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Abstract
Novel gold nanoparticles of drought tolerance enabler GYY4137
MSc. Mini-dissertation, Biotechnology Department, University of the Western Cape

N. Binase

Different nanoparticles have the ability to improve plant tolerance to drought stress. In the
study we report for the first time novel morpholin-4-ium 4-methoxyphenyl (morpholino)
phosphinodithioate capped- gold nanoparticles (GYY4137-capped AuNPs). The GYY4137
is a slow releasing hydrogen sulfide (H,S) donor. The GYY4137 AuNPs compared to
preliminary experiments of L-serine and L-threonine gold nanoparticles. The nanoparticles
were prepared using a simple reflux reduction method in a rolling boil flask at 80 °C. The
uncapped GYY4137-AuNPs were relatively stable and had surface plasmon resonance at 562
nm compared to 524 nm and 560 nm of serine-AuNPs and threonine-AuNPs. The
nanoparticles were capped with different concentrations (0.1-5 %) of water-soluble poly
(ethylene) glycol (PEG) (Musoo) and 0.2% chitosan. The PEG did not fully encapsulate the
gold nanoparticles, while the chitosan successfully produced positively charged gold
nanoparticles. The formation of chitosan capped GYY4137-AuNPs were verified with UV-
Visible spectroscopy (UV-Vis), High Resolution Transmission electron microscopy
(HRTEM), Dynamic Light scattering (DLS) and the Zetasizer. The UV-Vis, HRTEM and
STEM verified chitosan capped nanoparticles had a surface plasmon resonance peak at 560
nm, with icosahedral, tetrahedron and spherical shaped nanoparticles as the serine-AuNPs
that absorb at 560 nm. The agglomerated threonine-AuNPs had a maximum absorbance peak
at 524 nm. The chitosan GYY4137-AuNPs had hydrodynamic size of 347.9 nm and zeta
potential of + 47 mV, while serine-AuNPs and threonine-AuNPs had hydrodynamic size of
110 nm, zeta potential of -2.9 mV and -230 mV respectively. The polydispersity index (PDI)
of the chitosan capped gold nanoparticles was 0.357 compared to 0.406 of both the amino
acid gold nanoparticles. The polydispersity index (PDI) showed that the nanoparticles were
polydispersed nanoparticles with broad size range as confirmed by the HRTEM and STEM
results/ of chitosan capped GYY4137-AuNPs. The sizes of the nanoparticles were 100 nm
and 60 nm for GYY4137-AuNPs while the size serine-AuNPs were 60 nm. The gold



nanoparticles structural compositions were further confirmed by energy-dispersive X-ray
spectrometry (EDX) and Attenuated total reflection infrared spectroscopy (ATR-IR). EDX
results proved successful gold nanoparticles synthesis by presence of the element Au in all
three nanoparticles and the chitosan GYY4137-AuNPs had 48. 56 wt. % of gold. The FTIR-
ATR new bands formation shows that new chemical bonds are formed between the reducing
agents, the precursor gold salt solution and capping agents. The shifts showed successful
encapsulation with chitosan in GYY4137-AuNPs. The chitosan encapsulation improved
surface charge and reactivity of the gold nanoparticles to improve delivery of the hydrogen

sulfide donor GY'Y4137 for later applications to plants.
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Chapter 1

Chapter Overview

This chapter discusses the advantages of using nanomaterials and nanotechnology as a
whole compared to bulk materials. It discusses the use of nanomaterials in agriculture with
emphasis on the effects in precision farming and environmental remediation. This includes
impact of nano- formulated agrochemicals on plants production, animal in natural habitats,
soil quality, microbial diversity and water quality. Furthermore, it discusses the different
nanomaterials/particles used to elicit drought tolerance to plants with similar and differing
changes caused by these nanomaterials. The main goal of this project is to synthesize and
characterize drought enabler GYY4137 (H,S donor) gold nanoparticles in a nanocomposite
and stabilize them with water-soluble polymers poly ethylene glycol and chitosan. The
GYY4137 gold nanoparticles were compared to synthesized serine gold nanoparticle and
threonine gold nanoparticles. The chapter concludes with the problem statement, aims and

objectives of the study.

1. Introduction

1.1. Nanotechnology in biotechnology.

Nanotechnology is science, engineering, and technology conducted at the 10 to 100 one
billionth of a metre (Singh et al., 2015). Nanotechnology may also can be defined as the
technology of manipulating matter to confer materials with unique physical, chemical,
magnetic, mechanical and optical properties (lavicoli et al.,, 2017). Additionally,
nanotechnology has benefits such as improvement of food quality and safety, lessening
agricultural inputs, enrichment of absorbing nanoscale nutrients from the soil, etc. A
number of disciplines such as physics, chemistry, biology and materials science use
nanotechnology to progress their applications and use in agriculture (Duhan et al., 2017).

Nanoscale materials have quantum effects that are dependent on size, density, electric
conductivity and chemical reactivity (Prasad, Bhattacharyya and Nguyen, 2017).
Nanomaterials also have large surface to volume ratio which is directly proportional to their
high surface energy (Singh et al., 2015; Saxena, Tomar and Kumar, 2016).

1



Nanotechnology has enabled electrons to cross barriers to deliver or monitor in vitro in
biological systems by a process called tunnelling (Prasad, Bhattacharyya and Nguyen,
2017). The nanomaterials large surface area and high reactivity makes them good catalysts
and with fast response delivered in biological systems and safe for short-term use (Prasad,
Bhattacharyya and Nguyen, 2017). The nanoparticles are cheaper to synthesize and their
level of phytotoxicity is low and depends on the concentration of the nanoparticles (Saxena,
Tomar and Kumar, 2016).

Nanoparticles are used in agriculture to use to deliver agrochemicals in a controllable way
at selected sites, at an accurate time and in lower quantities (Pérez-de-luque, 2017).
Nanoparticles also make selective transportation of genetic material, monitoring, diagnosis
and detection of plant and animal diseases and environmental remediation in agriculture
possible (Singh et al., 2015; Pérez-de-luque, 2017). Nanoparticles are also good candidates
for advanced plant breeding programmes and detection or prevention environmental stresses
before they affect the food production (Ram, Vivek and Prasad, 2014; Saxena, Tomar and
Kumar, 2016).

The number of studies dealing with the interaction between nanomaterials and plants has
augmented. Firstly, agriculture deals with more than 7,000 cultivated plant species
(Khoshbakht and Hammer, 2008 cited by Pérez-de-Luque, 2017). The plant physiology
affects the interaction with nanoparticles what is observed'in a crop is not necessarily valid
for another one (Pérez-de-Luque, 2017). Nanotoxicity and safety for the environment and
human/animal consumption remains to be elucidated (lavicoli et al., 2017). Finally,
consumers do not trust nanotechnology (Duhan et al., 2017). In conclusion, nanotechnology
has a good potential for applications in agriculture, but there is still a long way down to
reach the field (Pérez-de-luque, 2017).The community or the buyer is still not well informed

of the use of the nanomaterials on the commercial products (Duhan et al., 2017).
1.2. General use of nanomaterials in agriculture.

More than 60 % of the population in developing countries are dependent on agriculture
(Ram, Vivek and Kumar, 2014; Singh et al., 2015). Agriculture is continuously affected by
a growing world population and unfavourable climate conditions (Singh et al., 2015;
Saxena, Tomar and Kumar, 2016; lavicoli et al., 2017). The food requirement has to
increase to meet the population demand (Singh et al., 2015; Saxena, Tomar and Kumar,

2016). Thus, it is  vital that plant nutritional scientists focus on precision delivery of
2



nutrients and improve nutrient uptake (Raliya et al.,2016; Dubhan et al., 2017).
Nanotechnology is important in sensors, biomarkers, agriculture and environmental
enrichment to promote great crop production (Prasad, Bhattacharyya and Nguyen, 2017,
Vermaet al., 2018).

Encapsulation coats chemicals or genetic material to achieve controllable dosage or release
and adsorption into plants (Ram,Vivek and Kumar, 2014). Nanocomposites release
substances through diffusion, dissolution, biodegradation when they encounter a different
environment of pH (Ding and Shah, 2009 cited by Ram, Vivek and Prasad, 2014;
Bharadwaj and Singh, 2018). In other industries nanotechnology is well developed

compared to its use in the agricultural sector (Duhan et al., 2017).

Most of the studies on nanotechnology are focused on nanoparticles uptake, bio-distribution
and toxicity to plants and animals (Duhan et al., 2017; lavicoli et al., 2017; Saxena, Tomar
and Kumar, 2016) and on specific target delivery of chemicals, proteins and nucleotides to
genetically transform crop (Wang et al, 2014). The marginal application of
nanotechnology to agriculture is due to unknown long term impacts of the nanomaterials to
humans or the environment (Ram, Vivek and Kumar, 2014; Servin et al., 2015; Verma et
al., 2018).

Nanomaterials mainly help formulate nano-herbicides, nano-pesticide, nano-fertilizers,
insecticides, and biosensors to achieve targeted release. without harming plants, monitor
plants developments or stress or the nearby environment and develop plant growth
promoters(lavicoli et al., 2017; de Oliveira et al.,2014; Servin et al., 2015; Singh et al.,
2015).Nano-pesticides reduce pathogen and pest resistance, protect soil biodiversity,
conserve useful soil microbes; lessen dangers to pollinators and to natural habitats of
insects(de Oliveira et al., 2014; Mushtaqg et al.,2018).

Nanomaterials can also be used to determine induction of gene expression related to
antioxidant defence machinery to prevent oxidative damage and to simultaneously increase
resistance against nanomaterial toxicities (Prasad, Bhattacharyya and Nguyen, 2017;
Mushtaq et al., 2018; Verma et al., 2018).

1.2.1. Nanomaterials as fertilizers.

Fertilizers are agrochemicals composed of known quantities of nutrients such as nitrogen,

phosphorus and potassium that are vital for plant growth and development(Saxena, Tomar
3



and Kumar, 2016).According to Ram, Vivek and Kumar, (2014) fertilisers plays about 35 to
40 percent in agricultural crop production. Fertilizers provide crop’s nutrients and
encourage growth and development; however, to improve nutrients use proficiency and
change the continuing problem of eutrophication, nanofertilizers are the best alternative.
Nanofertilizers have been synthesised for slow controllable dosage of nutrients to plants, to
prevent leaching and gasification of nutrients and prevent eutrophication in aquatic
environments nearby agricultural lands(Singh et al., 2015; lavicoli et al., 2017; Prasad,
Bhattacharyya and Nguyen, 2017).

Singh et al., (2015) wrote a review on pure metal and metal oxide nanoparticles used as
nanofertilizers. Nanoparticles effects on plants is dependent on concentration, size, shape of
nanoparticles, surface charge of nanoparticles, type of plant, prior external environmental
exposure and defence mechanism of plant (Raliya et al.,2016; Pérez-de-luque, 2017).
Mostly size is the vital for nanoparticles uptake and transportation into plants (Pérez-de-
luque, 2017). The work of Sabo-Attwood et al., 2011 and Taylor et al., 2014 reported size
limit between 40 and 50 nm of nanoparticles to enable uptake into plant, biodistribution and
bioavailability inside the plant cells.

Nanofertilizers enhance plant resistance to salinity stress and drought stress (Mushtaq et al.,
2018), elevating the antioxidant enzymes activity and achieving great crop biomass and
higher yields (Morales-Diaz et al., 2017). Zinc is an important micronutrient for plant
growth and development (Saxena, Tomar and Kumar, 2016). Treatment with 1.2 and 6.8 nm
fumigatus zinc oxide nanoparticles of cluster beans, increased their shoot and root length by
22.7% and 43.4% respectively (Raliya and Tarafda, 2013 cited by Servin et al., 2015). The
nanoparticles increased total protein (17.2%), chlorophyll (54.5%), and rhizosphere
microbial population (13.6%) in comparison to their bulk zinc oxide-treated plants (Raliya
and Tarafda, 2013, cited by Servin et al., 2015).

Nanofertilizers can also enhance plants germination rates, photosynthesis; improve the soil
quality, microbial biodiversity, compared to conventional fertilizers (Morales-Diaz et
al., 2017; Mushtaqg et al., 2018). Below are some of the examples of commercial nano-
fertilisers available on the market in Table 1: Commercial fertilizers made from nano-

formulations adapted from: Ram, Vivek and Kumar, 2014).



Table 1: Examples of commercial nanofertilizers.

Commercial Product Content

TAG-Nano (NPK, PhoS, Zinc, Cal etc.) fertilizers Proteino-lacto-gluconate chelated with micronutrients,

vitamins, probiotics, seaweeds extracts and humic acid.

Nano-Gro™ Plant growth regulator and immunity enhancer.
Nano-Green Extracts of corn, grain, soybeans, potatoes, coconut and palm
Nano-Ag Answer® Microorganism, sea kelp, and mineral electrolyte.
Biozar Nano-Fertilizer i Combination of organic materials, micronutrients and

macromolecules.

Master Nano Chitosan Organic Fertilizer Water Soluble liquid chitosan, organic acid and salicylic

acids, and phenolic compounds.

Commercial fertilizers made from nano-formulations adapted from Prasad, Bhattacharyya, and Nguyen, 2017.

1.2.2. Nanomaterials as Biosensors.

Precision farming uses computers, sensors, and global satellite positioning systems to
quantity environmental conditions and assist in influencing whether crops are developing
efficiently, detecting the nature and site of complication (Duhan et al., 2017). Ultimately,
nanotechnology enables agriculturist to monitor, detect and remedy environmental or
residual pollutants in real time (Ram, Vivek and Kumar, 2014; Saxena, Tomar and Kumar,
2016). Nano sensors generally monitor crop production and soil quality properties such as
water, pH, nutrient levels, temperature and fertility this simplifies application of nutrients,
agrochemicals and water only when required (Duban et al.,2017; lavicoli et al.,2017;
Gonzélez-Melendi et al., 2008; Larue et al.,2012; Zhao et al., 2012; Sun et al., 2014 cited

5



by Pérez-de-luque, 2017).

Nano sensors are highly sensitive, very selective, have rapid detection time, are portable and
have low detection limits (Ram, Vivek and Prasad, 2014; Pérez-de-luque, 2017). The
nanoparticles show an electrical or chemical signal in the presence of contaminant on plants
(Ram, Vivek and Prasad, 2014; Duhan et al., 2017). Studies have shown that nanoparticles
move though the roots and to the leaves via the apoplastic pathway (Sabo-Attwood et al.,
2011; Zhai et al., 2014; Wang et al., 2016; Perez du Luque, 2017).

Koo et al., (2015) using gold nanoparticles as sensors showed the nanoparticles root uptake
and translocation using their tuneable optical properties resulting in increased temperature
across the leaf surface when ablated with laser beam. Koo et al., (2015) proved that the gold
nanoparticles were taken up by roots system and moved to the leaves where they induced
the expression of heat-shock regulated genes in Arabidopsis thaliana (et al., 2015). On
another study Taylor et al., (2014) used 100 mg/1 of gold nanoparticles were studied the
physiological and genetic responses of A. thaliana to presence of the gold nanoparticles.
Gold shortened the root length of the seedlings by 75% with oxidized gold (Au®") in roots
and shoots of the plants and reduced gold (Au®) nanoparticles in the root tissues (Taylor et
al., 2014). Taylor and co-workers concluded that plants absorb gold in an ionic form and the
plants' response to gold presence up-regulate plant defence genes and down-regulate metal

transporters to reduce gold nanoparticle uptake (Taylor et al., 2014).

The extent of uptake and biodistribution to plant tissues is dependent on the concentration
and also the type of gold nanoparticles (Sabo-Attwood et al., 2011). Yin et al.,
(2015) reported that a 10 pg/mL concentration of sodium upconversion nanoparticles
promoted roots and stems growth in Glycine max. However, at higher than 50 pg/mL
concentration the hindered the growth and that the nanoparticle entered as cluster-like Y-
phosphate through the roots and then moved through vessels to stems and leaves (Yin et al.,
2015).

Fluorescently labelled maghemite nanoparticles (20 mg. L™) monitored the iron uptake in
watermelon plants (Wang et al., 2016). The TEM micrographs showed that the
nanoparticles penetrated the root, moved from the epidermis to endodermis through the
apoplastic pathway (Wang et al., 2016). The y-Fe,O3 NPs (20 mg/L) had no oxidative stress
on watermelon, however, at 50 mg. L™ y-Fe,Os NPs could increase soluble sugar, soluble

protein and chlorophyll content in the growth of plants (Wang et al., 2016).



Quantum dots can be used as a sensor and are suitable for bio-marking the whole cell (Koo
et al., 2015). The fluorescence property of cadmium selenide/cadmium zinc selenide
quantum dots were used for bio-marking the structure of Arabidopsis thaliana (Koo et al.,
2015). The study showed that the quantum dots were absorbed through leaf petioles and

roots and uniformLy distributed in leaves (Koo et al.,2015).

1.2.3. The nanomaterials as plant protecting products.

Plant protecting products include pesticide, herbicide, insecticide and fungicides (Kim et al.,
2012; Van Nhan et al.,2015; Le Van et al., 2016). The use of nano-formulations protects the
environment due to faster disappearance of the gas released by the chemicals used to protect
the plants (Pérez-de-luque, 2017). Nano-encapsulations targeted release of chemicals
reduces the risk of species resistance against the chemicals (Ram, Vivek and Kumar, 2014).
The nano-formulations prevent high rate of application of plant protecting products and
prevent bio-magnification (Ram, Vivek and Prasad,2014; Duhan et al., 2017; Pérez-de-
luque, 2017).

A 10 mg/l of copper oxide nanoparticles applied in transgenic and conventional cotton to
check their effect on Bacillus thuringiensis (Bt) toxin Bt gene (Le Van et al., 2016). The
copper oxide nanoparticles enhanced the expression of the exogenous Bt gene encoding
protein in transgenic leaves and roots. The application promoted the Bt cotton's insect
resistance in the plants (Le Van et al., 2016). The Btitoxin is the product of an exogenous Bt
gene, whose concentration in shoots is the most important index for evaluating the insect
resistant ability of Bt cotton (Van Nhan et al., 2015).

The application of 100 mg-L ™ iron oxide nanoparticles increased the Bt toxin concentrations
in leaves and roots to 845.89 and 886.94 ng-g™, respectively, more than 1.61 and 1.36 times
than conventional cotton control group. However, at 1000 mg-L™ the Bt toxin decrease in B
t cotton plant although were still greater (p < 0.05) than that of the control group. The
elevation of Bt toxin in leaves at 100 mg-L-1 could be vital for resisting insect damage and
serve as a prerequisite for variations in the efficiency of Bt genes and the application of
nanoparticles in agriculture (Van Nhan et al., 2015).

Silver nanoparticles have been used as fungicide, pesticide and herbicide to protect plants
due to their antimicrobial ability(Saxena, Tomar and Kumar, 2016). 200mg/l of silver
nanoparticles were used as a fungicide and reduce phytopathogenic fungi Bipolaris
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sokoniana (Sacc)and Magnoporthe grisea colonies (Jo et al., 2009). As the concentration of
silver nanoparticles increased it reduced the conidia of both fungi by 50% in perennial
ryegrass compared to silver ions (Jo et al., 2009).

Nanomaterials can be used for genetic material delivery into a specific host organelle for
protection without causing phytotoxicity (Torney et al., 2007). Torney et al., (2007)
reported the efficient delivery of deoxyribonucleic acid (DNA) and chemicals using silica
nanoparticles internalized in plant cells for growth and development of plants. Herewith at
the bottom, Fig.1 shows the utility of nanomaterial in agriculture (Adapted from lavicoli et
al., 2017).
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1.3. Nanomaterials improve drought tolerance.

Drought is a major abiotic stress disturbing crop growth and yield worldwide due to
oxidative stress that reduce plant photosynthesis (Djanaguiraman et al., 2018). Drought
elevates reactive species, cause high production of secondary metabolites to adjust the
membrane fluidity and antioxidants to defend plants against the environmental stimuli
(Siddigi and Husen, 2016). Morales-Diaz and co-workers, (2017), stated that keeping
mineral nutrients balanced, metabolites, signal molecules and antioxidants or osmolytes at
thresholds provides a good chance of plants acclimatizing to the environment and that there

may be a relationship between nutritional quality of crops and the stress tolerance of plants.

Nanoparticles have been shown to elicit modifications in plants in a concentration, species
specific and exposure dependent manner (Saxena, Tomar and Kumar, 2016; Duhan et al.,
2017). Researchers are continuously investigating nanoparticles for alleviation of drought
stress as a way to mitigate and increase agricultural reproduction using pure metals, metal

oxides and carbonaceous nanomaterials among them (Saxena, Tomar and Kumar, 2016).

1.3.1. Inorganic nanomaterials improve plants drought tolerance.

Most metal oxide nanoparticles have the ability of influencing the growth and development
of plants (Ram, Vivek and Prasad, 2014; Verma et al.,, 2018). The zinc and copper
micronutrients are vital micronutrients needed for the optimum growth and development of
plants (Saxena, Tomar and Kumar, 2016). Pre-treatment with part of mother colloid solution
to 100 parts of water of two winter wheat seeds variety with zinc oxide and copper oxide
colloidal nanoparticles have shown a species-specific reduction of drought stress (Taran et
al., 2017). The steppe Acveduc (by 30%) variety was more drought tolerant than Stolichna
(by 27%) by evidence of elevation of antioxidant enzymes superoxide dismutase (SOD) and
catalase (CAT), lower reactive species and lipid peroxidation. Furthermore, the colloidal
solution presented stable wheat photosynthetic pigments and high relative water content in

the wheat leaves (Taran et al., 2017).

Exogenous application of 30, 50 and 100 ppm to Moldavian balm herbaceous plant was
effective for increasing phenolic compounds (Faghih et al., 2017, 2019 cited by
Kamalizadeh, Bihamta and Zarei, 2019). Plants generally increase different phenolic
compounds, improve plant antioxidant systems and improve tolerance to the stress (Faghih

et al., 2017, 2019 cited by Kamalizadeh, Bihamta and Zarei, 2019). The combination of
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drought stress and anatase nanoparticles had no significant effect on most phenolic
compounds, except on chlorogenic acid, which increased significantly by application of
titanium nanoparticles.

Wheat application to silicon (Si) nanoparticles (0, 30, 60 ppm) increased the leaf greenness,
crop yield, proline, superoxide enzyme activity and water content in plants under both soil
and foliar spraying application regimes in wheat plants during drought stress (Behboudi et
al., 2018). Magnetite nanoparticles and maghemite nanoparticles have provided good basis
of nanofertilizers to improve drought stress in canola plants (Palmqvist et al., 2017).
Particularly, maghemite resulted in reduced hydrogen peroxide levels, and lipid
peroxidation, enhanced leaves growth rate and chlorophyll content compared to control
plants suggesting that maghemite nanoparticles provided drought tolerance to the plants in
drought stress conditions and good alternative to supplement of nutrient chelated ion.

The application of nanoceria (10 mg.L ™) effectively reduced leaf reactive oxygen species
,germination and seed yield per plant by 41%, 31%, and 31%respectively in drought-
stressed plants comparative to control sorghum plants through a root to shoot translocation

route (Djanaguiraman et al., 2018).

1.3.2. Carbonaceous nanomaterials in drought tolerance.

BoriSev et al., (2016) reported that 70umol/l and 700umol/l fullerenol nanoparticles
protected sugar beet from both moderate and severe drought stress. Fullerenol bound large
amounts of water acting as a compatible' osmolyte to serve as an additional intracellular
supply of water for the plants (BoriSev et al.,2016). The soil relative water content between
60-70% reduced roots proline and elevated antioxidant enzyme activities in a fullerenol

concentration dependent manner (BoriSev et al., 2016).

Wang et al., (2014) examined 20% (PEG 6000) drought stress with 10-1000 mg. L™
graphene oxide nanoparticles in Arabidopsis thaliana seedlings effect on drought stress
expression genes. The combination of PEG 6000 with 1000 mg L™ of the nanoparticles
significantly decreased the expression level of HKT1 and elevated in the expression levels
of ABI4, ABI5, AREB1, SOS1, and RD29A compared to PEG 6000 (20%) treated plant
(Wang et al., 2014). The genes ABI4, ABI5, AREB1, HKT1, SOS1, and RD29A are
required for the control of drought and/or salt stress, thus carbon nanomaterials may have

the ability to provide stress tolerance in plants (Wang et al., 2014).
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1.4. The GYY4137 effect on drought stress.

It is well known that plants protect themselves against environmental factors such as
drought by producing a lot of signalling molecules including hydrogen sulfide (H,S) among
others (Garcia —Mata and Lamattina, 2012). The signalling molecule is involved in seed
germination, plant growth and development and in drought stress tolerance (Li, Min and
Zhou, 2016). Garcia-Mata and Lamattina (2010) has shown that one to 500 uM GY'Y4137
induced stomatal closure in Vicia faba, Arabidopsis thaliana and Impatiens wallerians
during drought in a dose dependent manner. The regulation of the stomatal apertures
happened through a modification of the guard cells and osmotic rearrangements in plants.
This resulted in regulation of carbon dioxide used by plants, photosynthesis and limited
water loss as water vapour (Garcia-Mata and Lamattina, 2010). The H,S stomatal closure
was concluded to have happened through ABC transporters regulation using an abscisic
acid -dependent pathway (Garcia-Mata and Lamattina, 2010).

Previously used H,S donors have been used to protect crops against drought stress, but they
released H,S in a short burst and not mimicking a biological sample (Christou et al., 2013;
Shen et al., 2013; Kang, Neil and Xian, 2017). Honda et al., (2015) showed that using 100
mM GYY4137 induced stomatal closure for the first 90 minutes and thereafter 120 min
with 100 mM GYY4137 the stomata fully reopened. Some work done on GYY4137 has
shown that H,S that work in concert with nitric oxide (Honda et al., 2015) and abscisic acid
(Garcia-Mata and Lamattina, 2010) to promote growth of plants. However, the exact
mechanism of H,S signalling remains to be elucidated (Garcia-Mata and Lamattina 2010:
Garcia-Mata and Lamattina, 2012). The H,S accumulation from 500uM sodium
hydrosulfide (NaHS) treatment was rapid than that of GY'Y4137 and at high concentrations
the gas causes phytotoxicity (Garcia-Mata and Lamattina, 2012).

1.5. Comparison of GYY4137 to NaHS.
Morpholin-4-ium 4-methoxyphenyl (morpholino) phosphinodithioate (GYY4137) is a H,S
donor that releases the gas slowly over extended period of time (Li et al., 2008; Carter et al.,
2018). GYY4137 is pH and temperature dependent (Li et al., 2008). Its ability to release
H,S at slower rate makes it a donor choice for working on biological samples (Rose,
Dymock, and Moore, 2015). GYY4137 also shares some useful properties with other
donors such sodium hydroxide (NaHS) such as of the anticancer abilities, anti-
inflammation, good water-solubility, and ability to make plants stress tolerant (Rose,
12



Dymock, and Moore, 2015; Garcia —Mata and Lamattina, 2012). Although the NaHS has
prompted research on H,S it generates undesirable large amounts of H,S in short time and is
easy to obtain and it is widely used in the preparation of H,S solutions (Kang, Neil and
Xian, 2017).

1.6. Problem Statement

Climate conditions have caused worldwide drought, exacerbated malnutrition and famine in
lot of Sub-Saharan African countries. Several H,S donors have been used to alleviate
drought and other biotic stresses. Nevertheless, they release too much of the gas one time,
hence GY'Y4137 has been reported to alleviate drought stress and can release H,S slowly as
for long period as in biological samples. However, GYY4137 has not been utilised at nano-
level. Therefore, there is a need to make nano agrochemicals that will enhance drought

tolerance such as GYY4137 (H,S donor) for application to drought stress relief in plants.
1.7. Research aims and objectives

The aim of this project was to synthesize GY Y4137 gold nanoparticles (GYY4137-AuNPs),
stabilize with them water soluble polymers poly ethylene glycol (PEG) and chitosan and
characterize the polymer GY'Y4137 gold nanoparticles.
Obijectives:
e Synthesize GYY4137 —capped gold nanoparticles using reflux reduction synthesis
procedure.
e Synthesize serine gold nanoparticles and threonine AuNPs for comparison with
GYY4137 AuNPs.
e Stabilize the nanoparticles using water soluble polymers; poly (ethylene) glycol (PEG)
and chitosan.
e Characterize the GY'Y4137-AuNPs using the standard microscopic and spectroscopic

characterization techniques compared to both serine-AuNPs and threonine-AuNPs.
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Chapter 2

Literature review

Chapter Overview

This chapter consists of literature review describing the AuNPs, their general applications
and methods used to synthesise them. The review highlights several applications and work
done so far on agriculture using AuNPs nanoparticles focusing on reviews of how the
properties of the gold nanoparticles make it a nanocomposite of choice when working in
agriculture. This is followed by a review of GYY4137 general chemistry or structural and
biological properties. Finally, polymers (PEG and chitosan) used are discussed and what
they have in common and their differences are presented in a tabular form.

2.1. History of gold nanoparticles.

Gold nanoparticles as metallic nanoparticles are the preferred choice of nanoparticles due to
their tuneable optical and physic-chemical properties that allow manipulative control of
size, composition, assembly and bio conjugation (Huang et al., 2007; Jain et al., 2006;
Kumar et al., 2013). The gold nanoparticles also a have simple and rapid synthetic
procedures. The synthesis of gold nanoparticles go.as far back to Michael Faraday’s work in
1857, in which the gold hydrosols were prepared by reduction of an aqueous solution of
gold (iii) chloride with phosphorus dissolved in carbon disulphide (Faraday,1859 cited by
Saha et al., 2012) Gold colloids are the most stable and synthesized by either citrate
reduction method or by the Brust-Schiffrin method (Daniel and Astruc, 2004).The citrate
reduction method uses citrate ions reduce gold(I11) chloride in water to synthesise spherical
nanoparticles, and was invented by Turkevich in 1951 cited by Daniel and Astruc, 2004).

The size of the nanoparticles can be controlled by changing the concentration of the citrate
(Huang et al., 2007). Following that Frens, (1973) optimised the latter method by using
different ratios of reducing agents to stabilizing agent and synthesised nanoparticles size
between16 nm and 147 nm in solution (Daniel and Astruc,2004; Yeh, Creran, and. Rotello,
2012). Thereafter, the two-phase Brust-Schiffrin method followed in 1994 and synthesised
thermally stable and air-stable AuNPs with sizes between 1.5 and 5.2 nm (Daniel and

Astruc, 2004). The Brust-Schiffrin method enabled synthesis of highly dispersed
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nanoparticles, with low probability of agglomeration and allowed stabilizing colloids with
variety of functional thiol ligands (Daniel and Astruc, 2004). The DNA, peptides and
antibodies can also be used to cap the gold nanoparticles by means of covalent and non-

covalent interactions (Huang et al., 2007; Saha et al., 2012).

2.2. General properties and applications of gold nanoparticles.

Gold nanoparticles offer electronic and chemical properties, which make them the focus of
extensive research (Piella, Bastus and Puntes, 2015; Saha et al., 2012; Zarabi et al., 2013).
Gold nanoparticles have strong binding affinity for thiols, disulphide and amines making
them good in biological applications (Piella, Bastis and Puntes, 2015). The gold
nanoparticles properties are diameter and shape dependent (Daniel and Astruc, 2004).
AuUNPs are applied in optoelectronic devices, ultrasensitive chemical and biological
sensors, and as catalysts in chemical and photochemical reactions (Saha et al., 2012).

Gold nanoparticles are easy and rapid to synthesize and encapsulate with different ligands
(DNA, peptides etc.) and highly sensitive and specific for targeted delivery (Jain et
al.,2006; Saha et al., 2012). Wangoo et al., (2014) reported that gold nanoparticles bio-
safety in human cells was established and that they are non-susceptible to photo-bleaching
and/ or chemical damage. Colloidal AuNPs aqueous solutions generally show an
absorption peak from 500 to 550 nm (Jain et al., 2006; Yeh, Creran, and Rotello, 2012).

Gold nanoparticles have a quantum size effect that leads to discrete electron transition
energy levels (Saha et al., 2012). Moreover, the quantization of gold nanoparticles may be
changed by external ligands, magnetic fields and electrolyte ions (Saha et al., 2012). The
surface absorption peak is due to collective oscillation of the conduction electrons from the
resonance excitation by the incident photons, which is termed “surface resonance plasmon
peak” (Daniel and Astruc, 2004; Yeh, Creran, and Rotello, 2012). This peak is influenced
by size, shape of the nanoparticle, solvent, ligand, core charge, temperature and interparticle
distance (Daniel and Astruc, 2004, Judy et al., 2012; Yeh, Creran, and Rotello, 2012: Saha
et al.,2012). A major problem to some gold nanoparticles is their inability to stay stable
long enough for application in biological systems (Saha et al.,2012; Que et al.,2015).
According to Que et al., (2015), the Au-to-thiol bond is a Lewis acid-based interaction and
is affected by salt, pH, and external thiol compounds leading dissociation of the Au-to-thiol

bond. Thus, its suitability for biomedicine and catalysis is affected because the
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nanoparticles need to be stable in solutions rich in salt and thiol compounds (Que et
al.,2015).

2.3. Studies of gold nanoparticles in agriculture

Gold nanoparticles effects on plant physiology, development and metabolism are very
limited (Kumar et al., 2013). When dealing with the utility of gold nanoparticles in
agriculture most studies have dealt mainly with uptake, translocation, biodistribution,
bioavailability, and toxicity and growth improvement in plants (Zhai et al., 2014). The gold
nanoparticles are the least examined in relation to germination, water balance, nutrition,
genotoxicology or seed production for which the impact of AuNPs is unknown (Milewska-
Hendel et al., 2017). Investigation of uptake of gold nanoparticles showed that gold is
transported in an ionic (Au**) water soluble form from the roots to the leaves and then
reduced to gold metal nanoparticles (Au®) and accumulated within the woody poplar cells
(Zhai et al., 2014).

Taylor et al., (2014) showed a translocation route for gold nanoparticles using
100 mg L™* through the physiological and genetic responses of A. thaliana (L.), where the
gold shortened the roots length of the seedlings by 75% with oxidized Au** in roots and
shoots of the plants and Au® nanoparticles in the root tissues. Taylor and co-workers
concluded that plants absorb gold as an ionic form-and the plants' response to presence of
gold up-regulate plant defence genes and may: down-regulate metal transporters to reduce
gold uptake (Taylor et al., 2014), this study was also supported previous studies of Sabo-
Attwood et al., 2011 and Koelmel et al., (2013).

Gold nanoparticles uptake and translocation route was also shown in a different plant
woody poplar by Zhai et al., 2014 research study using 15 nm, 25 nm and 50 nm AuNPs.
The effects of AUNPs dependent on dose or concentration of nanoparticles (and on type of
species or size and coating of AuNPs (Shah and Belozerova, 2008; Judy et al., 2012; Kumar
et al., 2013; Zhai et al., 2014; Taylor et al., 2014; Siddiqgi and Hussen, 2016). The lettuce
was treated with 0.013 % (w/w) dodecanethiol-functionalised gold nanoparticles for 15 days
(Shah and Belozerova, 2008). The treatment significantly increased the ratio of shoot
length to root length by P values of 0.008 (Shah and Belozerova, 2008). There is a growth
in the shoot/root ratio for the gold nanoparticles treated plants compared to that of the
control indicating that these nanoparticles do affect the growth of the plants (Shah and
Belozerova, 2008).
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Treatment of plants with 24 nm of gold nanoparticles containing 10 and 80 pg. mL™was
used to determine the nanoparticle’s effect on antioxidant enzyme activity and micro RNAs
of A. Thaliana (Kumar et al., 2013). The 24 nm of gold nanoparticles reduced the reactive
oxygen species production by 3.54 and 2.59 folds by elevating scavenging enzymes such as
superoxide dismutase (1.83 and 2.83), ascorbate peroxidase (1.24 and 1.78), catalase
(1.42and 2.41), and glutathione reductase (1.48 and 2,35).

The miRNA expression pattern miR164, miR167, miR169, miR319, miR395, miR397,
miR398, miR399, miR408 and miR414 involved in seed germination and plant physiology
were analysed (Kumar et al., 2013). The 80 pg. mL™ significantly downregulated the
expression of 6 MiRNAs compared to control seedlings and 10 pg. mL™ exposed seedlings
(Kumar et al., 2013). The 80 pg. mL™ exposure upregulated the expression level of miR169
and miR319, while 10 pg. mL™ did not affect the expression patterns of these microRNAs.
The miR397 expression level was increased in the seedlings by both concentrations. The
expression of miR399 was not greatly affected in the seedlings by exposure to either of
these two gold nanoparticle concentrations (Kumar et al., 2013). The lower level of
expression of miR398 and miR408 in gold nanoparticles exposed seedlings supported the
elevation of antioxidant enzyme activity. These two microRNAs are also known to
participate in the regulation of seed germination, seedling growth and root length. A lower
level of expression of miR398 and miR408 may have been responsible for greater rate of
seed germination, seedling growth and root elongation compared to control seedlings to that
of the control indicating that these nanoparticles do affect the growth of the plants (Kumar
etal., 2013).

The gold nanoparticles can be used for nanoparticles mediated plant transformation in
biotechnology and as capping agents to promote bio-safety and sensitivity (Saha et al.,
2012). AuNPs were used to cap mesoporous honeycomb silica nanoparticles to deliver
plasmid DNA and its activators in a regulated manner (Torney et al.,, 2007). The
mesoporous silica nanoparticles were loaded estradiol to simultaneously deliver both DNA
and effectors resulting in site targeted delivery and expression of chemicals and genes

respectively in Zea mays and tobacco (Torney et al., 2007).

22



2.3. Description of PEG and chitosan.

A polymer is a long-chain of repeating units (Kadajji and Betageri, 2011). The use of
polymers in nanoparticles is due to ease of processing, their solubility and low toxicity and
ability to control the growth (Usman et al., 2012). Polymers are excellent stabilizing and
capping agents for nanoparticles (Kadajji and Betageri, 2011). The poly (ethylene) glycol
(PEG) is a water-soluble synthetic polymer while chitosan is a natural organic polymer
extracted from crab shells, shrimps and fungi (Kadajji and Betaheri, 2011; Sharif et al.,
2018). The PEG is bio-adhesive and muco-adhesive (Kadajji and Betageri, 2011) and is also
hydrophilic with high viscosity forming H-bonds (Ozdemir and Giiner, 2007). The PEG
polymer is biocompatible with most organic solvents, non-immunogenic, non-antigenic and
inhibits non-specific attachment of peptide and proteins (Alcantar, Aydil and Israelachvili,
2000). The chemical structure, H—-(O—CH,—CH>-) n—OH, of PEG consists of two terminal
groups, hydrogen and hydroxyl, which play an important role in short compounds.
Hydrophobic ethylene units and the hydrophilic oxygen which alternate along the chain are
responsible for PEG’s amphoteric character (Ozdemir and Guner, 2007). The one
disadvantage of using PEG as stabilizing agent, site-specific delivery of proteins is its
probability to aggregate other aqueous solutions. Synthetic polymers are degraded by
simple hydrolysis, and the rate can be designed based on their molecular weight (Ozdemir
and Guner, 2007). The polymer pathogen contamination is less in synthetic polymers than

in natural polymers (Alcantar, Aydil and Israelachvili, 2000; Ozdemir and Guner, 2007).

Chitosan is a chitin derivative possessing more than 50% degree of deacetylation (DDA
(Aranaz et al., 2014; Sharif et al., 2018). Chitosan is non-toxic, biocompatible, and
biodegradable and bioactive hence it is suitable for pharmaceutical, biomedical, food,
biotechnological, agricultural and cosmetics applications (Usman et al., 2012). Chitosan is a
polysaccharide, with two monomeric units of 2-amino-2-deoxi-D-glucose linked by B
(1—4) glycosidic bonds (Usman et al., 2012). The solubility of chitosan is determined by
amine group protonation of its copolymer structure (Aranaz et al., 2014). The content of
two amino-2-deoxi-D-glucose promotes its solubility in acidic aqueous solutions. Chitosan
exists with positively charged structure capable of muco-adhesion, antimicrobial and
permeability enhancing ability (Aranaz et al., 2014).
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Chitosan also has the ability to scavenge different radical species by either proton donation

or electron transfer from the amine group (Aranaz et al., 2014). Its cationic structure is great

advantage for site-specific delivery of any specific anionic structure such as gold

nanoparticles across membranes (Aranaz et al., 2014). The major drawbacks of naturally

occurring biopolymers are significant variations in molecular weight and structure from

batch to batch, and the potential risk of pathogen transfer from the originating organism

(Mignon, et al., 2019). The structure of PEG and chitosan and are shown in Fig.2 below,

while their properties are compared in a summary in Table 2: below.

NH.

OH

OH

n

Figure 2: Chitosan and PEG structures. A) Chitosan (adapted from Aranaz €t al., 2014) B) PEG structure

(adapted from Team, 2019).

Table 2: Similarities and differences of chitosan and poly ethylene glycol (PEG).

Properties

Chitosan

Poly (ethylene) glycol (PEG)

Polymer classification

Natural biopolymer

Synthetic biopolymer

Solubility

Water soluble

Water soluble

Degradation

Hydrolysis, deacetylation

Hydrolysis

Structural Bonds

B-glycosidic bonds (1-4)

hydrophilic bonds

Biocompatible to cells Highly Highly
Immunogenecity None None
pathogenic contamination High Negligible

AuNPs stabilizing agent

Good stabilizing agents

Dependent on PEG molecular

weight
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10.

In this work, the PEG and chitosan were used as stabilizers of the GY'Y4137 nanoparticles.
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Chapter 3

Chapter Overview
This chapter contain methodologies used to synthesize GYY4137-capped gold nanoparticles
(AuNPs), the capping with PEG and chitosan to make stable nanoparticles and

characterization techniques used to study their physicochemical properties.
3. Method and Materials

3.1. Chemicals

Gold (iii) chloride hydrate (HAuCl;xH>O anhydrous 50% Au basis), L-serine (99.5%), L-
threonine (99.5%), morpholin-4-ium 4-methoxyphenyl (morpholino) phosphinodithioate
(GYY4137), poly (ethylene) glycol (PEG) (300 M), deacetylated chitin poly (D-
glucosamine), acetic acid (C,H40,, 99-100%) and sodium tripolyphosphate (85%)
(NasO10P3) were used. All the glassware used in the experiment was cleaned using aqua
regia (1:3). Aqua regia is made up-of one molar nitric acid (HNOj3) (65%) and 3 molar
hydrochloric acid (HCI) (38%) to eliminate any metal contamination prior to use and stored
overnight at 100°C.

The amino acids were purchased from Biochemika, acetic acid and nitric acid were products
of Merk and all other chemicals from Sigma Aldrich (South Africa). The magnetic stirrers
were sterilised with ethanol (99.9%) and washed with deionized water. The 0.01 (wt. %) of
HAuUCI,;, 300 mM GYY4137 and 300mM amino acids solutions were prepared with
deionised water, Synthesis of AuNPs was done in the Nanomaterials and Organometallics

Research Laboratory Chemical Science Building at the University of the Western Cape.

3.2. GYY4137, serine and threonine AuNPs synthesis.

The experimentation synthesized 20 mL of each solution of GYY4137-AuNPs, serine-
AUNPs and threonine-AuNPs. In the experiments 10 mL of 0.01 wt. % HAuUCI, was heated
and refluxed in a 100-mL-round-bottom flask at 80 ° C with continuous stirring according to
the modified method of Wangoo et al., 2014. While, heating a 10 mL of each 300 mM of
the reducing agents (GYY4137, serine and threonine) were added to make three gold
solutions. An observation of colour changes from yellow to purple, pink or brown solutions

were observed. After which the reaction was cooled at room temperature with continuous
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stirring. The solutions were stored in the dark away from direct light to avoid photo-

induction.

3.2.1. GY'Y4137 AuNPs capping with PEG and chitosan.

GY'Y4137-AuNPs solutions of chloroauric acid solution (10 mL of 0.01 wt. %) was heated
and refluxed in a 100-mL-round-bottom flask using at 80 °C with continuous stirring
according to the modified method of Wangoo et al., 2014. In the experiment 10 mL of 300
mM GYY4137 was added to10 mL of 0.1% HAuCI, boiled under reflux until colour change
from yellow to ruby red. Thereafter, the reaction was cooled at room temperature with
continuous stirring. In order to stabilize the GYY4137 AuNPs various concentrations
(0.5%, 0.25%, 0.75%, 1% and 5%) of 10 mL PEG (300 M., were added to the 10 mL
‘GYY4137- AuNPs solutions at room temperature and stirred for 20 minutes to allow
exchange of the GY'Y4137 molecules with PEG.

In order to produce0.2 % chitosan capped GYY4137 gold nanoparticles a 10 mL of 0.2% of
deacetylated chitin poly glucosamine (chitosan) was dissolved in 1% acetic acid. Then a 10
mL solution of 0.1% GYY4137 and 0.1 % gold salt in a 1:1 ratio was added to the chitosan
solution. Following this a Img/mL sodium tripolyphosphate (STTP) was added drop wise
until a change yellow to transparent and to pink was observed in the solution. The mixture
was stirred for 20 minutes and then sonicated for another20 minutes at room temperature.
The solutions of the gold nanoparticles were subject to centrifugation at 6000 rpm for 30
minutes. The samples were stored away from direct light to avoid photo-induced reactions

and analysed at room temperature with different techniques.

3.3. Characterization Of the gold nanoparticles.

3.3.1. Ultraviolet Visible (UV-Vis) spectroscopy

Using the Ultraviolet Visible (UV-Vis) spectroscopy surface plasmon resonance peak and
the optical property of gold nanoparticle verification the formation of gold nanoparticles
was performed. Double beam UV-Vis equipment was used. A two reference cells were used
to calibrate then equipment prior to sample analysis, and then a sample cell was analysed in
comparison to one reference cell. Fig. 3: The sample cell is put inside the UV-Vis
equipment and UV beam passed through the sample and caused electrons in the sample to
transition from lower orbital energy state to a high orbital energy (Chem.ucalgary.ca, 2019).
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The energy changes gave absorbance on the structure of the molecule from comparing the
light transmitted through the sample (Is) and light through the reference (l;) cell. The
monochromator spreads the light into a spectrum and selects one wavelength of light that is
split into two beams (Chem.ucalgary.ca, 2019). The sample absorbs light in the visible
range of spectrum which gets detected by a detector. The UV-Vis was done in the Chemical

Science Building in the Chemistry department.

This results in absorbance as equation:
A= log (E) = &bc

Where A= Absorbance, I,= reference beam, Is= sample beam, € = molar absorptivity of the

sample inL.mol™cm™, b= path length in cm and ¢ = concentration of sample in Molar.
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Figure 3: Schematic diagram of double beam UV-Vis apparatus (adapted from: New
Images Beam, 2019).

3.3.2. High resolution Transmission microscopy (HRTEM) analysis

Samples for HRTEM studies were prepared by dropping the nanoparticles solution on
carbon-coated copper grids and were allowed to dry overnight minutes at room temperature
before analysis. This technique gave the information of morphology of the gold
nanoparticles. A FEI Tecnai™ F30ST field emission gun transmission electron microscope
(FEG-TEM) was operated at an accelerating voltage of 200 kV in bright field mode. In
HRTEM, a high energy electron beam from an electron source focuses onto the sample and
transmits the beam throughout the sample (Dstuns.iitm.ac.in, 2019). This beam results in
changes in energy of electrons that can be detected by software and that generate an image
of the sample (Dstuns.iitm.ac.in, 2019). HRTEM was performed in the physics department
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at the Electron Microscopy Unit of University of the Western Cape. Fig. 4: Below is the
example of an image of the HRTEM equipment with EDAX. Data analysis was done with

Image J software to determine the size of the nanoparticles.

Figure 4: General layout of a HRTEM with EDAX (Dstuns.iitm.ac.in, 2019).

3.3.3. Energy dispersive X-Ray Analysis (EDX) analysis.

Energy dispersive X-Ray Analysis (EDX).is an elemental mapping of samples to approximately
confirm the presence of the desired elements within the sample and any impurities thereof.
The machine gives off the composition or number of nanoparticles near and at the surface,
provided they contain some heavy metal ions. This technique was performed on samples
after characterization with HRTEM. Upon exposure to the electron beam, the electrons
within the sample were excited to a higher energy level, and released X-rays as they return
to the ground state. The wavelength of each X-ray is unique to the element from which it
was emitted. The EDS spectra were collected with liquid nitrogen cooled EDAX SiLi
detector connected to the HRTEM. Each spectrum was collected for 30 seconds. The
experiments were done in the Electron Microscopy Unit (EMU) in the physics department

at the University of the Western Cape.

3.3.4 Scanning Transmission Electron Microscopy (STEM with EDAX)

In the scanning transmission electron microscopy (STEM) mode, the microscope lenses
created focused convergent electron beam or probe at the sample surface. The focused probe
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scanned across the sample and various signals are collected point-by-point to form an image
(Nrel.gov, 2019). The analysis was done using a Zeiss Merlin FESEM with STEM detector
and Smart SEM software to generate images. Thesamples quantified
chemically using quantitative Energy Dispersive X-Ray Spectrometry ( EDS) with using
an Oxford Instruments® X-Max 20 mm? detector  and Oxford Aztec software  (Oxford
Instruments, Oxfordshire OX13 5QX, United Kingdom). For Backscattered Electron
detection (BSE), operating conditions of 20 kV accelerating voltage and 10 nA beam
current  with a working distance of 95 mm, were used. Beam
conditions during the quantitative (EDS) analysis performed on the Zeiss
MERLIN were 20 kV accelerating voltage, with a working distance of 9.5 mmand a beam
current of 10 nA. The characterization happened in the University of Stellenbosch at the
Central Analytical Facilities (CAF).

3.3.5. Attenuated Total Reflectance Fourier Transform Infrared spectroscopy
(ATR-FTIR) analysis.

The use of polymers in the AuNPs requires confirmation that the polymers are linked to the
surface of the AuNPs. Attenuated Total Reflection (ATR) is an accessory of transmission
infrared (IR) spectrometers that significantly enhances surface sensitivity (Subramanian and
Rodriguez-Saona, 2009). ATR probes substances to determine the nature of their molecular
bonds and identifies the functional groups among organic molecules (Subramanian and
Rodriguez-Saona, 2009). Only polar bonds display bands in the IR spectrum and are named
IR active (Utdallas.edu, 2019).

Prior to the analysis, 99.9 % of acetone cleaned the ATR crystal and thereafter the
background was analysed to ensure good results. A contact between ATR crystal and test
sample of 80 to 100 gauge. ATR measured the changes that happened in an internally
reflected infrared beam when the beam encountered a sample (Subramanian and Rodriguez-
Saona, 2009). In ATR, an infrared beam is reflected internally through a crystal. In ATR-
FTIR, as shown in Fig. 5, a crystal with high refractive index is placed underneath the
sample. When IR radiation passes through the crystal, the total internal reflection takes
place and generates an evanescent wave that is absorbed by the sample (Subramanian and
Rodriguez-Saona, 2009). In this work, ATR- FTIR measurements were performed using

ATR-FTIR spectra were recorded on a Perkin Elmer Spectrum 100 spectrometer in the

32



4000-500 cm™ range. Data analysis was conducted with OMNIC Spectroscopy Software
Suite. The analyses were done in the Chemistry department in the Chemical Science
Building of University of the Western Cape.

Sample in contact

/ “'F“Il evanescent wave

\ \ To Detector
s

Infrared ATR
Beam Crystal

Figure 5: A Schematic representation of ATR-FTIR. Adapted from (Subramanian and

Rodriguez-Saona, 2009).

3.3.6. Dynamic Light scattering and Zeta Potential

Dynamic light scattering (DLS) was used to determine the size of Brownian nanoparticles in
colloidal suspensions in the ranges of nano and submicron (Stetefeld, McKenna and Patel,
2016). The Brownian motion results in Doppler shift when nanoparticles are exposed to a
shining monochromatic light (laser) which hits the moving particle and resulting in changes
in the wavelength of the incoming light (Stetefeld, McKenna and Patel, 2016). Degree of
the change in wavelength determines the size of the particle (Kanjanawarut, Yuan and Xiao
Di, 2013). Brownian motion assists in evaluation of the size distribution, particle’s motion
in the medium, which may further assist in measuring the diffusion coefficient of the
particle and using the autocorrelation function (Kanjanawarut, Yuan and Xiao Di, 2013;
Stetefeld, McKenna and Patel, 2016). DLS offers precise estimation of the particle diameter
and size distribution (Stetefeld, McKenna and Patel, 2016). The instrument operates at a
light source wavelength of 532 nm and fixed scattering angle of 73 °C over a 1 cm path
length at room temperature (Stetefeld, McKenna and Patel, 2016).

The Zetaziser Nano ZS (Malvern Instruments, US) was used mean particle hydrodynamic
size, size distribution and surface charge of the gold nanoparticles incorporated to a
computer for data analysis. The Zetasizer Nano ZS was calibrated using dispersant of water

prior to analysis. After that, one of the references was taken out and analysis began with one
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reference cell and sample cell. Each data point for all measurements is an average of at
least 10 runs. Each analysis time was for 60 sec. Zeta potential indicates the degree of
repulsion for adjacent similarly charged particles and stability (Gupta, Singh and Singh,
2015). Zeta potential measurements are suitable for colloidal AUNPs because they possess a
negative electrostatic charge. The surface charge of gold nanoparticles is pH dependent
(Csapo et al., 2014). The DLS and Zeta Potential measurements were done in the Life

Science Building in the Biotechnology Department.
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Chapter 4

Chapter overview
This chapter contains a brief discussion of the results of capped and uncapped GYY4137-
AuNPs compared to serine-AuNPs and threonine-AuNPs with emphasis on the results

obtained from all the characterization techniques employed to analyse the nanoparticles.

4. Results and Discussion

4.1. The formation of GYY4137-AuNPs, serine-AuNPs and threonine-AuNPs.

The GYY4137-AuNPs, serine-AuNPs and threonine-AuNPs were synthesised (Fig.6.) using
GYY4137, serine and threonine as reducing agents. The novel GYY4137-gold
nanoparticles resulted in a brown solution compared to serine—AuNPs (purple) while
threonine-AuNPs (pink). Jain et al., (2006) reported that spherical AuNPs exist as brown,
purple or pink such as those obtained in this study.

The Ultra-Violet Visible spectroscopy verified the formation of the gold nanoparticles. In
(Fig. 7.) GYY4137 —AuNPs had a surface plasmon resonance peak at 562 nm compared to
serine gold nanoparticles and threonine gold nanoparticles which had 560 nm and 524 nm.
All the nanoparticles absorbed in the visible range of the spectrum, which proved successful
synthesis of the gold nanoparticles. The peak position and absorbance of the SPR band are
dependent on AuNPs’ size (Belahmar and Chouiyakh, 2016). The GYY4137 gold
nanoparticles were relatively stable for few hours and required further stabilization before
use with other characterization equipment. According to the Mie theory, the maximum
absorption wavelength is related to the size of the nanoparticles and the smaller the
wavelength, the smaller is the diameter of the nanoparticles (Saha et al., 2012; Zarabi et al.,
2013). The observation of the broad absorbance peak of GYY4137 is indicative of large
nanoparticles and shows signs of aggregation hence the use of chitosan polymer. While the
serine-AUNPs and threonine-AuNPs had a narrower surface plasmon peak proving smaller
diameter of nanoparticles and broad distribution size range shown by the broad-spectrum
peak and wavelength. The serine-AuNPs agglomerated slowly than the threonine-AuNPs.
The peak absorbance wavelength increases with particle size and localised surface plasmon
resonance spectrum depends on diameter and shape of AuNPs (Zarabi et al., 2013). The

maximum absorbance peaks were determined to 524,550 and 562 nm reported to be
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correlated with the size of 20 - 40nm of gold nanoparticles (Jain et al., 2006). All the

spectra had broad SPR peak in the spectrum, which showed the size distribution of

polydispersed gold nanoparticles.

Figure 6: The synthesized samples of GYY4137-AuNPs compared to amino acid AuNPs. The beaker and
conical flask A) (brown) GY'Y4137-AuNPs, B) (purple) serine-AuNPs and C) (pink) threonine-AuNPs.
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Figure 7: UV-Vis spectra of amino acids capped AuNPs and GY'Y4137-AuNPs. (Blue) threonine -AuNPs,

(Green) Serine -AuNPs and (Purple) GYY4137 —AuNPs.
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The band gap energy can be determined using the Tauc plot relation (Belahmar and
Chouiyakh, 2016). It is an appropriate way of studying the optical absorption spectrum of a
material (Belahmar and Chouiyakh, 2016). According to the Tauc relation, the absorption
coefficient a for direct band gap material is given as (cited by Belahmar and Chouiyakh,
2016)

(ahv)*= A (hv—Eg)

Where A is a constant, Eq is the optical band gap expressed in eV and hv is the photon
energy in eV (Belahmar and Chouiyakh, 2016). The band gap value (Eg) is determined by
using the linear part of the (ahv) 2 curve towards the hv axis until (ahv)® * zero (Belahmar
and Chouiyakh, 2016). In (Fig.8-10) the obtained values of the optical band gap energy Eq
are 2.10 eV, 2.07 eV and 2.1 eV for GYY4137-AuNPs, serine-AuNPs and threonine-AuNPs
respectively. The Eg values increases as the size of the nanoparticle decreases. They
decrease with the increase in fraction volume due to enlargement of nanoparticles size. The
band gaps of the nanoparticles did not show the inverse relationship between the absorbance
and band gap. As the band gap increases the absorbance of the nanoparticle decreases or
vice versa. GY'Y4137-AuNPs and threonine-AuNPs had the same band gap although they
absorbed at different maximum peak absorbance. The band gaps may show instability of the
GY'Y4137-AuNPs and threonine-AuNPs compared to serine-AuNPs that had lower 2.07 eV
band gap. Ashrafi (2011, p. 10) reported that band gap is dependent on size and shape of the
nanoparticle and this relationship is due to electron quantum confinement at nanoscale

referred to as quantum size effect (Ashrafi ,2011, p. 10).
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Figure 10: Tauc Plot of threonine-AuNPs showing band gap (Eg)

An aggregation results in the nanoparticles concentration decrease as the quality of
nanoparticles deteriorated with time. The aggregation of AuNPs leads to an alteration in
surface absorption band that gives rise to a visible colour change (Saha et al., 2012). The

GYY4137 AuNPs may have collapsed during synthesis or they were not encapsulated fully.

The concentration of the nanoparticles can be calculated from the Beer =Lambert law (A =
ebC) using the molar absorptivity and the absorbance measured in UV—Vis spectra, where
A is the absorbance, b is the path length of the sample (cm), C is the concentration of the
compound in solution (mol. L™), and ¢ is the molar absorptivity (L mol™' cm™). 4.2. PEG-
capped GYY4137 AuNPs.

Coating of the nanomaterial surface has been shown to significantly alter nanoparticle
absorption by the plant (Judy et al., 2012). In this study poly (ethylene) glycol (PEG) was
used as a capping agent to stabilise GYY4147 because PEG can protect the chemical from
outside environment and is biocompatible (Kadajji and Betageri, 2011). However, in our
study none of the chosen concentrations (0.5-5%) of PEG could encapsulate the GYY4137

and in fact interfered with the whole synthesis procedure.

This may be because the effect of PEG on a biological sample is dependent on its
concentration and its molecular weight of PEG (Zhu et al.,, 2012). Hence, these
concentrations of PEG did not stabilize the nanoparticles. Zhu et al., (2012) has been
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reported that high concentrations of PEG can result in drought stress induction in plant
hence chitosan was used as an alternate polymer for capping. When the GYY4137-AuNPs
were encapsulated with PEG brown solution appeared from concentration of 0.5 to 1.
However, at 5% PEG a colourless solution was observed. The solutions did not show any
spectra in the UV-Vis spectra proving unsuccessful synthesis of gold nanoparticles in the

presence of PEG.

4.3. Characterization of chitosan capped GYY4137-AuNPs.

The techniques used to confirm the preparation of chitosan capped GYY4137-AuNPs
compared to serine-AuNPs and threonine-AuNPs were ultra-violet visible spectroscopy
(UV-Vis). Identification of the nanoparticle morphology, hydrodynamic size, size
distribution, and surface charge was determined by High Resolution Transmission Electron
Microscopy (HRTEM), Dynamic Light Scattering (DLS) and Zetasizer respectively.
Attenuated Total Reflectance Fourier Transform infrared confirmed the structural

encapsulation of the nanoparticles (ATR-FTIR).

(Fig.11.) Chitosan encapsulated the GYY4137-AuNPs and resulted in pink gold
nanoparticle’s solution. The colour change observed proved that gold nanoparticles
formation was successful. The formation of the gold nanoparticles was verified with the
absorption of UV-Vis (Fig.12.) of the chitosan capped GY4137-AuNPs with a maximum
absorbance peak at 550 nm with an optical density of 0.29. The broadness of the maximum
absorbance peak is indicative of broad size distribution of the nanoparticles. Chitosan
decreased the absorbance surface plasmon resonance peak the GYY4137-AuNPs from 5.2
to 0.29 in the region of maximum wavelength from 562 nm to 550 nm compared to the
preliminary results of the relatively stable GY'Y4137 AuNPs. There is a direct relationship
between absorbance of the gold nanoparticles the size of the nanoparticles (Zarabi et al.,
2013). Absorbance increases as the size also increases and vice versa. Table 3: below
shows the calculated concentration of the gold nanoparticles with their probability of
aggregation and dispersity of the GYY4137 has significantly high concentration (3.2484)
when compared to the preliminary studied serine-AuNPs and threonine-AuNPs. (Fig.13.)
The presence of chitosan resulted in a band gap of the GYy4137-AuNPs of 1.7 eV and 2.0
eV. The E4 values show that as the band gap increases as the size of the nanoparticle
decreases. This is agreement with the lower maximum absorbance peak of the nanoparticle

in its UV-Vis spectrum.
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Table 3: Concentration of the gold nanoparticles from Beer’s law (A=€bc)

AUNPs Absorbance | Molar absorptivity | Path  length | Concentration (c) (mol/L)
(A)(OD) | ® (b) cm

(L mol™ cm™)

L-Serine-AuNPs 0,173 7.70x 10 1 0.02247
L-threonine-AuNPs | 0,089 9.21x 10° 1 0,00966
GYY4137-AuNPs | 5.1 1.57 x 10'! 1 3.2484

Figure 11: Colloidal solutions of chitosan capped GYY4137-AuNPs and uncapped GYY4137-AuNPs with
precursor solutions. (a) GYY4137, (b) GYY4137-AuNPs, (c) HAuCIl, , (d) chitosan capped GYY4137-

AUNPs.
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Figure 12: UV-Vis spectrum of chitosan capped GYY4137-AuNPs.
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4.3.1. Functional groups of chitosan capped GYY4137-AuNPs.

(Fig. 14) below depicts the ATR-FTIR spectra of the reducing agents and gold salt: (blue)
gold (orange) serine, (grey) threonine and (yellow) GYY4137 prior synthesis. The
GYY4137 had one band in the analysis region of the spectra and a series found in the
fingerprint region. The GYY4137 had one IR band of 3307.21 cm™ and others in the finger
print region of 611.08, 590.34, 574.23, 536.89, 520.50, 501.32, 483.26, 466.83 and 429.88
cm™,
The gold salt solution FTIR (ATR cm™) showed IR bands at 3276.08 cm™, 1635.09 cm™,
1066.13 cm™, 632.04 cm™ and 420.52 cm™. The pure serine had 3325.74cm™, 1635 cm™
and 579 cm™, threonine 3307.81cm™, 1636.20cm™ and 576.01cm™. As the L-amino acids
both have amides thus, N-H group is present in the 3000-3500 cm™ region and a carbonyl
group is present in the region of 1630-6600 cm™. These are showed by the strong polar O-
H bond 3325.74 cm™and medium polar C =O bond 1635.33cm™ for serine and 3307.81cm™

and 1636.20 cm™*for threonine and strong C-H bonds at the fingerprint region.
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Figure 14: ATR-FTIR spectrum of all the reducing agents and gold salt solution prior to synthesis.

Figure 15 (a-c) below depicts the obtained ATR-FTIR spectra of chitosan capped
GYY4137-AuNPs compared to serine-AuNPs and threonine-AuNPs. The chitosan capped
GYY4137-AuNPs showed vibration bands at 3307.47, 2543.64, 2109.37, 1853.07 and
1636.82 cm™. The pure chitosan had bands at 3307.30 cm™, 1635.47cm™, 1272 cm™, 607
cm™ and 422 cm™. In FTIR spectrum chitosan GY'Y4137-AuNPs capping with chitosan a
slight shift of bands occurred from 3307.47 cm™ to 3307.30 cm™, 1636.82 cm™ to 1636.47
cm?, 1853.07 cm™ to 1272.39 cm™. Two IR bands in the spectrum disappeared (2543.64
cm™ and 2109.37 cm™) and two new ones appeared at 607 cm™ and 422 cm™. The shift
proved that chitosan really capped GYY4137-AuNPs. The relatively unstable GYY4137-
AuNPs had a shift at absorption bands of 3307.21 cm™ to 3306.82, 25 cm™ and at 611.08
cm™ to 672 cm™. New bands formed at 2548.71 cm™, 2132.21 cm™, 1854 cm™, 1636.53 cm
! 1223.63 cm™, 1010.48 cm™ and 982 cm™ (data not shown).

In comparison to serine-AuNPs with band at 3305.66 cm™; 2545.42 cm™; 2109.33 cm™;
1857.11 cm™, 1635.87 cm™ and threonine-AuNPs at 3305.62, 2557.64, 2108.40, 1855.80
and 1636.68 cm™. The reduction of gold salt by the amino acids observed as small shift
from 3305.74 cm™ to 3325.66 cm™, and 1635.33 cm™ to 1635.87 cm™ The 579.44 cm™
band disappeared and new bond at 664.65 cm™ with others 2545.42 cm™, 2109.33 cm™,
1857.11 cm™ and 1156.93 cm™ formed. The new bands formation shows that new bonds are

formed between the reducing agents and the precursor gold salt solution.
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All the gold nanoparticles have the same type regions of vibration as medium C=0 stretch
at 1636. 82 cm™; 1635.87 cm™ and 1636.68 cm™ respectively. They also have a strong
bond at 3307.47 cm™; 3305.66 cm™ and 3305.62 cm cm™ belonging to the N-H stretching
vibrations of amino groups of the amino acids. The weak C-H stretch observed at 2543.65
cm™, 2545.42 cm™and 2557.64cm™ of methyl groups. The vibration bands of 1853.07 cm’
11857.11cm™ and 1855.80is the place region C-N stretch from the amine group bonds.
Since gold and chloride are non-polar their bands are not shown in the FTIR but it is safe to
say presence of symmetric C-H stretch (2543.64 cm™), C-C alkyne stretch (2109.37 cm™),
C=C stretch (1853.07 cm™) and aromatic ring C=C 1636.82 cm™ confirm the presence of
gold nanoparticles as with amino acid AuNPs. Both serine and threonine possess polar
uncharged side chains, amine bond and carbonyl (COO-H) bond they have approximately

the same type of bonds and hence the more or less same vibrational regions.
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Figure 15 a: Pure chitosan and chitosan capped GYY4137-AuNPs as per ATR-FTIR image. (orange) Pure
chitosan and (blue) chitosan capped GY'Y4137-AuNPs.
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Figure 15 b: L-serine-AuNPs as per ATR-FTIR image.
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Figure 15 c: L- threonine AuNPs as per ATR-FTIR image.
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4.3.2. The hydrodynamic size and size distribution of chitosan capped
GYY4137-AuNPs.

The hydrodynamic sizes of the gold nanoparticles were measured by Dynamic Light
Scattering (DLS) using Zetasizer Nano Series-Nano ZS (Malvern Instruments). The mean
particle size as well as the polydispersity index (PDI), was evaluated with 10 runs. (Fig.16
(a-c)) Dynamic light scattering revealed a mean particle size of 347 nm for chitosan capped
GYY4137-AuNPs and a PDI of 0.357. Meanwhile both serine-AuNPs and threonine-
AUNPs had different hydrodynamic size of 110.1 nm and 102 nm respectively and PDI of
0.406. The PDI of all the AuNPs proved that the nanoparticles had broad size range from all
the reducing agents. This analysis also agreed with the UV-Vis results that all the
nanoparticles had broad surface plasmon peaks. According to Tantra, Schulze and Quincey,
(2010) PDI is a dimensionless measure of the broadness of the size distribution. The PDI
exist between 0 and 1 and 0.1 PDI represents monodispersed nanoparticles. Values more
than 0.1 indicate polydispersed nanoparticles in the sample and values between 0.1 and 0.25
are indicative of a narrow size particle distribution (Tantra, Schulze and Quincey, 2010). All

the synthesized gold nanoparticles were polydisperse nanoparticles.
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Figure 16: Graph of DLS measurements of GYY4137 AuNPs compared to L-serine gold nanoparticles and
threonine AuNPs. a) GY'Y4137 AuNPs DLS, b) threonine AuNPs DLS, and c) serine AuNPs.

4.3.3. Surface charge (Z) of the chitosan capped GYY4137-AuNPs.

The surface charge (Z) of the gold nanoparticles was measured by zeta potential using
Zetasizer Nano Series-Nano ZS (Malvern Instruments) in 10 run measurements. (Fig.17)
The surface charge on chitosan capped GYY4137 AuNPs was + 47.8 mV. Zeta potential
displays dispersity of nanoparticles or the coating of the nanoparticles surface with chitosan.
The stability of different bio-functionalized AuNPs depends on temperature, pH, electrolyte
concentration, biomolecule/gold nanoparticles ratio, reaction time, etcetera (Csapé et al.,
2014). Generally gold nanoparticles are negatively charged, but covering them with a
polymer conferred them excellent stability and positive charges (Yeh,Creran and Rotello,
2012). For stabilized particles, the zeta potential is a measure of the particle’s stability.
Typically, nanoparticles with zeta potentials greater than 20 mV or less than -20mV have
sufficient electrostatic repulsion to remain stable in solution (Keshvari, Bahram and Farshid,
2015).

In comparison to the surface charges of both serine-AuNPs (-2.91 mV) and threonine-
AuNPs (-2.30 mV), GYY4137 had stable gold nanoparticles that could be used on
biological samples this conferred by the presence of chitosan. Gupta, Singh and Singh,
(2015) reported that zeta potential of -30 mV is vital for good stability and greater than -60
mV is excellently stable. The chitosan capped GYY4137 gold nanoparticles had good
stability than both serine-AuNPs and threonine-AuNPs. The positively charged AuNPs
those were stable for more than 30 days. These positively charged chitosan GYY4137
AuNPs were suitable for application to plants and investigation for bioaccumulation in
plants since chitosan is biocompatible.
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Figure 17: Graph of surface charge (Z) measurements of GY'Y4137-AuNPs compared to serine synthesized
gold nanoparticles and threonine AuNPs. a) GY'Y4137-AuNPs, b) serine-AuNPs and c) threonine-AuNPs

4.2.6. Morphology of chitosan capped-GYY4137-AuNPs.

High Resolution Transmission electron microscopy (HRTEM) (Fig. 18 (a-c)) shows
micrographs obtained from the HRTEM of chitosan GY'Y4137-AuNPs (a) compared serine-
AUNPs (b) and threonine-AuNPs (c). The GYY4137-AuNPs produced poly dispersed
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icosahedral, spherical and tetrahedron shaped gold nanoparticles. While, the serine-gold
nanoparticles consisted of spherical morphology and the threonine-AuNPs were highly
agglomerated the morphology could not be obtained (fig. 19-20). The HRTEM of the
chitosan capped GYY4137-AuNPs was done after one month and 9 days of the synthesis
this showed that the chitosan was really successful in encapsulating the gold nanoparticles
and improving their stability. This proved that the nanoparticles were stable for more than
30 days.

The size distribution was between 20 and 180 nm in HRTEM. Most nanoparticles had a
size of 100 nm and 140 nm. However, 100 nm is the highest of the nanoparticles size it is
safe to assume chitosan capped GYY4137-AuNPs produce 100 nm. While in STEM
micrographs the size of the chitosan capped GYY4137-AuNPs were 60 nm with the
distribution of the nanoparticles between 20-80 nm a few of 140 nm. Serine-AuNPs had
diameter of 60 nm as the chitosan GYY4137-AuNPs.
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Figure 20: Morphology of threonine-AuNPs as per HRTEM image.

4.2.8. Elemental mapping of chitosan capped GYY4137-AuNPs.

The Energy Dispersive X-ray (EDX) gives the map of the compositional elements that are
present in nanoparticles to confirm the gold nanoparticles presence. (Fig. 21 (a-c)) The
GYY4137-AuNPs showed elements of gold (Au), carbon (C), aluminium (Al), oxygen (O)
and copper (Cu) compared to serine-AuNPs and threonine-AuNPs which had element of
carbon (C), copper (Cu) and gold (Au). The carbon (C) and Cu are from the analytical
instrument and Au is representative of successful gold nanoparticles presence in the
samples. The presence of Au at 100,200, 500, 1100, and 380 counts at kilovolts from 1-15
KeV in the chitosan capped GYY4137-AuNPs and compared to serine-AuNPs and
threonine-AuNPs have with the huge overlapping peaks at 1100 and 500 counts confirms
the successful synthesis of the gold nanoparticles. The observed Cu is from the equipment
as he and co-workers do not take it into account during calculations of w% (Sktadanowski
et al., 2016). Below is (Table 4) with the spectrum elements and their weight percentage
(wt %). The EDX Au weight percentage of chitosan capped GYY4137-AuNPs was 48.56 %
which is less than of Sktadanowski et al., (2016) who had confirmed our serine-AuNPs and
threonine-AuNPs EDX to have a wt% mass of Au of 84.8 % with the same position of Au
in the EDX.
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Table 4: Elements of chitosan capped GYY4137-AuNPs and their elements weight

percentage from STEM-EDX images.

Spectrum Elements

Mg

Al

Si

Cu

Au

Total

Spectrum weight %

$3t5)

3.97

3.36

10.56

48.58

1100
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Figure 21a: Elemental mapping of chitosan capped GYY4137-AuNPs as per EDX Oxford Aztec software
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Figure 21b: Elemental mapping of serine-AuNPs as per EDX image.

55



1200

W Acguire EDX

Au
Au

1000

8004

Counts

' Y
g 10 15 20
Energy (keV)

Figure 21c: L-threonine-AuNPs as per EDX image.
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Chapter 5: Conclusions and Future Perspectives

This chapter presents the conclusion and future prospects on the synthesis and

characterization of the novel GYY4137 nanoparticles.

5.1. Conclusions

The aim of this project was to synthesize GY'Y4137 gold nanoparticles (GYY4137-AuNPs),
stabilize them using water-soluble polymers (poly ethylene glycol (PEG) and chitosan) and
characterize with standard techniques such UV-Vis, HRTEM and FTIR among others
compared to amino acid produced gold nanoparticles (serine and threonine). The uncapped
GYY4137-AuNPs were relatively stable compared to stable serine and threonine-AuNPs.
Stabilization with poly (ethylene) glycol was unsuccessful and interfered completely with
chemical reduction of the synthesis procedure. The chitosan-achieved surface charge
stability of + 47.8 mV in the GYY4137-AuNPs resulting in polydispersed icosahedron,
spherical shaped gold nanoparticles compared to spherical shaped of serine-AuNPs that
absorb at 550 nm. The chitosan capped GYY4137-AuNPs HRTEM resulted in 100 nm and
60 nm in STEM with some nanoparticles in the 20 nm. The hydrodynamic size of 375 nm
also proved that the chitosan a polymer capped the GYY4137 AuNPs and their size
increased. The chemical shifts in FTIR spectra also proved the successful encapsulation of
GYY4137-AuNPs by chitosan. EDX showed the elemental composition showing presence
of Au in the samples. The objectives of the study were achieved resulting in the chitosan
capped GYY4137-AuNPs stable for more than 30 days. The chitosan encapsulation
improved surface charge and reactivity of the gold nanoparticles to improve delivery of the
hydrogen sulfide donor GY'Y4137 for later applications to plants.

5.2. Future Perspectives

In the future, the stable chitosan capped GYY4137-AuNPs will be evaluated for their
stability and safety in biological samples prior to application in plants or any other
biological samples. Furthermore investigate the gold nanoparticle’s uptake,

bioaccumulation and transport into the biological samples.
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Appendix 1: HRTEM structural shapes of chitosan capped GYY4137 nanoparticles

We have some of the interesting STEM images captured for the GYY4137-AuNPs

https://etd.uwc.ac.za
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