3.43 eV. The average diameter of the synthesised CdSe QDs was
found to be 2.82 nm, a result that fell within the range of diameters for quantum dots of 2 nm

to 10 nm reported in literature??,

The surface modified and functionalized CdSe QDs gave a Qm value of 0.0108 mg/g, and an
R? = 0.99902 for the Langmuir and R? = 0.81190 for the Freundlich isotherms, indicating that
the data fitted better in the Langmuir isotherm model. The successful coating with thiourea
onto the QDs and the functionalization with glutaraldehyde and the subsequent immobilization
of the oligonucleotides used as capture probes, was confirmed using FT-IR. The attachment of
these molecules onto the QDs affected the luminescence efficiency and this was observed
through fluorescence measurements. This property of CdSe QDs to change their fluorescence
intensity when ligands are attached to them was used as a qualitative method of measurement,
besides the electrochemical method, to develop a rapid detection platform for a segment of
DNA incorporated into genetically modified corn and soybeans. In this research an NH>
terminated sequence of DNA at the 5" end was immobilized onto the CdSe@TU@GA to make
CdSe@TU@GA@NH:Probe-ssDNA and the concentration of DNA containing samples were
qualitatively and quantitatively determined potentiometrically, via a potentiometer (Anapot),
yielding the following results: 92.2%, 4.1%, 76.5%, 5.4%, 3.4% and 57.9% hybridizations for
the samples forward sample (F), reverse sample (R), positive control sample (+ve), negative
control sample (-ve), cereal A and cereal B, respectively. The surface-modified and
functionalized CdSe QDs, immobilized with the capture probe single-stranded DNA had their
fluorescence quenched after interaction with a sample containing the target DNA sequence.
Therefore, this means that this developed method of detection based on CdSe QDs can actually
work as a rapid detection method for GM soybeans and corn, both qualitatively and

quantitatively and had a very low detection limit of 2.42 x 10° ng L.
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6.2 Recommendations

The proposed future works should try to focus on designing a detection platform with highly
sensitive quantum dots to make sure that detection of the target DNA segment is achieved
without amplification of the extracted DNA sample. Future works should also look at
developing a standardized detection protocol and a catalogue to be used to detect all GMO crop

events.
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Appendix B: B.1: Adsorption Isotherm Studies of CdSe QDs

B.1.1 Effect of PVA Concentration on Properties of CdSe QDs

To study the effect of the concentration of the stabilizer, PVA, different concentrations of 0.00
M, 3.21 x 10°M, 6.42 x 10°M, 9.63 x 10°M and 1.28 x 10** M, were used and it was observed
that the 0.13 g, 0.26 g and 0.39 g amounts gave better luminescent CdSe QDs. In this procedure
used to synthesize the CdSe QDs, it was observed that in the reactions where there was no PVA
added and the ones where very large amounts of PVA of 1.60 x 10 M and above were used,
the obtained particles had a red luminescence as can be seen from Figure B.1, below. This

phenomenon could be attributed to the critical micelle concentration of polyvinyl alcohol??*,

The synthesis of CdSe QDs involves the nucleation and growth of CdSe nanoscale particles
from precursor ions in the presence of stabilizing agents. In the case of CdSe QDs synthesized
from Cd?* stabilized by citrate ions, in pH 12, and sodium selenosulphite mixed with sodium
borohydride, polyvinyl alcohol (PVA) affected the size of the resulting particles and the
fluorescence intensity of the particles??°.

PVA is a water-soluble polymer that can be used as a stabilizing agent in the synthesis of
nanoparticles. PVA has a high affinity for the surfaces of nanoparticles, and it can form a
protective layer around the particles, preventing their agglomeration and controlling their
growth. The concentration of PVA in the reaction mixture can affect the size of the resulting

nanoparticles, as well as their surface properties and colloidal stability??°.

In the synthesis of CdSe QDs from Cd?* stabilized by citrate ions, under controlled pH, and
sodium selenosulphite mixed with sodium borohydride, the addition of PVVA can lead to smaller
particle sizes. This is because PVA can act as a capping agent, controlling the growth of the
nanoparticles by inhibiting the deposition of additional CdSe atoms onto the existing
particles??’. This results in the formation of smaller particles with a narrower size

distribution2,

At the same time, the size of the nanoparticles can also affect their fluorescence properties.
Smaller particles tend to exhibit higher fluorescence quantum yields due to their larger surface
area-to-volume ratio, which enhances the radiative recombination of electron-hole pairs.

Therefore, the addition of PVA can enhance the fluorescence intensity of the CdSe QDs?%°.

However, the effect of PVA on the fluorescence intensity of the CdSe QDs is not a

straightforward relationship. The concentration of PVA can affect the surface properties of the
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particles, such as their charge and hydrophobicity, which can impact the colloidal stability of

the particles and their interaction with other molecules in the solution®?.

Therefore, the optimal concentration of PVA for enhancing the fluorescence intensity of the
CdSe QDs may depend on its critical micelle concentration, the specific synthetic conditions

and the desired properties of the resulting particles,

In summary, the addition of PVA affected the size of the CdSe QDs synthesized from Cd?*
stabilized by citrate ions, in pH 12, and sodium selenosulphite mixed with sodium borohydride,
and this in turn affected the fluorescence intensity of the particles, as was observed in the QDs
synthesized, as shown in Figure B.1 (b), below. The optimal concentration of PVA for
enhancing the fluorescence intensity depend on the specific synthetic conditions and the

desired properties of the resulting QDs.

— —
S ~—

- e ) b)

Figure B.1: CdSe-QDs solutions in, from left to right, synthesised using 0.00 M, 3.21 x 105 M, 6.42 x 105 M,
9.63 x 10°Mand 1.28 x 10*M of PVA a) in ordinary light and b) under UV-light at 366 nm.

B2.2 Surface Modification of CdSe QDs with Thiourea

The surface chemistry of the synthesised CdSe QDs was changed through modification with
thiourea. The QDs were surface modified with thiourea in order to provide them with the
needed ligands for functionalization with glutaraldehyde which in turn helped to provided
appendages for immobilization of the oligonucleotides used as capture probes. The initial
concentrations of the thiourea used in the experiments carried out; the equilibrium

concentrations and the amounts bound onto CdSe QDs are given in Table B.1.

Table B.1: Concentration of Thiourea (TU) and the amount bound onto the CdSe QDs

Initial concentration | Thiourea concentration at equilibrium (C¢)-CdSe- | Bound TU onto CdSe-QDs
of TU (mg mL™?) QDs@TU (mg mLY)
(mg g™)

0.0540 0.0330 0.0210

0.1100 0.0870 0.0230

0.1600 0.1360 0.0240

0.2200 0.1927 0.0273

0.2700 0.2440 0.0260

91



0.3300 0.3039 0.0261
0.3800 0.3538 0.0262
0.4300 0.4036 0.0264
0.4900 0.4636 0.0264
0.5400 0.5135 0.0265

The Langmuir and Freundlich isotherm models were used to explain the equilibrium data

obtained from the experiments and also determine the maximum binding capacity.

The linearized equation (9) of the Langmuir isotherm model was used to compute the values
shown in Table B.2, from which the Langmuir plot was done, giving R? = 0.99902 given in
Table B.3, which showed that the experimental adsorption data fitted very well into the
Langmuir model. This suggests that the adsorption process of thiourea onto the synthesised

CdSe QDs was of the monolayer type and therefore the adsorption process was homogeneous.

The Langmuir plots are shown in Figure B.2 and Figure B.3 below.

Table B.2: The Equilibrium adsorption capacities of Thiourea (TU) onto the CdSe QDs based on the Langmuir

equation.

Thiourea concentration at equilibrium (Ce) — | (QmKLCe)/(1+KCe) (mg/g) CdSe-QDs@TU (Qe)

CdSe-QDs@TU

(mg mL?)
0.0330 0.0084
0.0870 0.0092
0.1360 0.0096
0.1927 0.01092
0.2440 0.0104
0.3039 0.01044
0.3538 0.01048
0.4036 0.01056
0.4636 0.01056
0.5135 0.0106
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Figure B.2: Langmuir adsorption isotherm plot of Ce/Qe against Ce CdSe QDs@TU
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Figure B.3: Langmuir adsorption isotherm plot of Qe against Ce CdSe QDs@TU

The Freundlich’s plot between InQe against InCe gives a straight line with slope 1/n and
intercept In Kr, as represented in Figure B.4.

The Freundlich isotherm model gave R? = 0.8119, indicating that the adsorption process could
not have taken place through a multilayer process. This result is confirmed by the n value of

0.0872, indicating that the adsorption was unfavourable.
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Figure B.4: Freundlich adsorption isotherm plot of In Qe against In Ce CdSe QDs@TU

Both the Langmuir and the Freundlich isotherms were used to analyse the adsorption behaviour
of the CdSe QDs with respect to a surface modifier, thiourea.

The Langmuir isotherm assumes that the adsorption sites are homogeneous and that there is
maximum adsorption capacity. The Freundlich isotherm, on the other hand, assumes that the
adsorption sites are heterogeneous and that the adsorption strength decreases with increasing
coverage.

As earlier alluded to, the values of R? = 0.99902 for the Langmuir model indicates that the
adsorption behaviour of the modifying particles was homogenous and of a monolayer type.
Both models have their own assumptions and limitations, and the choice of the model should
be based on the specific characteristics of the system being studied, and in this case seeing that
thiourea has a high tendency to donate its proton, leaving the sulphur atom with a lone pair of
electrons, it is very easy to have an electrostatic bond forming between the partially positively
charged atom of cadmium in the CdSe molecule with then now negatively charged atom of

sulphur in the thiourea?®.

However, this does not prevent formation of van deer Waals forces among the molecules of
CdSe QDs and thiourea.

Therefore, the Freundlich isotherm could not be used to describe the adsorption of thiourea
onto CdSe QDs, because the actual properties of CdSe and that of thiourea might not

necessarily conform to the accessions made by this model.

94



Table B.3: Langmuir and Freundlich model parameters

Type of Langmuir Freundlich

model

Parameter | Qm(mg/g) | Ku(mL/ | RL R? R n Ks R? R
mg)

Value 0.0108 0.9727 | 0.6556 | 0.99902 | 0.99956 | 0.0872 | 0.0115 | 0.8119 0.91258

95




sasA[EE AanenmEnh pue saneEnd) ()

96

{eatnsmonuejod pamseem adEwE YN WET-AN (W) (1) 12T Aremtpzo e w%m
e 2 (1) 5pm panta aEwe YN QT
T vopyerd mogaeep peusiEaq (g) T muaopEd monoEsep pATEISA(Y (B) aqoif-¥NOHNB YO Bn1=se
(m) 0
@ O 00l YNA- AN vOBIER5 ﬁ
= __s - B_
1 oy f
(s1sdeme (s1sAEnE OB 250 .
angeyguenh) sspogoaE AnmEEnD) “
peyunrd-nsams pog 109-p) Fmsn . - - 1@ =spa .
Smsm HuemRmEET SJUATIRMEESTT J
[EIImRgRon2a[q ERItERER U g ) =5e0 .
I i, 10§ Surpens © YHEEN P FQ5agTEN moY pamy a8
_ _ I NS
H\(‘S?% 125m) Sumreymoa sqdures ST WOMITHPED PRZIIqES SJE00 P
. s tuopend nonosap .
S(I0) 98P 0110 “Sqe1g-YN-"HN ¥ Jo TonErqoum] pauBisap Jo TonERI A
ApAnapremEn] S NOTEZTEROTIONY ‘GOLBITPOT B3eymg (7) ) ’
()¢ 30§ SR [Fng VL
L.
Cd
vuopeid wogaarep
0 Ty 50 3500 PP HORTY 510 35030 M (1)
oymo aqoud amydes o nonezIg oy ’
_ w019 GETppal o} s EuE "Smer /, 10f
oS [ Smmg . 0 12 Funpgeg
epAyeprerE 2 g - ]
7St "HEEN + FOSISTEN s EOSTEN + 9
TOQEZTETATI,] . " -
§ Surms s “amyemdm
sm pg 10p Bt A - oo ey \
z ab o~ +
- apy /
(RudE] YY) Eamomy TORERRNR]
LY BOTEIGIROW 3IE1ma PE—
) € VA +JSL+70PD
71 Hd"HO®N

functionalization, immobilization with the oligonucleotide capture probe and detection of

Appendix C: C.1: Schematic diagram shows CdSe QDs synthesis, surface modification,
target sSSDNA analyte.




Appendix D: D.1: Sample calculation for the radius, R, of CdSe QDs, using Brus equation.

Eg = [Epun + 8% (rie + rih) - 4;;6;1?]
Given values:

E,=3.43eV

Epue = 1.78 eV

m; =0.13m,

m;, =0.45 m,

& =10 (for CdSe)

h=6.626 x 1034J s

e=1.602x10"°C

£y = 8.854 x 102 F/m

where, (Mg = 9.11 x 103! kg)

Using the Brus equation (3), the following steps are taken:
Step 1: Converting eV to J:
AE =Ey - Epuik

=3.43eV-174eV

=1.690 eV

=1.690 eV x 1.602 x 10°%° J/eV

=2.707 x 101°]

Step 2: Calculating (mi + 1*):

e Mp
m; =0.13x9.11 x 103 kg
=1.1843 x 10 kg
m;  =0.45x9.11 x 10" kg
=4.0995 x 103 kg

(7 )
= >|<-|- "
me my

1 1
B (1.1843 < 1031 ' 2.0995 x 10-31)
= (8.444 x 10% + 2.439 x 10%)

=1.088 x 10%! kg
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Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

2
Calculating confinement term coefficient (%)

(6.626 x 10734)2

:[ .

_ (4.390 X 10 ‘67)
8

=5.488 x 108
=5.488 x 10 x 1,088 x 103!
=5.971 x 10

2
Calculating Coulomb term coefficient ( L8e ):

MEYEYr

_ 1.8e2
ATTEYEy

22

1.8 X (1.602 x10719)2
- —12
(4 x(Z) x (8854x10 ) 10)

_ (4.620 X 10 —38)
1.113 x10 ~°

=4.151 x 10%°

Writing the Brus equation:

AE = [(5.971 X 10 —37> B (4.151 <10 _29)]

R? R

Substituting AE:

2.707 x 1019 J= [(5-971 x 10 ‘37> _ (4.151 X 10 9)]

R? R
Multiplying through by R?:
2.707 x 10° R2 =5.971 x 10°% - (4.151 x 10°) R

Rearranging to a quadratic equation:
2.707 x 101°R2 + 4,151 x 10%°R —-5.971 x 10°% =0

Solving the quadratic equation:
Using the quadratic formula:

R = (—b ?\/;l;z—tlac))

a=2.707 x101°
b=4.151 x 10
c=-5.971 x 10
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2 % (2.707 x10719)

_ [(—(4.151 x10 ~2%) F/(1.723 x 10 ~57)— (—1.144 ><10-54))>]

(4151 x10 72%) F/((#.151 x10-2%)2)=[4 x(2.707 x10~ )X (~5.971 x10—37)])>l

2 X (2.707 x10719)

2 X (2.707 x10719)

(4.151 x10 ~29) F W))l

_ [(—(4.151 x10 ~2%) ¥(8.051 x10 —28))]
a 2 x (2.707 x10~19)

_ (7.636 ><10—28)
~ \5.414 x10-1°
1.410 x 10° nm
=1.410 nm

Therefore the radius, R, is 1.410 nm, meaning that the average diameter of the CdSe QDs is

—(4.151 x10 ~2°) F(8.051 x10 ‘28))]
5.414 x10 ~19

approximately 2.82 nm.

99



Appendix E: E.1: Local Purchase Order List for the Purchased Oligonucleotides Used in the
Design of the GM Cereal Detection Platform

_ NATIONAL SCIENCE AND TECHNOLOGY COUNCIL

Curriculum Development Cantre (CDC), Haila Selassie Road, Longaces. PO. Box 51309, Lusaka, Zambia
Topl.' +260-211-2(57 198; Fax: +260-211-257194, E-mail: nste@zamnet.zm

LOCAL PURCHASE ORDER

: . : HAERY 2l

, 10, NG ABA BIoTECHNICAL IN?_‘;S"S'DE“ No. L4986
: & P. o PoOx
{ RSO AYS ) CA
BATE: 211.09] 2023 DEPT. DI
Item Description Quantity Unit Price Amount +
BErl L0 (eciths jg
O DR FOR A AL
+ OuGopucieeTiol 142 ug - al e
O.0) umoie Sc oy
OEC pMER :-.u
BanK  Cltnetes 1 15-3| m
DELINLL NON €A | £S5 00 -
£ P -CArRTRIDGE 1 S £F N
QLIGORUCLEQTIDE iy
Pl FicAnon $
5 Ammo (001 uMote 1 | S ] Fo59 g
f Al A L I
PAJMENT  TERA |-
DElivee] PE il
“u" . By y
FOR nie PLOieg K A : 1)
QuanNTUM  DoFd & : mﬂ"f
"ol [ \;
| n
i A\ 9019 11511 TR - . 3 v mg‘
‘ m_1
; i

Requesied byEsmy
: Appg,wdb
s

—_—
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Appendix E: E.2: Commercial Invoice for Purchase of Oligonucleotides Used in the Design of

the GM Cereal Detection Platform

ingaba bictec ™

Africa’'s Genomics Company
Ingaba Biotechnical Industries (Pty) Ltd

Co. Reg. No: 2001/011245/07
VAT No: 4150197251

— Exporter

Ingaba Biotechnical Industries (Pty) Ltd
(1BS007)

PostNet Suite #017

Private Bag X12

Menlo Park, Gauteng

0102

Commercial Invoice

— Export References —-—\

Date: 19.10.2023
Invoice #: SCIN03992
Exporter #: 20053405
Incoterms: DAP
Reason:

South Africa
L #2712 343 ERDG

info@ingababiotec.co.za

ingaba biotec”
Ingaba Bictechnical Industries (Pty) Lid
Co. Reg. No. 2001/011245/07
VAT No: 4150197251

For Sales Purpose, Permanent Export, Sold

Product

Packaging Type
rPadded envelope in a DHL flyer bag

~ Storage and Notes

Keep at room temperature.
NON HAZARDOUS
NON INFECTIOUS

— Consignee — Notify Party
University of Zambia (UNZ005), Happy Mabo University of Zambia (UNZ005), Happy Mabo
Natural Sciences, Department of Chemistry Natural Sciences, Depantment of Chemistry
Natural Sciences Buildings Natural Sciences Buildings
Lusaka 260 Lusaka 260
Zambia Zambia
/4260 977661213 1 +260 977661213
hy.mbo0@yahoo.com hy.mb00@yahoo.com
ATT: Happy Mabo
Code Description Quantity Unit Price Commercial Value
! T23269ZA0753559 / 52306539
1B OLO0O1 7 Oligonucleotide, 0.01 umole scale, per mer 142.0 $0.35 $4991
IBI_JMDOQ1 5' Amino {0.01 umole) 1.0 $£759 $759
;B bUDOEI:L o RP-cartridge cligonucleotide purification 10 $5.87 $587
Shipment Sub-Total $63.37
Freight Charges $80.31
Total $14368

\We hereby certify that the information on this invoice is true and correct and that the contents of this shipment are as above stated.

ingaba biotec™:

?0%70 /™
[/

Date
Signature of Exporter

« Fax: +27 86 677 8409

PostNet Suite #017, Private Bag X12, Menlo Park, 0102, South Africa + Phone: +27 12 343 5829
Email: info@ingababiotec.co.za + Website: hitp:/iwww ingababiotec.co.za

Page: 1 / 1
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X

of the GM Cereal Detection Platform

Appendix E: E.3: Packaging List Notice for the Purchased Oligonucleotides Used in the Design

Africa’s Genomics Company

Ingaba Biotechnical Industries (Pty) Ltd

Co. Reg. No: 2001/011245/07

VAT No: 4150197251
ingaba biotec ™
Packing List
Exp — Export Refer
Ingaba Biotechnical Industries (Pty) Lid Date: 19.10.2023
(8 ) Invoice #: SCIND3992
PostNet Suite #017 Exporter #: 20053405
Private Bag X12 Incoterms: DAP
Menlo Park, Gauteng
0102 . " Reason:
South Africa inqaba biotec For Sales Purpose, Permanent Export, Sold

+27 12 343 S5A29

Info@ingababiotec.co.za

Ingaba Biotechnical Industries (Ply) Ltd
Co. Reg. No. 2001/011245/07
VAT No: 4150197251

— Packaging Type

Padded envelope in a OHL flyer bag

— 5 and Notes

Product

Keep at room temperature.
NON HAZARDOUS
NON INFECTIOUS

Li .
— F g Infor

— Cor '"

University of Zambia (UNZ005), Happy Mabo
Natural Sciences, Department of Chemistry

1 box with 48 x 38 x 1 CM and 1 KG

Natural Sciences Buildings Total 1 boxes
Lusaka 260 Total weight: 1kG
Zambia
/+260 977661213
hy.mb00@yahoo.com
ATT: Happy Mabo
Packing Information
Reference Code Description Quantity
BOX NUMBER DHL flyer bag
B OLOODL 7 Oligonuclectide, REF#1059655 10

\ IT23269ZA0753559 SA2023/156806

I"We hereby certify that the information on this packing list is true and correct and that the contents ot this shipment are as above stated.

inqaba biotec™:

A

Signature of Exporter

?/“Zéjl o !/ (¢

PostNet Suite #017, Private Bag X12, Menlo Park, 0102, South Africa + Phone: +27 12 3435829 + Fax: +27 86 677 8409
Email: info@ingababiotec.co.za + Website: http://www.ingababiotec.co.za

Page: 1 / 1
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