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Abstract

Contemporary research in nanomaterials is focusing on the unique
characteristics of multicomponent nanohybrids and their potential use in various
applications. The synergistic properties of graphene oxide-gold nanohybrid (GO-
Au) are already being used in applications such as biosensing and cancer
detection. However, there is currently no standardised protocol for the synthesis
of such nanohybrids. Also, an understanding of the fate and toxicity potential of
a GO-Au nanohybrid has become pertinent due to their rapid use and resulting
inevitable exposure to organisms and the environment. In addition, the possibility
of using a metal-doped nanohybrid as chemical tracers for graphene oxide (GO)
in environmental and biological systems is interesting for ecotoxicological

studies.

In this research, GO and GO-Au nanohybrid were synthesised and characterised
using several techniques including UV-Vis, TGA, TEM, FTIR, AFM, XPS and
Raman. The production of the nanohybrid was repeated a number of times to
verify reproducibility of the synthesis protocol. Dispersion stability of the
nanohybrid in different environmental media as well as the influence of ageing on
its quality were also investigated. A series of assays were performed to assess
the toxicity of the nanohybrid on water flea (Daphnia magna) and cells [zebrafish

embryonic cells (ZF4) and human cancer cells (A549)].



The study successfully generated batches of GO-Au nanohybrid that exhibited
reproducible characteristics. The nanohybrid also showed good stability in
different environmental media and its physicochemical characteristics did not
deteriorate over a period of months. The amount of Au in each of the GO-Au
nanohybrid samples was highly comparable, suggesting a potential for use as
chemical label. Although the nanohybrid did not induce significant acute
immobilization or mortality to neonates of daphnia, signs of stress and
bioaccumulation were evident from the morphological images of the exposed
organisms. Exposure of the nanohybrid induced dose and time dependent

cytotoxicity, apoptosis and necrosis to both ZF4 and A549 cells.

The outcome of this research represents a crucial step forward in the
development of a standard protocol for the synthesis of GO-Au nanohybrids. It
also paves the way towards a better understanding of the nanotoxicity of GO-Au

nanohybrid in biological and environmental systems.
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Chapter 1.

Introduction



1.1. Background

Since the advent of nanotechnology in the 1980s, our society has been
transforming remarkably, and will likely continue to do so to meet our growing
and evolving needs. Faster and powerful computers, more accurate medical
devices, sunscreens, cost and quality efficient water filters are some of the
remarkable applications involving nanotechnology. From environmental pollution,
to increasing energy demand, scarcity of potable water and biomedical
constraints, the quest for solutions to some of the world’s problems has driven
intense research into nanomaterials [1]. On the forefront of these applications
are carbon-based nanomaterials such as graphene and its derivatives [graphene
oxide (GO), reduced graphene oxide (rGO)], carbon nanotubes [single and multi-

walled nanotubes] and carbon dots [2].

Research into graphite and other carbon materials dates as far back as 1800s
[3], [4]. However, none of these efforts describe the unique properties of
graphene [5]. The discovery of these properties by researchers from the
University of Manchester [6] propelled huge interest in the material. Graphene-
based materials represent a recent addition to the nanomaterials family and yet
have already found many applications for example in electronics, medicine,
agriculture and energy and have been incorporated in many consumer products:
drug nanocarriers, high-capacity batteries, lightweight and strong materials for
automotive and aerospace, biosensors, biomedical devices, water desalination,

anti-corrosion coatings etc [5]—[8].

More recently, research work has focused on exploring multicomponent

nanohybrids, which offer the advantage of combining multiple functionalities into



a single advanced material [9]-[11]. A popular combination of such hybrid
materials are those involving metal or metal oxide nanoparticles (like TiO2, ZnO,
Au, CuO) and carbon nanomaterials (such as graphene oxide, carbon nanotubes,
fullerenes). For instance, both GO and silver nanopatrticles are known to exhibit
antibacterial properties [12], [13]. However, graphene oxide-silver
nanocomposites (GO-Ag) have been reported to have a superior antimicrobial

capability compared to their individual components [14], [15].

Similarly, graphene oxide — gold nanohybrid (GO-Au) have been reported to
demonstrate synergistic features beyond their individual capabilities such as
increased electrical conductivity, catalytic activity, higher surface area, optical
and medical properties [16], [17]. These features have rapidly increased the use
of such nanohybrids in various applications for example cancer detection,

bioimaging and biosensing [18]-[20].

The expanding use of GO-Au nanohybrid in various applications will ultimately
lead to their release into the environment, deliberately or unintentionally, from
manufacturing facilities as well as throughout the lifecycle of the products.
Released nanomaterials from atmospheric emissions, solid waste and waste
water effluents will eventually deposit on land or leach to ground and surface

waters [21].

Unlike natural nanomaterials that plants and animals have adapted to,
engineered materials (especially emerging ones such as nanohybrids) pose

novel threats that require critical evaluation of their potential harm to humans and



ecosystems. As with any new discovery, there are concerns about the potential
of novel nanohybrids to cause toxicity over and above that of their individual
components [22], [23]. Their safety to the ecosystem and human health is yet to
be fully demonstrated since the very features that make them so advanced may
also be the source of concern to ecotoxicologists, specifically in terms of their

ability to bypass biological barriers.

1.2. Research Gap

Currently, literature search did not identify any toxicity studies of a GO-Au
nanohybrid. The nearest toxicity study are two research works on the toxicity of
reduced graphene oxide-gold nanocomposite (rGO-Au) — one on daphnia [24]
and the other on algae [25]. However, reduced graphene oxide is markedly
different from GO in terms of mechanical strength, electrical conductivity,
dispersion stability and hydrophilic behaviour [26]-[28]. In addition, these studies
used nanocomposites — mixture of nanomaterial with other matrices — which are
very different from nanohybrids that are formed by the combination of

nanomaterials via chemical bonding [29].

Also, there is no standardized protocol for the synthesis of GO-Au nanohybrids.
It is therefore unclear how in different formulations the two components are
conjugated, quantitatively and qualitatively, and whether performance, but also
potential ecotoxicity, may be affected. Most of the available research work on
GO-Au has focused on the applications of the nanohybrid [18], [19], [30]. For

ecotoxicological studies however, it is important that critical physicochemical



parameters of the GO-Au nanohybrid are evaluated and correlated to its toxicity.

This is to ensure reproducibility and compatibility of the results.

1.3. Aims and Objectives of Research

The general aim of this PhD research is to understand the behaviour, fate and
toxicity of a GO-Au nanohybrid in the environment. Specifically, the research aims
to develop a standardised protocol for the synthesis of a GO-Au nanohybrid and
evaluate the nanotoxicity of this nanohybrid in different biological models. This
overall aim has been divided into three distinct sub-aims and are described

below.

1.3.1. Aim One

The first aim is to synthesise and characterise graphene oxide (GO) and a
graphene oxide-gold nanohybrid (GO-Au). GO was synthesised using a modified
Hummer’s method as described by Becerril et al. (2008). The GO-Au nanohybrid
was synthesised using the synthesised GO and chloroauric acid as a gold
precursor using a modification of the protocol developed by Song et al. (2014).
The GO and GO-Au nanohybrid were characterised by ultraviolet-visible
spectroscopy (UV-Vis), dynamic light scattering (DLS), Raman spectroscopy,
transmission electron microscopy (TEM), atomic force microscopy (AFM),
thermogravimetric analysis (TGA), Fourier-transform infrared microscopy (FTIR),
X-ray photoelectron spectroscopy (XPS) and inductively coupled plasma — optical

emission spectroscopy (ICP-OES).



1.3.2. Aim Two

The second research aim was to assess the nanotoxicity of GO and GO-Au
nanohybrid on neonates (less than 24hr old) of Daphnia magna. A 48hr acute
immobilisation test was carried out to investigate mortality and immobilisation of
daphnids exposed to GO and GO-Au nanohybrid. The toxicity test carried out
was an acute immobilisation assessment carried out on daphnia and a
bioaccumulation study. Sequel to the toxicity tests, TEM imaging of daphnia
tissue and ICP-MS quantification of the Au in the exposed organisms were
performed. The dispersion stability of the nanomaterials in daphnia culture media
(borehole and HH combo) and a chemical analysis of both culture media were

also evaluated.

1.3.3. Aim Three

The third research aim was to investigate the cytotoxic effect of GO and GO-Au
on two cell lines: zebrafish embryonic cell (ZF4) and human lung cancer cells
(A549). The cell assays undertaken were MTT, LDH, cellRox and
apoptosis/necrosis. In addition, dispersion stability of GO and GO-Au nanohybrid

in the cell culture media were performed.

1.4. Thesis Structure

The first chapter of this thesis is an introduction to the research area and
justification for the work. The aims and objectives of the research are enumerated

and broadly described. The chapter also covers a review of the literature relating



to the main areas of this research. This includes foundational knowledge about
nanomaterials, nanotechnology, graphene oxide and graphene oxide-gold
nanohybrids. It also explores ecotoxicology and factors influencing their
assessment. Daphnia as a model aquatic toxicity organism as well as cells and

cytotoxicity mechanisms are described.

The second chapter covers the analytical and experimental methodologies used
in the research. Synthesis process of the nanomaterials, characterization
techniques and protocols for the daphnia toxicity experiments and cellular toxicity
are described. The third chapter presents the results of the synthesis and
characterization of GO and GO-Au nanohybrid. In the fourth and fifth chapter,
results and discussion on the nanotoxicity assessment of GO and GO-Au
nanohybrid on daphnia and cells are presented respectively. The last chapter

(sixth) concludes the thesis with recommendations for future work.

1.5. Nanotechnology and Nanoparticles

Nanotechnology (also known as nanotech) is the term used to describe the
industrial development, design and use of matter that has at least one-dimension
in the nanoscale: 1 to 100nm (Figure 1). The origin of nanotechnology as a
concept is credited to a speech given by Richard Feynman at a meeting of the
American Physics Society in 1959 [33] while the term nanotechnology was first
used by Norio Taniguchi [34]. Nanotechnology has inspired the manufacturing of
numerous novel devices and materials for a diverse range of applications in
energy, agriculture, medicine, aerospace, consumer goods, military,

transportation etc [35].



According to the European Commission’s Scientific Committee on Emerging and
Newly Identified Health Risks (SCENIHR), particles that possess one or more of
their dimension in the size range between 1 and 100 nm are referred to as
nanoparticles [36]. Nanomaterials (NMs) is defined by the same organisation as
“material with one or more external dimensions in the nanoscale, or an internal
structure, which could exhibit novel characteristics compared to the same
material without nanoscale features”. The development and use of nanomaterials
is of great interest to scientists due to their relatively large surface to volume ratio

which is a crucial factor in enhancing other mechanical and physical features [37].

1.5.1. Natural and Engineered Nanomaterials

The presence of natural nanopatrticles can be traced back to millions of years ago
during the formation of the Earth over billions of years ago [38]. They have been
ever-present and occur across all the spheres in the earth. Despite their
widespread presence around humans, natural nanoparticles have only been
discovered and studied few decades ago as a result of advancement in analytic
methods which enabled their observation along with a better understanding of

their unique attributes.

Unlike natural nanoparticles, their engineered counterparts, described as
engineered nanomaterials (ENMs), are manufactured by humans through
manipulation of their properties to suit specific applications. ENMs are fabricated
to enhance consumer goods and solve problems in many technical frontiers [39].

In terms of quantity, ENMs can provide the same functionality in much smaller



volumes compared to natural nanomaterials. ENMs can be synthesised to have
defined shapes and sizes for specific applications. They are required to undergo
extensive characterization which is necessary to minimise unintended effects

[40].
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Figure 1: Size comparison of bio-nanoparticles on a nanometre scale [41]

1.5.2. Nanohybrids and Nanocomposites

Technical developments have now reached beyond the use of individual
nanomaterials and are looking for bringing additional functionalities by combining
or merging different types of nanomaterials e.g. metals and carbon-based
materials. The quest to find solutions to human and environmental challenges
have driven research into exploring the combination of organic and inorganic
substances (Figure 2). The products of this merger are new superior materials

that combine multiple features [42]. The surface of carbon-based materials such



as graphene oxide that is rich in electron and oxygen enables functionalisation

with inorganic molecules for various applications.

A nanocomposite is a physical mixture of materials that have at least one of their
components in the nanoscale range (1-100 nm). Nanohybrids, on the other hand,
are materials formed when the inorganic component is synthesised in situ or

when the materials are bound via chemical bonding [43].
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Figure 2: Common inorganic and organic components used in making nanohybrids [11]

1.6. Graphene and its derivatives (GaD)

Graphene is a form of carbon with an atom thick layer of carbon atoms arranged
in hexagonal lattice. Graphene, a two-dimensional (2D) structure, is the basic
structure of many other forms of carbon such as graphite fullerenes and carbon
nanotubes [44]. Carbon nanotubes and fullerenes are essentially graphene sheet
‘rolled up’ to tube and ball shape respectively, while graphite is made up of
several stacked sheets of graphene held together by Van der Waals forces [45]

(Figure 3).
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Graphene is derived from graphite which is a stack of graphene layers held
together by van der Waal force. Having a thickness of just one atom and density
of 0.77 mg/m? makes graphene the thinnest and the lightest known material
respectively [46]. Graphene is nearly transparent (takes in only 2.3% of light) and
many times stronger than steel. It is a great conductor of heat and electricity,

better than copper [47].

Graphene oxide (GO), reduced graphene oxide (rGO), few layer graphene (FLG),
multi-layer graphene (MLG) and graphene nanosheets are considered as the
graphene derivatives or family. The surface chemistry of the GaDs varies
significantly, and this determines their chemical properties such as dispersibility,

stability and hydrophilicity or hydrophobicity [48].
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1.6.1. Properties

The key properties of graphene are briefly described here and summarised in

Figure 4.
(a) Reactivity

Graphene has high chemical reactivity because all its atoms are available for
reaction from two sides (the only form of carbon to be able to do so). The more
the defects in a graphene structure, the higher the reactivity. Stanford
researchers also found single layer graphene to be far more reactive than any

multilayer variant [49].

(b) Thermal Conductivity
Graphene has high thermal conductivity. Early studies reported a very high
thermal conductivity for suspended single layer graphene of 5300 WmK-! [50].
However, lower values in the range of 1500 — 2500 Wm1K1 [51], [52] were
measured by later studies. The large disparity could be as a result of graphene

quality and measurement techniques.

(c) Electron Mobility
This is the measure of how fast an electron can move through conductors and
semiconductors. Graphene is known to have remarkable charge carrier mobility

of more than 200,000 cm?V-1s [5].

13



(d) Mechanical Strength
The breaking strength of graphene was observed by Changgu et al [53] to be 1.0
tera pascals (Young's modulus) and the intrinsic tensile stress was 130
gigapascals. This is more than 100 times stronger than copper, establishing

graphene as the strongest substance ever measured.

Thermal
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Optical
properties

Electronic
properties

Figure 4: Highlight of some of the key features of graphene
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1.7. Graphene Oxide (GO)

GO is a single-layered variant of graphene with many oxygenated functional
groups produced through the oxidation of graphite with powerful oxidants (Figure
5). GO is composed of oxygen, hydrogen and carbon molecules. Unlike
graphene, GO is hydrophilic making it soluble in many aqueous and organic
solvents [54]. However, GO is an electrical insulator and has low electrical
conductivity. GO has many unique properties that have made it useful for many

applications.
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Figure 5: Molecular structure of graphene (A), graphene oxide (B), reduced graphene oxide (C)

and few layer graphene (D)
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1.7.1. Applications of GO

The main applications of GO are briefly described here and summarised in

Figure 6.

(a) Electronics

The electrical conductivity properties of GO has been exploited in electronic
processes and devices such as screen and inkjet printing [55], field effect

transistors [56] and light emitting diodes [57].

(b) Energy Storage

Highly efficient solar cells that are durable and have high quantum efficiency are
now being made from materials based on GO sheets [58], [59]. GO is also being

used as components in making solar cell electrodes.

(c) Membranes

GO-based membranes have been developed that are totally impermeable to all
substances except water or allows selective movement of liquid, vapor and
gaseous substances [60], [61]. This application is useful for water filtration and

gas separation.
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(d) Biomedical Applications

Fast and sensitive biosensors for detecting biomolecules are being made with
GO, thanks to their affinity for some proteins and DNA [62]. Also, functionalised

GO have been applied in gene and drug delivery for cancer treatment [63], [64].

(e) Environmental Application

The ability of GO to form both covalent and noncovalent bonds with many
molecules makes it useful in making composites for removing toxic gases
released by industrial process from the atmosphere [65]-[67]. GO has also been
used in converting one of the major greenhouse gases into less harmful

substances [68], [69].

(f) Water Purification

GO has high adsorption ability which has been harnessed in water purification.
Scientists have been able to demonstrate the removal of water pollutants such

heavy metals and organic dyes from aqueous solutions [70]-[72].

17



Membranes

Biomedical Electronics

Technologies

GaD
Applications

Composite
and Coating

Sensors

Energy
Harvesting &
Storage

Figure 6: Schematic highlighting some of the applications of GO

1.7.2. Synthesis of GO

Few methods exist for the synthesis of GO. They mostly involve oxidising graphite
with strong agents in an acidic medium. The pioneering attempt at synthesising
GO was made by Benjamin Brodie in 1859 [4]. In his work, graphite was treated
with two strong oxidising agents: fuming nitric acid and potassium chlorate. He
named the product “graphic acid” due to its weak acidity. Another researcher, L
Staudenmaier, modified the Brodie’s method by adding a new reagent and
altering some steps [4]. He introduced sulfuric acid and added minute quantities

of potassium chlorate in a sequence to reduce the risk of explosion.
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Hummer’s method, developed by Hummers and Offeman in 1957 [73], is the most
widespread synthesis method for GO due to its relative ease and effectiveness.
However, the method is considered not to be eco-friendly due to the release of
toxic NOx during the synthesis [74]. Hence, several modifications of the Hummers
methods were developed [75]-[78]. The modified Hummers method (Figure 7)
involves stirring high quality graphite in concentrated sulphuric acid and strong
oxidizing agents (potassium permanganate and sodium nitrate). Hydrogen
peroxide is used at the end of the reaction to neutralise excess potassium

permanganate. The mixture is finally washed with hydrochloric acid and water.

Step 1. Addition of graphite and sodium nitrate..  Step 2 Slow addition of KMnO,
in H,S0O,

Ice bath ¢
Graphite

Sodium Nitrate

‘ Magnetic Stirrer .
‘ Magnetic Stirrer l

Step 3 Addition of water Step 4 Addition of H,0,

@ [Magnetic stirrer . @ [Magnetic Stirrer l

Figure 7: A step-by-step description of the modified Hummer’s method for GO synthesis [79]
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1.7.3. Toxicity of GO

The large surface area and small size of GO gives it the potential to cause harm.
The toxicity of GO is determined by a range of factors including concentration,
functional group, surface charge, shape and size [48]. For instance, GO tends to
be stable in the presence of high organic matter, and vice versa [80].
Consequently, the stability of GO in dispersion media influences its bioavailability
and uptake by aquatic organisms. The toxicity of GO is due largely to the
induction of reactive oxygen species (ROS) production which causes oxidative

stress [81].

Many studies have been carried out to understand the ecotoxicity of GO to mono-
and multicellular organisms across the food chain including bacteria [82],
microalgae [83], human cells [84], worm [85], fish larvae [86], daphnia [87]-[89],
zebrafish [90], mice [91]. Many of these studies have reported that GO induces
oxidative stress, loss of cell viability and damage to internal structures. However,
there are mixed results on other endpoints such concentration/dose- and time-
dependent effects. As such, a clear-cut conclusion on the ecotoxicological effects
of GO is difficult to reach. This is due to differences in the characterization of the

GO used and the experimental setup [92].
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1.8. Graphene Oxide — Gold Nanohybrid

Research into the functional modification of GO is rapidly progressing due to the
relative ease of processing and mass production. Interestingly, functionalisation
not only prevents agglomeration of GO in aqueous media but it also preserves
the inherent properties of GO and gives rise to new characteristics [9]. A hybrid
of GO and AuNPs has been found to exhibit interesting characteristics such as
increased electrical conductivity, catalytic activity, higher surface area, optical
and medical properties etc [93], [94]. These synergistic features make the GO-
Au nanohybrid suitable for application as nanosensors and catalyst for industrial

processes [30].

1.8.1. Applications of GO-Au Nanohybrid

1.8.2. Biosensors

An aptasensor based on GO, Au and DNA nanohybrid was developed for copper
ions detection [95]. The novel large-scale substrate is reported to have wide

application in biosensing.

1.8.3. Chemical Synthesis

Owing to AuNPs affinity for some metal oxides and substances like silica [96], a
GO-Au nanohybrid has shown promising application as catalyst for oxidation and

hydrogenation reactions [16].
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1.8.4. Biomedical Application

A nanomotor technique made of GO and Au nanoparticles was developed for
screening cancer cells. The fast and accurate method enables detection of

mMIRNA at single-cell level [97].

1.8.5. Electrochemical

A GO-Au nanohybrid was used to fabricate high-performing electrodes that were
able to sensitively and selectively detect ascorbic acids in pharmaceutical

products and human serum [32].

1.9. Fate, Behaviour and Toxicity of GO and GO-Au

Similarly to other nanomaterials, the expanding use of GO and GO-Au
nanohybrid in numerous applications predisposes the environment and humans
to the uncertainties around their ecotoxicological effects. As the nhanomaterials
enter environmental and biological systems, many changes that can influence
their fate, movement and toxicity could occur such as aggregation, dissolution,
degradation, oxidation and reduction reactions with bio- micro and
macromolecules [98]. These changes may alter the chemical composition and
physical properties of GO and GO-Au nanohybrid [99]. An understanding of these
changes is therefore necessary in evaluating their risk to human health and the

environment.
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Under relevant environmental conditions, GO can become highly reactive and
undergo reduction reactions. GO can be reduced by sunlight exposure and
reducing agents typically present in the aquatic environment. Another important
factor is adsorption to organic (such as proteins and natural organic matter) and
inorganic (such as heavy metals) matter in aquatic media [100]. This can trigger
chemical reactions, modify the surface of GO and influence transport of adsorbed
species [101]. The interaction of GO with humic acid, for instance, is known to

improve GO stability [102]-[104].

The ability of GO to form moderately stable dispersions can be attributed to the
hydroxyl, carboxyl and epoxy functional groups on its surface which makes GO
hydrophilic in nature [105]. However, GO stability is also affected by the chemical
nature of solution. One of the key factors influencing the stability of GO in solution
is electrostatic repulsion between each of the GO sheets [106]. The degree of
repulsion can be altered by GO sheet size and pH, resulting in aggregation or

dispersion of the GO.

The degradation of GO can occur in many forms (Figure 8). Photodegradation of
GO can happen as a result of exposure to UV radiation [100]. GO can also
undergo degradation during industrial application as catalyst. Interaction of GO
with  mono- and multicellular organisms often ends in depuration and
biodegradation in the digestive tract, resulting in a more defective GO than the

original GO [107]-[109].
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Figure 8: Environmental behaviour of graphene and GO [100]

1.10. Daphnia: A model organism

The use of daphnia for research in natural science and ecotoxicological studies
dates back many centuries [110]. Daphnia play an important role in the food web
as primary consumers. These freshwater organisms have become a model
species for ecotoxicological research for many reasons: (1) they are sensitive to
chemical and biological changes in their environment; (2) they are relatively easy
and inexpensive to culture and manage; (3) the transparent nature of their body
makes direct observation suitable for some experiments; (4) daphnia can be
found in many aquatic environments; (5) they produce clones through asexual

reproduction that are useful for experimental comparison and reproducibility.
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These characteristics have led to the development of several test standards for
using daphnia in ecotoxicology [111]-[115]. Daphnia are commonly used as fish

feed in aquaculture and as test organisms in ecology and ecotoxicology [116].

1.10.1. Biology and Ecology of Daphnia

Daphnia are small freshwater crustaceans that are found in the northern
hemisphere and southern Africa. They belong to the Phyllopoda subclass due to
their possession of gills and appendages (Figure 9) [117]. As filter feeders,
daphnia feed on loose organic matters, bacteria and unicellular algae, and are
usually found in shallow lakes and ponds. There are up to 50 species of genus
Daphnia, with Daphnia magna being one of the most common [118]. Daphnia
reproduces by cyclic parthenogenesis, an alteration of sexual and asexual

reproduction cycles [119].
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1.10.2. Use in ecotoxicology

Daphnia have been extensively used for ecotoxicological studies [120]-[123].
Both lethal (mortality, immobilisation) and sublethal effects (growth, feeding habit,
swimming pattern) are commonly used as endpoints in many daphnia
experiments (Figure 10). Lethal effects are determined by ECso - concentration
of the toxicant that causes effect on 50% of the exposed organism. A daphnia is
considered dead if no heartbeat is produced while they are considered immobile
if they are unable to swim at least 15 seconds after mild agitation. A daphnia
acute toxicity test usually last for 48 — 72 hrs while chronic studies run for 7-21

days.

The toxicity of a wide range of substances has been tested on daphnia including
nanoparticles [124]-[126], fullerenes [127], [128], GO [129], polymers [130],
heavy metals [131], organic pollutants [132], pharmaceutical products [89] and
nanoplastics [133]. The studies revealed that the mechanism of lethal toxicity in
daphnia is induction of oxidative stress and damage to internal. Other sublethal
effects reported are loss of body parts, growth distortion and irregular swimming
patterns.Toxicity of chemical substances to daphnia is concentration and time
dependent. Exposure within 24hrs does not often induce severe harm to daphnia,
whereas severe damage can be inflicted when the exposure time is extended to
48 - 72 hrs [87], [132]. Daphnia have also shown the ability to bioaccumulate a
variety of organic and inorganic substances [134]—-[136]. The substances are then
released from the organism’s gut (depuration) within a short time after the end of

exposure period.
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1.11.  Cytotoxicity Mechanism

Organic and inorganic nanomaterials have remarkably been used for numerous
medical applications such as pharmaceutical products, targeted drug delivery,
medical implants, detection of macromolecules [137]-[139]. The efficiency of
these applications is directly related to the successful interaction of the NMs with
cell’s intra and extracellular components [140]. However, this interaction can also
trigger biological responses from the cell after internalisation. Many
nanotoxicological studies have demonstrated the adverse effects that NMs can
cause in various cells [141]-[143], chiefly due to the inhibition of cell growth,

generation of ROS that causes oxidative stress, DNA damage and cell death.

The inherent morphological features of NMs such as size, shape and surface
charge can be an additional source of toxic effects on cells. In addition, coatings
and functional groups present on the surface of NMs have influence on the
response from biological system [144]. Even the number of particles arriving at
the membrane interface is an important factor in the internalisation process and

subsequent response [140].

The safe manufacturing and application of nanotechnology especially in
healthcare and biomedical applications necessitates that crucial cellular toxicity
assessments of NMs be undertaken before commercial use. It is therefore
important to understand the mechanisms underlying the complex NMs-cell

relationship.
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1.11.1. Interaction of NMs with cells

The application of nanomaterials in biomedicine can only be achieved if they
successfully interact in succession with extracellular environment, cell
membrane, cytoplasm and internal organelles such as nucleus and mitochondria
[140]. Upon interaction with cells, NMs can be internalised and subsequently
produce biological responses (Figure 11). The extent and kind of response is
influenced by many factors, mainly as a result of the physical and chemical
attributes of the NMs, the type of cell or tissue involved and the intracellular
interaction of NPs with cell organelles [145]. A suitable level of interaction is
necessary for biomedical applications, as weak interaction of NMs can lead to

feeble collision with cell membrane resulting in adhesion.

The most important agent of influence on the interaction of cells and NMs is the
chemical makeup of the NMs such as surface charge, shape, size, functional
groups, hydrophilic or hydrophobic nature. These factors determine the uptake

by the cells and subsequent interaction of the cell structures with the NPs [146].

The process of ingestion of substances by cells, known as endocytosis, can be
divided into two depending on the type of substances taken in [147]-[149].
Phagocytosis (cell eating) is the cellular ingestion of large particulate matter
(greater than 0.5 um) such as cell debris and bacteria. This only occurs in certain
types of cells that are specialised in consuming large entities such as dead cells
and pathogens [150]. On the other hand, most eukaryotic cells undergo
pinocytosis (cell drinking) — the process of ingestion of dissolved molecules in
extracellular fluid. Pinocytosis is further split into divisions based on the fate of

the molecule being internalised and the molecular mechanisms [151], [152].
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gold NPs coated with transferrin are internalised by Hela cells [144]
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1.12. Models for cytotoxicity assessment

The growing public concern against the use of animals for scientific research has
promoted the search for alternatives that totally avoid the use of animals or
minimise the suffering or number of animals used [153]. The principles of 3Rs
developed many decades ago advocate for the replacement of animals in
scientific research or reduction in the number and pain that live animals are
exposed to [154]. In vitro assays (use of cells) are considered a suitable
replacement to animal testing due to minimal ethical concerns, cheap cost and
quicker process [155]. In addition, assessment of toxicity using in vitro assays
has the advantage of avoiding the use of whole animal or altering the animal’s

physiology [156].

1.12.1. Zebrafish embryo cells (ZF4)

The use of zebrafish (Danio rerio) and its cell lines as models for biomedical and
ecotoxicological research has increased in recent times [157]. This is mainly due
to the vast genetic study and conservation of the biochemical pathway between
mammals and zebrafish [158]. The ZF4 cell line, derived from a day-old zebrafish
embryo, has shown huge potential as a model cell for ecotoxicological studies
and biomedical research [159] (Figure 12). The ZF4 cells are particularly
attractive for research due to their ability to grow at room temperature, remaining
viable for extended periods and their potential for high throughput testing [160].
ZF4 has been used for a wide range of research such as toxicity of nanoparticles

[161] and rare-earth metals [162], mineral deficiency in fish [142], assessment of
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oxidative stress [163], ROS generation [164] and development of antiviral vaccine

[163].

Low Density Scale Bar = 100um High Density Scale Bar = 100um

Figure 12: Cultured ZF4 cells in low (left) and high (right) density by American Type Culture
collection, ATCC (2022)

1.12.2. Human carcinoma cells (A549)

Isolated in 1972, A549 is a human cancer cell line cultured from the
adenocarcinoma tissue in the lungs of a middle-aged Caucasian male [166].
Naturally, A549 cells are thin and grow on the surfaces of tissues and organs
[167] (Figure 13). The A549 cell line is easy to grow and have been used

extensively in toxicological [141], immune-oncology, drug development [168] and
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cancer research [169]. A549 cells have also been used in studies on

nanoparticles uptake [143] and toxicity [170].

Low Density Scale Bar=100um  High Density Scale Bar = 100pm

Figure 13: Cultured A549 cells in low (left) and high (right) density by American Type Culture
collection, [171]
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2.1. Synthesis of Nanomaterials

2.1.1.Materials

Graphite flakes, sodium nitrate (NaNOs), sulphuric acid (H2SO4, 98% wi/w),
potassium permanganate (KMNOas), hydrogen peroxide (H202, 30% w/w),
chloroauric acid (HAuCls), tannic acid (C7sHs2046) and trisodium citrate
(NasCsHs07) were all purchased from Sigma Aldrich (Dorset, UK). Each of the
chemicals were utilised as purchased without additional purification. Deionised

water was used in all the experiments.

2.1.2.Synthesis of Graphene oxide (GO)

GO was synthesised using a modification of the Hummer’s method [31]. In brief,
5.0g of graphite flakes, 3.75mg of sodium nitrate (NaNO3) and 370mL sulphuric
acid were mixed in a 1L twin neck round bottom flask under magnetic stirring at
room temperature. After 10 mins, the mixture was cooled in an ice bath for
another 10mins. 22.5g of potassium permanganate was slowly added to the
mixture while stirring until it turned into a dark green paste. The stirring continued
for 72 hours in a fume hood at room temperature. The mixture was then diluted
with 500mL of ultrapure water and stirred continuously for 1 hour at 95°C. A rapid
temperature increase and violent effervescence were observed. The temperature
was then reduced to ~60°C and 15mL of hydrogen peroxide (3%) was added to
the mixture drop wise to reduce the potassium permanganate. The mixture was
continuously stirred overnight at ambient temperature. A yellow tint coloration

could be seen.
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The suspension was then transferred into two 50mL tubes for ease of handling
and vigorously mixed with a vortex. The suspension was centrifuged twice at
6,000 rpm for 15mins at 25°C. The mixture was then treated with 30mL sulphuric
acid, 5mL hydrogen peroxide and 965mL ultrapure water to remove organic
impurities and oxidant ions. The resultant mixture was stirred with a glass rod and
centrifuged again. The black residue was re-suspended with ultrapure water and
dialyzed (cut-off: 14,000 kDa) in ultrapure water for 72 hours. The purified GO
(45mL) was freeze dried (Berta 1-8 LSCplus, Christ, Herlev, Denmark), stored in
a sealed bottle and kept in a desiccator until further experiment were performed

(Figure 14).
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Figure 14: Post synthesis process: A - impure GO; B — purification using dialysis tubing; C —

purified GO; D — freeze drying process; E — freeze dried GO

2.1.3. Synthesis of Graphene Oxide-Gold Nanohybrid (GO-Au)

The GO-Au nanohybrid was synthesised using a modification of the method
developed by Song et al. (2014). In brief, 60mg of the synthesized GO was
dispersed in 750mL of ultrapure water at room temperature under magnetic

stirring for 1 hour. Then, chloroauric acid (150mg) was added to the GO
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dispersion. The mixture was then stirred continuously for 1 hour, after which a
solution of sodium citrate (75 mL) was added and stirred for a further 30 min. The
mixture was then heated to 80°C for 1 hour. The final dispersion was then diluted
with ultrapure water and centrifuged 3 times (at 7,000 rpm for 15min each time).
The supernatant was discarded and the final GO-Au nanohybrid was collected.
The nanohybrid was purified using dialysis tubing (cut-off: 14,000 kDa) for 48

hours. Purified GO-Au (82mL) was stored in a refrigerator at 4°C.

2.2. Characterization Methods

2.2.1.Ultraviolet-Visible Spectroscopy (UV-vis)

UV-vis spectroscopy is non-costly, simple and fast technique for measuring light
transmittance or absorbance [172]. It is suitable for a broad range of organic
substances and some inorganic compounds. When light passes through a
medium, UV-vis spectrometer measures the transmittance or absorbance as a

function of the wavelength which ranges from 200 - 800nm (Figure 15).
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Figure 15: Schematic of the main parts of a UV-vis spectrophotometer [172]

UV-vis spectroscopy is performed to examine the extent of oxidation of the
graphene oxide sheets [173]. The absorption spectra obtained can be used as
mechanism of identification of GO sheets. The UV-vis spectra of GO sample
typically show a sharp maximum peak around 230nm which indicates T—1r*
transitions of C=C bonds, and a weaker peak (shoulder) at around 300nm which

indicates n—11* transitions of C=0 bonds.

The UV-vis absorbance and spectra of GO and GO-Au nanohybrid were
measured by UV-2600 Shimadzu spectrophotometer using quartz cells. The

spectra for the samples were measured from 800 — 200 nm.

2.2.2.Dynamic Light Scattering (DLS)

The DLS is an instrument suitable for estimating hydrodynamic diameter and

surface charge (zeta potential). Zeta potential gives an indication of suspension
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stability and can also be used to measure the size distribution of small particles
in solution. The functioning of the DLS system is based on the principle that
particles dispersed in a solvent collide continually and move in a random manner
(Brownian motion) [174]; their movement is a function of their size and hence
tracking them allows measurement of their size. In the primary design of a DLS
instrument (Figure 16), laser beam is passed through a cuvette containing the
sample to be measured. The particles scatter the incident light which is then

detected at various angles allowing positioning of the particles and thus their

movement to be detected.
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Figure 16: The primary layout of a DLS system [175]

The DLS instrument used in this thesis is a Malvern Zetasizer Nano ZS (Malvern,
UK). Freeze dried GO were dispersed in ultrapure water to a final concentration
of 1 mg L% The dispersion was sonicated for 80 mins to obtain uniform
dispersion. 1mL of the dispersion was placed in a zeta cell and measured at room

temperature. Mean Z value was obtained for three replicate measurements.
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2.2.3.Raman Spectroscopy

This non-destructive technique is commonly used to obtain structural information
of carbon-based materials. Raman spectra are obtained when the scattering light
from a sample excited by high-powered laser beam is sent through a
spectrophotometer (Figure 17). The difference in energy between the scattered

and incident light is the Raman shift.
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Figure 17: Scatterings that occur as a result of interaction of light on a substance [176].

Raman can be used to determine the stacking order, defects and number of

layers of graphene [177]. A high-resolution Raman image can distinctively identify
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the number of layers of graphene sheets [178], [179]. The Raman spectrum of
GO normally have two peaks: the D peak falls within ~ 1300 - 1400 cm range
while the G peak at ~ 1500 - 1600 cm. The D band indicates the defect region,

and the G bands indicates graphitic region [180].

The Raman spectra of the nanomaterials used in this research were obtained
using Renishaw InVia. The samples were prepared by sandwiching small quantity
of sample flakes between two microscopic glass slides to reduce the particle size.
The Raman spectra were taken at random points with 20 acquisitions. The green

laser of 532nm wavelength was used. The spectrum range was 400 — 4000 cm-

1

2.2.4. Transmission Electron Microscopy (TEM)

TEM is high-intensity electron microscope used for producing elaborate images
of high magnification by focusing beam of electrons of a specimen. In principle,
the TEM functions similarly to the light microscope but unlike light microscope
that uses rays of light to generate image, TEM uses a beam of electrons (Figure

18) [181].

TEM is employed to determine the thickness of graphene sheets. As the name
suggests, TEM beams stream of electron on a sample that generates a contrast

due to electron density differences [180].
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Figure 18: Schematic of the key components of a TEM [182]
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2.24.1. Imaging of GO and GO-Au nanohybrid

TEM was used to obtain high quality images of GO and GO-Au nanohybrid. A
single drop of the homogenised sample was deposited on a Formvar/carbon grid.
The deposit was left to dry off and then examined under a Joel 1400 Bio TEM

using an 80 kV electron beam current.

2.2.4.2. Imaging of exposed daphnia

Daphnids exposed to GO and GO-Au nanohybrid were imaged using TEM.
Euthanized whole daphnia were fixed immediately with 1 - 2ml of 2.5%
glutaraldehyde in a 0.1 M phosphate buffer suspension. The fixed daphnids were
dehydrated in ethanol and embed in epoxy resin. 0.1 um section of the embedded
samples was cut using a ultramicrotome a diamond knife. The images were then

visualised using JEOL 1400EX microscope.

2.2.5.Atomic Force Microscopy (AFM)

AFM is high resolution scanning probe microscope that produces sample images
by scanning the surface. It is commonly employed to evaluate the shape,
thickness and surface morphology of graphene sheet [183], [184]. The height
profile and surface image of GO obtained from AFM can be used to access the
presence of irregularities in the sheet morphology [185]. A typical AFM works by
scanning the surface of sample with the tip on the cantilever (Figure 19). The

motion produced by the side to side and up-down movement of the AFM tip is
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reflected off the cantilever by a laser beam and captured by a position sensitive

photo detector (PSPD).
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Figure 19: A schematic of how a typical AFM works

An AFM scanning was done by depositing drops of samples on a glass slide and
left to dry off. The slide was then mounted on the microscope. Imaging of the
samples was done in peak force tapping using multimode 8 microscope with
Nanoscope 5 controller (Brucker, Durham, UK). The images were then analysed
on Gwyddion (2.59) software. For GO size distribution, ImageJ software (1.53a)

was used.
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2.2.6. Thermogravimetric Analysis (TGA)

TGA is an analytical technique used for determining the thermal stability of a
material. While a material is subjected to a regulated temperature increase, the
change in mass of the material is quantified as a function of temperature. For
graphene and its derivatives, TGA can be used to estimate the non-graphene
constituents and residues. TGA analysis in this work was carried out on a Perkin
Elmers’ TGA 8000 machine using the following parameters: synthetic air flow rate

at 50 mL/min; 10°C/min (Figure 20).
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Figure 20: Illustration of the major components of TGA [186]
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2.2.7.Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is an analytical technique that is used to identify the chemical bonds present
in a substance. This is achieved by the production of a distinctive absorption
spectra of a material when infrared radiation is passed through it [187]. For 2D
materials such as graphene and its derivatives, FTIR is useful in measuring the
functional groups associated with the GO content and residual materials.
Although FTIR is quite easy and simple to use, the spectrum for different bonds

can overlap. Hence, there is a need for a proper check of the broad spectrum.
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Figure 21: The FTIR Spectrophotometer used for this research

The FTIR spectra analysis of the GO sample was measured using Frontier MIR
spectrophotometer (PerkinElmer, Beaconsfield, UK) (Figure 21). Small quantity
of GO flakes was placed on the crystal and was measured in attenuated total

reflection (ATR) mode.
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2.2.8.Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS, introduced in 1980, is an analytical technique used for quantifying
elements in ionic form [188]. Unlike other forms of mass spectrometry, ICP-MS
utilises inductively coupled plasma (ICP) to measure the mass to charge ratio of
ions by ionising the sample followed by measurement by a mass spectrometer
[189]. ICP-MS is able to detect metals, many non-metals and even isotopes at
very low concentrations. The main components of an ICP-MS instrument are ICP

(source of ion), a mass spectrometer and a detector (Figure 22).
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Figure 22: The basic structure of ICP-MS [190]
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2.2.8.1. Quantification of Au in GO-Au Nanohybrid

ICP-MS (Perkin Elmer NexION 300x) was used to quantify the concentration of
Au in the synthesized nanohybrid. 100ul of the GO-Au nanohybrid was digested
in 900ul of HCI (15M) overnight. An aliquot of the digested sample was further
diluted using 2% HCI to ppb levels. Afterwards, the sample was centrifuged at
7500 rpm for 15mins. The supernatant was characterized by a UV-vis
spectrophotometer for the detection GO. In the absence of GO, the supernatant
was analysed for Au on ICP-MS. Five replications of this measurement were

performed.

2.2.8.2. Quantification of Au in Daphnia

ICP-MS was also used for the quantification of Au in daphnids exposed to GO-
Au nanohybrid. Whole daphnia were euthanized using liquid nitrogen. They were
then mechanically homogenized in 2% nitric acid (HNO3) using a Precellys 24
instrument (2 cycles of a 30s pulse at 6000 pulse speed). The homogenised

samples were then digested in Aqua Regia. 100uL of homogenate was deposited
in 900uL of Aqua Regia overnight. 100uL of the digested sample was mixed with
9900uL of 2% Nitric acid. The final mixture was centrifuged, and the supernatant

was analysed by ICP-MS.
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2.3. Daphnia Toxicity Experiments

2.3.1.Daphnia Culture and Maintenance

The daphnia used for this study were third brood of Bham2 strain acquired from

the Daphnia Facility of the University of Birmingham, UK. The organisms were

maintained in borehole water at 20°C (Figure 23). A photoperiod ratio of 16hr to
8hr light and darkness respectively was maintained. The daphnids were fed daily

with Chlorella vulgaris (green algae) at the rate of 100uL per 10 daphnids.

Maintenance media were renewed every other day.

Figure 23: Daphnia during culturing at the Daphnia facility of University of Birmingham
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2.3.2.Acute Toxicity Test

Acute toxicity test was conducted according to the OECD 2004 Acute
Immobilization Test protocol. Daphnia neonates (<24 hr) were exposed to a
range of concentrations (0, 5, 10, 20, 50 and 100 mg/L) of GO and GO-Au
nanohybrid for 48hr. NOM was used to stabilise the nanomaterials in the media.
Protocols for the preparation of the test solutions are presented in appendix |
(Table S6 and S7). Record of mortality and immobilization was taken at 24 and
48hrs. The organisms were maintained in borehole water and HH combo media
at 20°C. A photoperiod ratio of 16hr to 8hr light and darkness respectively was

observed.

2.3.3.Bioaccumulation

Daphnids (<24 hr old) were exposed to 5ml of toxicants (GO and GO-Au
nanohybrid) of different concentrations (1, 50 and 100 mg/L) for 7 days. The
culture media was changed on day 3 and 5. On day 7, daphnia samples were
collected and rinsed with ultrapure water. The organisms were split into 3 groups:
the first group were processed for quantification of Au using ICPMS, the second
group were processed for TEM imaging, and the last group were imaged (whole

organism) using light microscope.

2.3.4.Light Microscope Observation

Light microscope is a laboratory equipment that makes small objects visible by

magnifying them with the use of lenses and visible light [191]. Light microscopes
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are versatile as they can be adapted for use on broad range of samples with little
preparation. A microscope is essentially made up of a light source (bulb or LED)

and an imaging system (glass lenses) [192] (Figure 24).

Daphnids exposed to GO and GO-Au nanohybrid were examined live under a
light microscope. After bioaccumulation exposure, 3 daphnids were randomly
sampled from each concentration of GO and GO-Au nanohybrid. The organisms
were washed with ultrapure water and transferred to a new media. One at a time,
the daphnids were carefully placed on a thin glass slide and imaged using a Nikon

stereomicroscope (SMZ800, Japan) with NIS Elements software.

Light Microscope

Eyepiece

Arm

Nosepiece

Objective Lens

o R

Stage

Diaphragm
Coarse Adjustment

Fine Adjustment

Light Source

Base

Figure 24: The basic components of a light microscope
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2.3.5. Daphnia Media Characterisation

2.3.5.1. Borehole

Borehole water as a natural medium was used for several experiments in this
research including daphnia culture and maintenance, toxicity tests and dispersion
stability study. Natural waters are acceptable as standard for toxicity experiments

and culturing of model organisms [114], [193]

Borehole water samples were collected in triplicate at the EcoLab of the
University of Birmingham, Edgbaston, UK. The sample collection was done with
few days’ interval between each sampling. The results presented here are
averages of each day, represented with letters A to E. The pH, conductivity and
dissolved oxygen were analysed with Thermo Scientific Orion, Star A Series while
the total organic carbon and total nitrogen were measured with Shimadzu TOC-
L CPH + TNM-L analyser. The heavy metals were quantified using ICP-MS from

PerkinElmer.

2.3.5.2. High Hardness (HH) Combo Media

HH combo media is an artificial water that supports the growth and survival of
aguatic organisms [194]. The media is composed of all the nutrients necessary

for the growth and reproduction of algae and daphnia [195].

To prepare HH Combo media, 4 ml of compounds #1-7 (Table 1), 8 ml of

compound #8 (sodium bicarbonate) and 200 pl of Sodium Selenite (Na2SeOs
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40 pg/ml) to 3.5L of dH20. The final volume is adjusted tO 4 litres and the mixture

is aerated for 24hr. Then the pH was adjusted to 7.6 — 7.8. After the pH

adjustment, 4 ml of animate and 2ml of vitamin (VIM) were added.

Table 1: Chemical composition of HH Combo media

# Compounds Stock (g/L)
1 | Calcium chloride dihydrate (CaClz -2H20) 110.28
Magnesium sulphate heptahydrate
2 1135
(MgSO0a4:7H20)
3 | Potassium phosphate dibasic (K2HPOa) 1.742
4 | Sodium nitrate (NaNO3) 17
Sodium metasilicate nonahydrate (Na2SiO3
5 28.42
:9H20)
6 | Boric acid (HsBOs3) 24
7 | Potassium chloride (KCI) 5.96
8 | Sodium bicarbonate (NaHCO3) 63
9 | Sodium Selenite (Na2Se0s) 0.04
Stock
# | Animate Solution
(9/200 ml)
10 | Lithium chloride (LiCl) 31
11 | Rubidium chloride (RbCI) 7
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Strontium chloride hexahydrate (SrCl2
12 15
-:6H20)
13 | Sodium bromide (NaBr) 1.6
14 | Potassium iodide (Kl) 0.33
# | Vitamin Stock Solution (VIM) Concentration
15 | Biotin (d-biotin) 10 mg into 96 ml dH20
16 | B12 (cyanocobalamin) 10 g into 89 ml dH20

2.4. Cellular Toxicity Assessment

This section gives a detailed description of the materials and methods used for
the assessment of cell toxicity. Following the synthesis and characterization of

GO and GO-Au nanohybrid, cellular toxicity experiments were carried out using
two cell lines. The stability of the nanomaterials in the cell culture media were

also monitored.

2.4.1. Materials

Two cell lines were used for all the cell experiments: Zebrafish embryonic cells
(ZF4) and human lung adenocarcinoma cells (A549). ZF4 (ATCC® CRL-2050™)
and A549 cells (ATCC CRM-CRL-185) were both acquired from American type
culture collection (ATCC). F12 Nutrient Mixture, Dulbecco’s modified eagle

medium (DMEM), penicillin/streptomycin (15070), 0.25% trypsin-EDTA (15090),
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fetal bovine serum (FBS) and phosphate-buffered saline (PBS) were bought from
Gibco. Alexa fluor 488® Annexin V/PI cell death and CellRox deep read reagent
kit from Invitrogen (Paisley, UK) and CytoTox 96 ® non-radioactive cytotoxicity

assay from Promega (Southampton, UK) were used in this experiment.

2.4.2. Cell Culturing and Maintenance

The A549 cells were cultured in a complete cell culture media (CCM) and
incubated in a humidified atmosphere of 5% CO:2 at 37 °C. The CCM was
prepared using F-12 nutrient mixture media, supplemented with 10% FBS, 1%
penicillin (100 pg/mL) and streptomycin (100 mg/mL). The ZF4 cells were also
purchased from ATCC and cultured in CCM according to the manufacturer’s
instructions. In summary, the cell vial was thawed, resuspended in CCM in ratio
1:9 mL and incubated in a humidified atmosphere of 5% CO:z at 28 °C. The CCM
ZF4 was prepared using DMEM media supplemented with 10% FBS, 1%
penicillin and streptomycin. The cells were passaged after they attained 80%
confluence (day 4) by removing media, washing with PBS, detaching with 1.5 mL
of 0.25% trypsin for 2 mins and diluting with CCM to a total volume of 10mL. 2mL
of the diluted cell suspension was seeded on T75 flasks with 6mL CCM. This

process was done once every week for proper maintenance of the cell line.

2.4.3. MTT Assay

MTT assay is a colour-based scientific technique used to assess cytotoxicity and

cell viability by quantify the metabolic activity of cells [196] (Figure 25). The
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technique works on the reduction of tetrazolium salt (MTT, yellow in colour) by
cellular enzymes to form insoluble formazan crystals (purple) [197]. The crystals
are solubilised and analysed using a spectrophotometer at an absorbance of 500

— 600 nm.
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Figure 25: (A) Chemical reduction of MTT to form Formazan (B) A 96-well plate showing
increasing quantity of viable cells. The light wells contain the least cells while darkest well
contain the most viable cells [198]

The metabolic activity of ZF4 and A549 cells exposed to GO and GO-Au was
assessed using MTT assay. The cells were seeded in transparent 96 well plates

(flat bottom) at a density of 7,000 cells per well in 100 pL of CCM. The cells were
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incubated overnight for attachment at 37 °C under 5% CO.. After 24hrs, the cells
were treated with a range of concentrations of the nanomaterials (2.5 — 150 mg/L)
for 48hr. The positive and negative control cells were treated with 20 % dimethyl
sulfoxide (DMSO) and CCM respectively. The stock solution of the MTT (5
mg/ml) was prepared in sterile phosphate buffered saline (PBS) and filtered with
0.2 um Acrodisc syringe filter. The media was removed post treatment and 120
uL of the MTT solution, diluted in CCM at 1:6 ratio, was added. After 4 hours, the
MTT solution was replaced with 200 uL of DMSO for 15 mins to solubilize the
formazan crystals in darkness with a gentle agitation. The absorbance was
measured at 570nm using microplate reader. The percentage MTT was

calculated as follows:

% Metabolic activity

A570 nm of treated and untreated samples — A570 nm of media only
_ x 100%

A570 nm of maximum of untreated cells — A570 nm of media alone

2.4.4. LDH Assay

This non-radioactive colorimetric assay uses the quantification of lactate
dehydrogenase (LDH) release, an enzyme found in most living cells, as an
indication of cytotoxicity [199]. LDH is released into the CCM when there is a
damage to the cell membrane. The assay measures the amount of LDH released

in a plate reader by measuring visible wavelength in a 96-well plate.

The percentage plasma membrane damage in the ZF4 and A549 cells caused

by exposure to GO and GO-Au was measured using LDH assay. Cytotox 96 non-
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radioactive cytotoxicity assay kit (Promega, UK) was used for the assessment
according to the manufacturer’s instructions. After cell seeding and incubation
with same concentrations used in MTT, 50 uL of supernatant was transferred to
a new 96 well plates (flat bottom). An aliquot (50 pL) of the reconstituted substrate
was added to each well and incubated for 15 mins in darkness. The reaction was
terminated by the addition of 50 uL of stop solution. The absorbance, which
indicates the amount of LDH released into the media, was then measured at 490
nm using a microplate reader. The percentage LDH released was calculated as

follows:

% LDH released

A490 nm of treated and untreated samples — A490 nm of media only
_ %X 100%

A490 nm of maximum of untreated cells — A490 nm of media alone

2.4.5. Detection of ROS Generation

Reactive oxygen species (ROS) are very reactive radicals that are produced as
by-products from the breakdown of oxygen and are normally present at low,
regulated level in living cells. However, upon exposure to unfavourable
environmental conditions, cells generate elevated amount of ROS that oxidise
and modify cell components. Cytometric assays have been developed to

measure ROS as an indication of oxidative stress [200].

For the detection of ROS in this research, CellRox deep red reagent kit from
Thermofisher (UK) was used. The ZF4 and A549 cells were seeded on a 12 well

plate (density = 5 x 10* cells per well) and incubated overnight for adhesion. The
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cells were then treated with GO and GO-Au at concentrations 1, 50 and 100
pug/mL for 24 hrs while the positive control was treated with menadione (50 uM)
for 1 hr. After incubation, the cells were detached with trypsin and centrifuge at
1,500 rpm for 5 mins. Then the cells were stained with 5 uM CellRox deep red
reagent diluted in phenol free RPMI 1640 media for 1hr at 37 °C in darkness. The
quantity of ROS produced was analysed using BD LSRFortessa X20 cell

analyser. by acquiring 10,000 events.

2.4.6. Cell Death Assay

The induction of apoptosis after exposure of the ZF4 and A549 cells to GO and
GO-Au was assessed using Annexin V-FITC/Pl assay kit using the
manufacturer's protocol. The cells were seeded on 6 well plates for 24 hrs
(density = 2 x 10° cells per well) and treated with GO and GO-Au at
concentrations 1, 50 and 100 pg/mL for 24 hrs. The positive control was
incubated for 24hrs with 10% DMSO and 6 hrs with 1 uM Staurosporine as
necrosis and apoptosis inducers. The cells were then detached with trypsin and
centrifuge at 1,500 rpm for 5 mins at 4°C. Thereafter, the pellet was resuspended
with 100 pL of Annexin binding buffer and incubated with 1uL of Pl and 5 pL of
Annexin V-FIC for 15 mins in darkness at room temperature. Post incubation, the
cell suspension was diluted with 400 pL of Annexin binding buffer and analysed
using the BD LSRFortessa X20 cell analyser with 10,000 events acquisitions.
Spectral overlap was compensated for electronically between fluorophores. The
maximum excitation and emission spectra for Alexa Fluor 488 Annexin V stain

and PI stain were 488/499 nm and 535/617 nm respectively.
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2.5. Dispersion Stability

2.5.1. Daphnia Media

The dispersion stability of the GO and GO-Au (both at 100 mg L) in ultrapure
water (control), borehole water and high hardness combo media (see Table T3
for quality parameters), with and without natural organic matter (NOM)
(Suwannee River NOM; International Humic Substances Society; final
concentration: 20 mg L) was monitored using a modification of the OECD
(Organisation for Economic Co-operation and Development) 318 guideline. The
samples were kept static, and an aliquot (100 pL) was taken from the surface of
the dispersion at 0, 24 and 48 hrs. Care was taken during aliquot sampling to
avoid agitating the whole sample. The stabilities of the nanomaterials were
compared in triplicates using the detection of GO at the absorbance of 230 nm
measured using spectrophotometer analysis (microplate spectrophotometer,
TECAN, Spark). The chemical constituents of the NOM are [% w/w of dry, ash-
free sample]: water (5.69), ash (4.01), carbon (50.7), hydrogen (3.97), oxygen

(41.48), nitrogen (1.27), sulphur (1.78).

2.5.2. Cell Media

The dispersion stability of the nanomaterials (GO and GO-Au) was evaluated for
both ZF4 and A549 cells following the OECD guideline 318 [201]. The stability
was monitored using a modification of the OECD 318 guideline. The
nanomaterials were dispersed in CCM for respective cells (final concentration =

100 mg L1). 1ImL of each sample was kept static in an eppendorf tube, and an
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aliquot (100 pL) was taken from the surface of the dispersion at 0, 24 and 48 hrs.
Care was taken during sampling to avoid agitating the whole sample. The
samples were measured in triplicates using spectrophotometric analyses

(microplate spectrophotometer, TECAN, Spark).

2.6. Data Analyses

Expermental data were recorded as means with standard deviation. Statistical
analyses were performed using GraphPad Prism (9.0). Flow cytometry data were
analysed using FlowJo software (v10.8.0, Ashland, US). ECso values — the
concentration that causes at least 50% of daphnia to show acute toxicity effect —
was measured by Probit analyses using PriProbit software [202]. Test of
normality and homogeneity of variance were done using Chi-square goodness of
fit and Bartlett’s test respectively. Differences between means of GO and GO-Au
treatments were evaluated using one-way analysis of variance (ANOVA) while
differences between control and the treatments was calculated using two-way
ANOVA followed by Dunnet’s test. Means were considered statistically different

at p-value <0.05.
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Chapter 3:

Synthesis and Characterization

This chapter has been published as follows:

Akere, T. H., de Medeiros A. M. Z., Martinez, D. S. T., Ibrahim B., Ali-
Boucetta, H., and Valsami-Jones, E. Synthesis and characterisation
of a Graphene Oxide-Gold Nanohybrid for Use as Test Material.
Nanomaterials, 2023, 13 (2), 33;
https://doi.org/10.3390/nan013010033
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3.1. Introduction

Since the advent of nanotechnology in the 1980s, our society has been
transforming remarkably, and will likely continue to do so to meet our growing
and evolving needs. Faster and powerful computers, more accurate medical
devices, sunscreens, cost and quality efficient water filters are some of the
remarkable applications involving nanotechnology. From environmental pollution,
increasing energy demand, scarcity of potable water and biomedical constraints,
the quest for solutions to some of the world’'s problems has driven intense
research into nanomaterials [1]. On the forefront of these applications are
carbon-based nanomaterials such as graphene and its derivatives [graphene,
graphene oxide (GO), reduced graphene oxide (rGO)], carbon nanotubes [single

and multi-walled nanotubes] and carbon dots [2].

Graphene-based materials represent a recent addition to the nanomaterials
family and yet have already found many applications for example in electronics,
medicine, agriculture and energy and have been incorporated in many consumer
products: drug nanocarriers, high-capacity batteries, lightweight and strong
materials for automotive and aerospace, biosensors, ingenious biomedical

devices, water desalination, anti-corrosion coatings etc [5]—[8].

More recently, research work has focused on exploring multicomponent
nanohybrids, which offer the advantage of combining multiple functionalities into
a single advanced material [9]-[11]. A popular combination of such hybrid
materials is that involving metal or metal oxide nanopatrticles (like TiO2, ZnO, Au,

CuO) and carbon nanomaterials (such as graphene oxide, carbon nanotubes,
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fullerenes). For instance, both GO and silver nanopatrticles are known to exhibit
antibacterial properties [12], [13]. However, graphene oxide-silver
nanocomposite (GO-Ag) have been reported to have a superior antimicrobial

capability compared to their individual components [14], [15].

Similarly, graphene oxide — gold nanohybrid (GO-Au) have been reported to
demonstrate synergistic features beyond their individual capabilities such as
increased electrical conductivity, catalytic activity, higher surface area, optical
and medical properties etc [16], [17]. These features have rapidly increased the
use of this nanohybrid in various applications such as cancer detection,

bioimaging and biosensing [18]-[20].

Unlike natural nanomaterials that plants and animals have adapted to,
engineered materials (especially emerging ones like nanohybrids) pose novel
threats that require critical evaluation of their potential harm to humans and
ecosystems. As with any new discovery, there are concerns about the potential
of novel nanohybrids to cause toxicity over and above that of their individual
components [22], [23]. Their safety to the ecosystem and human health is yet to
be fully demonstrated since the very features that make them so advanced may
also be the source of concern to ecotoxicologists, specifically in terms of their
ability to bypass biological barriers. A number of studies have demonstrated
adverse effects to human cells [84], bacteria [203], algae [204], water fleas [87],

fish larvae [205], rodents [91] and marine mammals [203].
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Currently, there is no standardized protocol for the synthesis of GO-Au
nanohybrids. It is therefore unclear how in different formulations the two
components are conjugated, quantitatively and qualitatively, and whether
performance, but also potential ecotoxicity, may be affected. Most of the available
research work on GO-Au has focused on the applications of the nanohybrid [18],
[19], [30]. For assessing its safety however, it is important that critical
physicochemical parameters of the GO-Au nanohybrid are evaluated and
correlated to its toxicity. This is to ensure reproducibility and compatibility of the

results.

Herein, the production of a graphene oxide-gold nanohybrid that will be suitable
for nano-ecotoxicological studies was carefully designed and evaluated.
Specifically, the aspects that were researched include i) synthesis and
characterization of GO and GO-Au ii) stability of the nanohybrid in different
environmental media iii) quantification of Au in the GO-Au nanohybrid and iv)

evaluation of ageing effect on the nanohybrid.
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3.2. Results and Discussion

3.2.1. Characterization of Graphene Oxide

As can be seen in Figure 24A, the final yield post-synthesis of GO exhibited a
dark brown colour which is characteristic of GO. An aliquot of the GO was freeze
dried for further characterization and to determine its concentration (1.0 g/L). The
surface morphology of the GO was evaluated by transmission electron
microscopy (TEM) and atomic force microscopy (AFM) (Fig. 24B-C). Using the
TEM method described by Kumar et al. [206] for estimating the number of layers,
the GO sheets were mostly single layer and exhibited flake-like structure as
shown in Figure 24B. This is corroborated by the cross-sectional height profile
of the GO flakes thickness measured by AFM height scan (appendix, Fig. S1).
The measurement showed 1 nm thickness for most of the GO flakes. According
to recommended classification [2], [8], the GO sheets fall within single to few
layers GO. The average lateral size of the GO was 114 nm, with a size range

between 5.86 and 269.53 nm.

UV-vis spectroscopy was performed to examine the extent of oxidation of the GO
sheets. The absorption spectra can be used as a mechanism of identifying GO
sheets. As shown in Figure 24D, the UV-vis spectrum of the GO sample shows
a sharp maximum peak around 230nm which indicates m—1* transitions of C=C
bonds. The spectrum also showed a weaker peak (shoulder) at around 300nm
which indicates n—1* transitions of C=0 bonds. This result confirms that the
prepared sample contains GO, and is consistent with the UV-vis spectra

described by others [180], [185], [207].
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As expected, the mean zeta potential value of the GO samples was -56.4 + 2.4
mV (pH = 7.9), suggesting a negative charge and a good stability [208]. The
influence of pH on zeta potential (measure of surface charge) can have
implications in environmental fate. The weak forces that bind nanoparticles
together when they agglomerate can be altered by changes in pH [209]. In toxicity
exposures where pH is expected to be maintained within certain range, a
moderately stable suspension of particles provides some confidence on a low

likelihood of agglomeration occurring in low ionic potential media.

In addition, Raman spectroscopy, a non-destructive method, was used to obtain
structural information on the carbon-based nanomaterials as suggested by others
[177]. Itis used to determine the stacking order, defects and number of layers of
graphene [178], [179]. GO normally has two peaks: the D peak falls within 1300
- 1400 cm ! range while the G peak at 1500 - 1600 cm™. The D band indicates a
defect region, and the G band indicates a graphitic region [180]. For the GO
described here, as shown in Figure 24E, the D peak was seen at 1343 cm™* and
the G peak appeared at 1586 cm™. This further confirms the presence of GO in
the synthesised sample. Also, the I/l ratio of 0.84 was recorded, indicating high
level of defects, showing that this GO has undergone an oxidation process and

intense exfoliation.

To identify the various surface functionalities on the GO, FTIR technique was
employed. The FTIR spectrum for our GO sample is shown in Figure 24F. The

graphite oxidation resulted in the formation of the following broad bands: 3212
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cm?® matching the O-H stretching vibrations that are typical of carboxyl and
hydroxyl functional groups [207], [210], [211]; 1719 cm™ corresponding to C=0
stretching vibrations implying the presence of carbonyl and carboxyl groups [122];
1622 cm* showing the contribution of cyclic aromatic groups; 1050 cm* matching
the C-O stretching vibrations which are the typical absorption bands of ethers

[122], [179].

To assess thermal stability and behaviour of the synthesised GO, TGA analysis
was performed as shown in Figure 24G. The GO exhibited two decomposition
stages at approximately 190°C and 550°C respectively. The initial weight loss up
till 100°C resulted from evaporation of water content while the loss from 150 -
200°C can be attributed to loss of hydroxyl and acidic functional groups [212].
The final weight loss up to 700°C originated from the breakdown of carbonyl

groups formed during the process of GO oxidation [213].

The chemical make-up of the GO surface was evaluated by XPS, and the results
are presented in Figure 24H-l1. The XPS spectra represents the intensity of
photoelectrons emitted from the various atoms on the GO surface. The analysis
of the XPS survey spectrum showed that the surface chemistry of the GO is
composed of 68.15% carbon and 31.85% oxygen. The elevated percentage of
oxygen confirms the oxidation of GO. The absence of commonly reported
impurities such as sulphur and nitrogen indicate the high level of purity of the GO
dispersion. The C1s scan shows the different carbon-oxygen groups present on

the GO surface (Table 2).
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Table 2: Analysis of Cl1s scan by XPS showing the chemical groups in GO

Functional Groups

Binding energy (eV) % Atomic

Aromatic carbon (-C=C-)
Aliphatic carbon (-C-C-)
Hydroxyl/epoxy (C-O)
Ester (COO)

284.13
284.96
286.93
288.67

9.98
35.98
45.68

8.35
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Figure 26: Characterization of graphene oxide (GO) prepared using modified Hummer’s method.
(A) Purified GO stock dispersion a concentration of 2mg/mL in ultrapure water, (B) TEM image

of GO dispersion, (C) AFM topographic image (D) UV-vis absorption spectrum, (E) Raman
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spectrum, (F) FTIR pattern, (G) thermogravimetric analysis spectrum (H) high resolution C1s XPS

spectrum, (I) survey XPS spectrum

3.2.2. Characterization of Graphene Oxide-Gold Nanohybrid
(GO-Au)

Three different batches of the GO-Au nanohybrid (X, Y and Z) were prepared and
compared as shown in Figure 25. The synthesis method was optimised to
produce the highest yield of GO-Au nanohybrid possible, over 80mg (> 2mg/mL).
Previous studies have produced GO-Au nanohybrid suspensions within the range
of 5 —20mL [32], [214]-[216]. On characterization, it was found that all the three
batches were very similar, suggesting reproducibility of the modified synthesis

method of the GO-Au nanohybrid.

It is important to note that there are major differences between this modified
synthesis protocol and the original protocol of Song et al (2014). Firstly, the
original protocol has been scaled-up significantly. In the work presented here,
60mg of graphene oxide and 150mg of chloroauric acid were used as against the
4mg of graphene oxide and 5-20mg of chloroauric acid of the original protocol.
Scaling up or down in the synthesis of nanoparticles can induce significant
chemical changes on the final product [217], and it may not result in a product
with properties corresponding to those of the original synthesis. Furthermore,
modified synthesis conditions may result in a product of variable consistency,

particularly in the case of a hybrid material.
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Additionally, the optimised protocol presented here produced a significantly larger
yield which cannot always be guaranteed when scaling up, but which was
essential for a material that would be recommended for toxicological studies,
where significant quantities are necessary to allow for testing a range of
concentrations and carrying out replicate tests. The final yield of the GO-Au
nanohybrid from our work was over 80 mg. Although the yield from the original
protocol was not reported, judging by the volume of the reagents used, it is likely
to have been less than 4mg. It is generally recognised that scaling-up of
nanoparticle synthesis does not automatically translate to high yield of good
quality [218]. A good volume of yield is highly required and useful for extensive
ecotoxicological assessments, and addressing this limitation was central to our

study.

Lastly, a crucial element in the optimised protocol is the introduction of purification
at the end of the synthesis to remove impurities such as by-products generated
during the synthesis process. These impurities may influence the behaviour,
bioavailability and toxicity of a nanomaterial [219]. Since the focus of our
synthesis is for ecotoxicological studies, it is important to rid the GO-Au
nanohybrid of any impurities. The original protocol, however, was designed for a

different application which did not require purification.

The UV-vis spectra of the nanohybrid (Fig. 2A) indicated the presence of AUNP
on the GO sheets. Typically, the surface plasmon resonance for AUNP is seen
as a peak at around 520 - 570 nm. As shown in Figure 25B, the integrity of the

graphene sheets was not affected by the AUNPs conjugation as evident by the

73



presence of D and G peaks in the Raman spectra of the GO-Au nanohybrid.
Notably, there was a small increase in the Io/lG ratio calculated for the GO-Au
nanohybrid from 0.84 to 0.89 following the functionalization of Au NPs onto the
GO surface. This suggests that defects were introduced onto the GO surface as
a result of the attachment of the AuNPs. This is very similar to what Song et al.
(2014) reported when pure GO sheets were conjugated with AuUNPs and showed
that the Ip/lc ratio increased from 0.77 to 0.82 after conjugation. The thermal
stability analyses of the GO-Au nanohybrid revealed that the three samples
behaved similarly, as shown in Figure 2C. Approximately 20% of original weight
was lost at around 200°C which corresponds to the evaporation of moisture and
hydroxyl or acidic moieties while another 10 — 20% of weight was lost around
400°C, which may be attributed to the decomposition of carbonyl functional
groups [220]. The thermal stability of the nanohybrids thus reflects the gradual
decomposition of its GO component, and correlates well with the TGA results of
the pure GO described earlier, with small deviations likely due to the presence of

AuNPs.

As shown in the TEM images of the nanohybrids (Figure 25D-F), both GO and
AuNPs can be visually observed on the images, confirming the functionalization
of AuNPs onto the surface of the GO sheets. In addition, the average size of the
AuNPs was found to be around 17.09 + 4.6 nm from the TEM analysis. The even
and planar shape of the GO sheets provided a suitable high surface area for the
attachment of the AuNPs. Bonding of AuNPs to GO surfaces occurs via
noncovalent bonds such as hydrogen bonds and electrostatic interactions

[9],[221]. As can be seen in Figure 25D-F, AuNPs show limited tendency to
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aggregate in all the nanohybrid batches. This is not unexpected as the likelihood

of aggregation increases as the quantity of the starting HAuUCl4 is increased [32].

XPS was employed to determine the chemical composition of the GO-Au
nanohybrid. The C1s scan and survey spectrum results are presented in figure
S3 and S4. The GO-Au nanohybrid showed 67.15% of carbon, 29.83% of oxygen
and 3.02% of gold. Similar to the GO alone, the high oxygen content in the GO-
Au nanohybrid is due to oxidation and the absence of any further features in the
spectra confirms purity of the nanohybrid. Deconvolution of the high resolution
Cls spectrum as highlighted in Table 3 revealed the percentage content of the

respective functional groups on the GO-Au nanohybrid.

In addition, FTIR analysis of the GO-Au nanohybrid showed to be similar to that
of GO alone as shown in Figure S2. The observed signals between 3200 — 3700
cm® match those of hydroxyl groups and carboxyl acids while the absorptions at
1720 cm! are due to carbonyl groups. The cyclic aromatic groups and the ethers

can be identified by the signals at 1622 and 1030 cm* respectively.
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Figure 27: Characterization of three batches of GO-Au nanohybrid (X, Y & Z): (A) UV-vis absorption
spectrum, (B) Raman spectrum, (C) TGA spectrum, (D-F) TEM images corresponding to each of the 3
replicate nanohybrids.

Table 3: Analysis of C1s scan by XPS showing the chemical groups in GO-Au

Functional Groups Binding energy (eV) % Atomic
Aromatic carbon (-C=C-) 288.93 7.37
Aliphatic carbon (-C-C-) 285.03 35.04
Hydroxyl/epoxy (C-O) 287.09 45.37
Ester (COO) 284.12 9.92

n- T transition in aromatic 290.67 2.3
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3.2.3. Evaluation of Nanohybrid Ageing

The effect of ageing on the quality of the GO-Au nanohybrid was assessed using
two nanohybrids produced 4 months apart. Aged GO-Au was produced in July
2021 while pristine GO-Au was produced in November 2021 (Fig. 26A-B). Both

nanohybrids were stored for a month in darkness at a temperature of 4°C.

Figure 26C presents the UV-Vis of the pristine and aged nanohybrids highlighting
that both nanohybrids show a maximum peak at around 230 nm which is
characteristic of GO. In addition, both nanohybrids include AuNPs as indicated
by the plasmon band seen around 520 nm which is distinctive of AUNPs. Apart
from the slight difference in absorbance, which is due to the difference in sample
concentration, the two nanohybrids appear identical. This suggests that there has

been no significant effect of ageing on the samples.

In order to investigate any visual or morphological changes between the pristine
and the aged nanohybrids, samples were examined under TEM. As shown in
Figures 26D-E, the TEM images confirm that the successful conjugation of the
AuNPs was not affected by ageing as well as the presence of single layered GO.
In addition, the size distribution of the AuNP is still similar in both aged and

pristine nanohybrids.

The stability of the synthesised GO-Au nanohybrid could be due to the mild
conditions of the synthesis which involved only moderate temperature (80°C).

This indicates that the sp2 hybridization of graphene-based materials is stable at

moderate temperatures (< 120°C) in agreement with other literature [222], [223].
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Graphene oxide, however, becomes generally unstable at high temperatures,

above 200°C [224].

The toxicity and reactivity of nanomaterials can be sensitive to ageing and
chemical transformations. Depending on the chemical constituent of the media,
ageing can influence nanomaterials both structurally and compositionally and, in
turn, their interaction with other molecules in the media as well as bio-uptake. The
lack of evidence of ageing in the GO-Au nanohybrid adds to the weight of
evidence that the proposed synthesis protocol produces a nanohybrid that is
suitable for toxicity testing and will remain stable even for longer term exposures,

which are not uncommon in ecotoxicity testing.
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Figure 28: Characterization of pristine and aged (by 4 months) GO-Au nanohybrid. (A) Stock of
aged nanohybrid (GO-Au XY), (B) Stock of pristine nanohybrid (GO-Au XY) (C) UV-vis spectra of
the two nanohybrids, (D) TEM image of GO-Au Aged (E) TEM image of GO-Au Pristine

3.2.4. Quantification of Au on GO-Au nanohybrid

The use of ICP-MS has benefits beyond just characterization of nanopatrticles; it
is a convenient method for the quantification and detection of nanoparticles in
biological assays [225]. Specifically, the accuracy of using ICP-MS to determine
Au has been well established [226]-[228]. Investigating quantitatively the
presence of AuNP in a sample is very crucial to understanding their

environmental and biological effects [226], [229]. Gold standard solutions were
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used to generate a range of gold concentrations (0.01 — 1.0 mg/L) for calibrating

the ICP-MS instrument.

The concentration of Au in each of the 3 batches of the GO-Au nanohybrid was
measured using the ICP-MS. The average concentration of Au as measured in
each of the X, Y and Z replicates was 0.128 + 0.005, 0.144 + 0.003 and 0.128 +
0.01 mg/L respectively which corresponds to an average of 1300 mg/L of Au in

the neat suspension of the GO-Au nanohybrid (Figure 29).

The similarity in the results demonstrates the reproducibility and reliability of our
optimised protocol for the synthesis of the GO-Au nanohybrid. Knowing the
concentration of AUNP will allow a better comprehension of the toxicity of GO-Au
nanohybrids in environmental media [230]. In addition, AUNPs can be used as
chemical labels to determine the fate and transport of GO-Au in biological or
environmental systems [231]. This is particularly relevant for GO, as its
compositional tracking against the carbon dominated background of
environmental matrices is especially challenging. Instead, GO can be traced
through this compositionally stable nanohybrid, involving measurement of Au
concentration by, for example, ICP-MS, as a proxy for the presence of the GO-

Au nanohybrid.
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Figure 29: Mass of Au measured in 100 pL of each of the GO-Au nanohybrid samples X, Y

and Z. Values shown are average of triplicate samples with standard deviation
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3.3. Conclusions

In this study, we have synthesised a GO-Au nanohybrid and optimised the ratio
between GO and AuNPs in the nanohybrid produced. The nanohybrid was found
to have uniform distribution of AUNPs on the GO sheets and exhibited good
stability. This is the first study to show a reproducible standardized protocol for
the synthesis of GO-Au nanohybrids. Standardization of practice especially
protocols is a major focus in the development of nano- and other advanced
materials and their toxicological assessments. A comprehensive evaluation of
physical and chemical properties of the material in a realistic media that mimics

the natural environment is also an essential requirement.

This output is significant because unlike many other nanomaterials, GO-Au
nanohybrid is not yet commercially available and a standardised protocol for a
reproducible well-tested hybrid could support commercialisation. The high yield
of the synthesis method further enables using the nanohybrid in ecotoxicological
research which often requires a good quantity of the same material for

consistency and reproducibility testing in toxicological studies.

This research paves the way for critical evaluation of the nanotoxicological
assessment of GO-Au nanohybrid in biological and environmental systems
especially given that the stability and characteristics of the GO-Au nanohybrid

were not impacted by ageing for up to 4 months.
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Chapter 4:
Nanotoxicity Assessment of Graphene Oxide-Gold

Nanohybrid on Daphnia magna

This chapter has been published as follows:

Akere, T. H., Ali-Boucetta, H., & Valsami-Jones, E. (2023). Nanotoxicity of
Graphene Oxide — Gold Nanohybrid to Daphnia Magna. Aquatic Toxicology

2023, Vol. 260 (April), page 1-12. https://doi.org/10.1016/].aquatox.2023.106552
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4.1. Introduction

As it is with the fate of many nanomaterials, it is unavoidable these GO-Au
nanohybirds, once commercialised, will be released to the aquatic ecosystem
[203]. Potentially, this could setoff deleterious effects to organisms at each level
of the food chain [232]. With the uncertainty around the toxicity of GO-Au
nanohybrids, it is vital to understand whether or not they might induce any acute
or chronic harmful effect on sensitive organisms such as Daphnia magna. In
addition, since daphnia are known to bioaccumulate chemicals [87], [124], [128],
an evaluation of the bioaccumulation of GO-Au nanohybrid becomes necessary
to gain insight into how the nanohybrid may spread through the food web. There
is a potential risk to human health through the consumption of contaminated

seafoods such as clams and fish.

The nanotoxicity of GO-Au nanohybrid on daphnia has not been broadly
investigated. Hence, this research aims to evaluate the toxicity of graphene oxide
— gold nanohybrid to neonates ( < 24 hrs old) of Daphnia magna in different
media. Specifically, this work focused on (i) assessing acute immobilization of
daphnia neonates (ii) bioaccumulation of the nanohybrid by daphnia (iii) fate and
transport of the nanohybrid in daphnia (iv) dispersion stability of the nanohybrid

in various daphnia media.
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4.2. Results and Discussion

4.2.1. Assessment of the Impact of NOM on dispersion stability

of GO-Au Nanohybrid

Evaluation of the stability of nanomaterials dispersion is one of the properties that
have been identified as fundamental in understanding their transport and fate in
the environment [225], [229], as It can influence their cellular and environmental
uptake and transportation. In addition, the stability of NPs dispersion can provide
a base for a holistic ecotoxicological assessment of NPs in biological systems
[233]. It is therefore essential that this evaluation is done in media that truly
represent the likely environmental conditions for the ecotoxicity indicator species

under investigation.

Taking a further step towards demonstrating the relevance of the studied
nanohybrid as a model material in ecotoxicity research, the stability of GO and
GO-Au was evaluated in three media: ultrapure water (control), natural borehole
water (BHW) and a synthetic high hardness combo (HHC) medium (Fig. 28-30).
While BHW is widely used in ecotoxicological studies for culturing many
freshwater and marine organisms such as fish, daphnia, clams etc, HHC as an
artificial medium has also been approved for use in culturing and testing model
organisms in order to reduce variability in ecotoxicological testing results [234].
The use of both natural (BHW) and synthetic (HHC) media for toxicity testing is

recommended by the US EPA, OECD and ISO [113], [114], [193].

The stability of GO and GO-Au nanohybrid in aguatic media is influenced by the

presence (or absence) of aquatic environmental conditions such as natural
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organic matter (NOM), pH and the concentrations of ions and cations [32]. NOM
tends to bind with NPs through hydrogen bonds, steric repulsive forces and
Lewis’ acid-base interactions, thereby increasing the stability and subsequent

bioavailability of suspended particles to aquatic organisms [235], [236].

In ultrapure water, both the GO and GO-Au nanohybrid demonstrated high
stability for 48 hrs as shown by the absence of reduction in absorbance at 230nm
(Figure 30). This could be explained by the elevated surface charge of the
nanomaterials ((co = -56.4 £+ 2.4 mV and (co-au = -47.4 £ 2.5 mV) as the
dispersion stability of colloidal particles depend mainly on the repulsive forces

due to surface charge [237], [238].

However, in the borehole and HHC media, the absorbance of GO and GO-Au
dispersion after 48hrs declined to less than 20% of the initial absorbance except
the GO in the HHC media which decreased to more than 80% as shown in Figure
29-30. The surface charges also significantly dropped to {co = -23.6 £ 0.9 mV
and {co-au = -18.3 £ 0.6 mV for borehole, and {co =-34.2 £ 0.8 mV and {co-au =
-22.4 £ 1.4 mV for HHC. The decrease in the dispersion stability could be because
of reduction in the ionic strength of the medium and the adsorption of protons to
cationic salts (such as Mg?*, Na*) present in the medium [235]. This facilitates
aggregation and flocculation of the nanoparticles into distinct phases that can be

visually observed (Figure 29-30).

The colloidal stability of the nanomaterials in the presence of NOM was observed
to be better than in its absence. After 24hrs in borehole media, the GO and GO-

Au nanohybrid maintained approximately 50% and 80% of their initial absorbance
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respectively. The values increased to 60 — 80% in the HHC media for the same
duration. The concentration of the NOM at 20 mg/mL as recommended by OECD
was sufficient to make the GO-Au nanohybrid stable in the test media. This
emphasises the role of NOM in stabilising nanomaterials in different
environmental media which was previously reported for other carbon-based
nanomaterials [105], [239], [240]. It could therefore be suggested that the GO-Au
nanohybrid can become bioavailable to aquatic organisms in any ecotoxicological

study with the tested media.

Media play a crucial role in the fate, behaviour and toxicity testing of
nanomaterials. As such, standard test media that contain NOM are preferred for
toxicological assessments as they represent more realistic environmental
conditions. The good stability performance of the GO and GO-Au nanohybrid in
NOM-containing borehole and HHC underscores the active role of NOM in bio-
nano interactions. These results further demonstrate that the proposed synthesis
method can produce GO-Au nanohybrids that are stable in relevant media and
may be bioavailable to model organisms in a natural environment. This is an
important requirement for ecotoxicological research because biological
responses are only triggered when exposure and/or uptake occurs between the

GO-Au nanohybrid and the biological target.
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Figure 30: Monitoring of dispersion stability of GO and GO-Au in ultrapure water with and without NOM
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4.2.2. Acute Immoblization Test

To evaluate the short-term adverse effect of the nanohybrid on daphnia, an acute
immobilization test was conducted on daphnia neonates (<24hrs old) for 48hrs.
The result of the immobilisation tests for borehole media and HHC is presented
in table 4 as the percentage of neonates that survived after 48hrs. According to
the test protocol, neonates that are unable to swim within 15 seconds of light
agitation are considered immobile [112]. In the borehole media exposure for GO,
all the organisms (including the control) survived after 48hrs except in the 1mg/L
test vial where 93% survival was recorded. A similar result was recorded for the

GO-Au nanohybrid: all the neonates in all test concentrations had 100% survival
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except for 100 mg/L where 93% survival was recorded. In the HH combo media
exposure for GO, the survival rate in all treatments was 100%. However, in the
GO-Au exposure in HH combo media, all the treatments had 100% survival rate

recorded except in the 100mg/L test vial where the rate was 80%.

The ECso results indicate that the GO-Au nanohybrid did not induce any lethal
ecotoxicological effect (mortality and immobilization) to D. magna neonates at the
tested concentrations (1-100 mg/L) in both borehole and HH Combo media.
According to the United Nations’ global harmonised system of classification and
labelling of chemicals [241], the GO-Au nanohybrid is not considered hazardous
to the aquatic environment. This is similar to what Liu et al. (2017) reported for
daphnia exposed to rGO-Au. In that study, there was no significant alteration to
the growth and survival of the organisms after 48h. However, the chemical
combination of GO and Au can inhibit toxicity to cells as Li et al. (2014) observed
with  GO-AuNPs nanocomposite causing reduced cytotoxicity of amyloid

peptides.

The toxicity effects associated with daphnia exposure to nanomaterials are
concentration dependent [87], [132]. Higher concentration of nanomaterials
induces more effects compared to lower concentration. However, as observed in
this work, high concentration of GO and GO-Au nanohybrid did not induce any
deleterious effect on the exposed organisms. A combination of factors could
possibly explain this reduced toxic effect. Daphnia are known to be able to
remove harmful substances from their gut (depuration) within a short period [232],

[243]. Degradation of the GO and GO-Au nanohybrid may have occurred in the
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digestive tract of exposed daphnids, as has been observed in insects and

microorganisms [107], [108].

In addition, the presence of NOM in the daphnia media could have mitigated toxic
effects. Apart from stabilising nanomaterials in aqueous media, NOM can have
an effect on the toxicity of nanoparticles to aquatic species. This is achieved by
the physical and chemical interaction of the NOM with the nanoparticle surface,
thereby altering the defects and surface functionalities. NOM was found to
alleviate the toxicity of silver nanopatrticle to the reproductive ability of daphnia by
forming protective protein-rich coating around the nanoparticles [244]. Similarly,
the acute and chronic toxicity of GO to Daphnia magna was mitigated by NOM
by attenuating the induction of oxidative stress [245]. An understanding of the
role played by NOM in nanomaterial toxicity will help to avoid an overestimation

of nanomaterial risk.
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Table 4: ECso (48hr) result for daphnia neonates exposed to GO and GO-Au in borehole water

and HH combo media

Percentage Survival after 48hr (%)
. Borehole HH Combo media
Concentration
(mg/L)
GO GO-Au GO GO-Au

0 100 100 100 100

1 93 100 100 100

5 100 100 100 100
10 100 100 100 100
20 100 100 100 100
50 100 100 100 100
100 100 93 100 80

4.2.3. Light Microscope Imaging

Live images of daphnia neonates were taken for morphological observations after
48hr exposure to GO-Au nanohybrid. The results are presented in table 5. The
images were taken following exposure for the following treatments: 0, 1, 50 and
100 mg/L GO-Au nanohybrid. Observing the test organisms under microscope
enhances our understanding of their bioaccumulation/depuration activity and the

transport of the nanohybrid within the organism.
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As can be observed from the images below, GO-Au nanohybrid cannot be visibly
seen in the digestive tracts of the daphnids in the control treatment. For the
daphnia samples exposed to 1mg/L, some traces of GO-Au nanohybrid can be
seen in the gut of the organisms (dark elongated structure). However, the
nanohybrids in the gut of daphnids exposed to 50 and 100 mg/L are noticeably
more concentrated than the those in the 1mg/L exposures. These visual
observations agree with the result of ICP-MS quantification of GO-Au nanohybrid

as described in section 4.2.4.

Exposure of daphnia to heavy metals and nanomaterials have been reported to
have effect on embryonic development and induce tail loss and carapace
shedding [131], [244], [246]. Daphnia are known to lose their antenna and spine
in response to stress or toxicity. From the images taken, it is apparent that the
daphnids in all the treatments have not lost any body parts. This also supports
the acute toxicity test conclusion that the GO-Au nanohybrid did not cause any
significant harm to daphnia at the tested concentration and within the time period

studied.
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Table 5: Daphnids exposed to GO-Au nanohybrid (1, 50 and 100 mg/L) (Scale = 1000 pum)

Test _
. Daphnia Images after Exposure
Concentrations

Control

1 mg/L

50 mg/L

100 mg/L
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4.2.4. Bioaccumulation

The ability of D. magna neonates to bioaccumulate GO-Au nanohybrid was
tested, and the result is presented in Figure 33 below. Due to the difficulty in
directly quantifying carbon nanomaterials in biological systems (abundant
background carbon, absence of reliable quantification method etc) [247]-[249],
the concentration of Au in the nanohybrid was used in this study as a chemical
label for GO-Au. The concentration of GO-Au nanohybrid can then be estimated

from the measured of Au concentration.

The bioaccumulation was carried out using 3 concentrations: 1, 50 and 100 mg/L.
The mean concentration of Au measured in 100 pL of the digested daphnids
exposed to 1mg/L was 67.05 = 0.002 pg/L. For 50 and 100mg/L, the mean
concentration of Au quantified were 210.31 £+ 0.008 ug/L and 252.63 £+ 0.006 ug/L
respectively. The mass of Au in the daphnia samples was estimated from the
concentration of Au and the quantity of the analysed homogenate sample (100
pL). The calculated mass of Au in the samples are 0.0067, 0.0210 and 0.0253

mg for the 3 test concentrations respectively (1, 50 and 100 mg/L).

The results confirmed that daphnia were indeed bioaccumulating the GO-Au
nanohybrid, similar to what have been reported of their ability to bioaccumulate
GO and other nanomaterials [124], [128], [232]. Likewise, daphnia are able to
eliminate most of the bioaccumulated GO from their gut for a short-term

exposure. The depuration ability has been linked to the organism’s response to
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acute toxicity [87]. This is corroborated by the acute toxicity experiment that found

that daphnia were able to survive exposure to the nanohybrid within 48hrs.

It was also observed that the amount of GO-Au nanohybrid bioaccumulated
increases as the concentration of the nanohybrid increases: daphnids exposed
to the highest nanohybrid concentration (100mg/L) had the highest concentration

of Au (252.63 pg/L) while those exposed to the lowest test concentration (1mg/L)

produced the least amount of Au (67.05 ug/L).

250 -

un
=]
1

Concentration of Au in daphnia
(ng/L)

Control 1 50 100
GO-Au concentration (mg/L)

Figure 33: Quantification of Au in digested daphnia samples after exposure to GO-Au
nanohybrid. Results represent the mean of three individual replicates and their standard

deviation.
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4.2.5. TEM Imaging

The TEM cross sectional images of the daphnids exposed to various GO-Au
treatments for 48hrs are presented in Figure 34. The detailed images were taken
to further evaluate toxicity of GO-Au nanohybrid and its impacts on the organism’s
gut and surrounding organelles. In the cross sections from the control group
(Figure 34A), common structures found in the gut can be seen such as the
nucleus (N), mitochondria (M), lysosome (L) and peritrophic membrane (PTM).
As expected, there were no traces of the GO-Au nanohybrid (as AuNPS) in the
gut in the control group. However, AUNPs can be seen in the cross sections of all
the remaining treatment samples (Figure 34, B — F). An interaction of the GO-Au
nanohybrid with the cell and formation of sizeable vacuole structures and lipid

like cytoplasmic inclusions are observable.

AuNPs can be observed within the cellular matrix (Figure 34E), indicating that
there may have been damages to the peritrophic membrane (PTM). Essentially,
the function of the PTM is to provide protection for the gut’s epithelial cells and to
control the inward and outward movement of enzymes and nutrients [250].
Cellular absorption of some nanomaterials have been correlated to toxic effects
such as mortality and morphological changes [244]. However, these effects were
not observed in this study involving GO-Au nanohybrid. Internalization of the GO-
Au nanohybrid may have led to the over-production of reactive oxygen species
(ROS) that causes oxidative damage [251]. This sublethal effect could be
responsible for the irregular shape and arrangement of organelles within the cells

(Figure 34C, D and F). The AuNPs are generally well dispersed in the digestive
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tracts of the examined images. However, some aggregated form of Au NPs can
be seen in the gut located around the MV areas and in the lumen (Figure 34D, E
and F) which may disrupt metabolism and transformation of chemical [250]. The
distribution of AUNPs in daphnia gut is similar to what have been reported for Cu,

ZnO and nanoplastics [133], [251], [252].

From the observation of the TEM images alone, it is diffcult to determine whether
the AuNPs have dissociated from the GO or they are still attached to it. However,
the GO could not be visibly seen in the gut probably due to biodegradation by
enzymatic reactions in the daphnia [107]. In addition, TEM imaging of the GO
could not be correctly done in tissue samples due to its single layer thickness

which is obscurred by interference from background carbon in tissues.

The presence of the AuNPs in the gut confirms the ingestion of the GO-Au
nanohybrid by the daphnia. This ingestion is crucial and significant for the bio-
nano interaction process which preceeds the generation of biological responses.
Therefore, it is highly possible that sublethal effects such as DNA damage and
induction of biomarkers of stress (enzymes) could have occurred. In addition, the
impact of these sublethal effects could be severe and become manifest in the

offsprings of exposed daphnids when evaluated in a multi-generational study.
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Figure 34: A representative images of TEM sections of daphnia neonates exposed to various

concentrations of GO-Au nanohybrid. KEY: microvilli (MV), lysosome (L), mitochondria (M),

nucleus (N), peritrophic membrane (PTM), vacuole (V), apical membrane (AM), AuNPs (Au).
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4.3. Conclusions

An evaluation of the toxicity of GO-Au nanohybrid to neonates of Daphnia magna
in borehole and HH Combo media was attempted in this work. The outcome of
the ECso toxicity test and bioaccumulation study showed that the nanohybrid does
not cause any lethal ecotoxicological effect (mortality and immobilization) on
daphnids. This is despite the moderate stability of the GO-Au nanohybrid in the
tested media that ensured the bioavailability of the nanohybrid to the organism

within the test period.

Morphological observations of the digestive tract of the exposed daphnids did not
reveal any serious damage to internal structures, although disorganisation and
irregular shape of some organelles may be attributed to oxidative stress. Also, an
assessment of the fate and movement of the GO-Au nanohybrid gave an insight
into the distribution of the AUNPs in the digestive tract of daphnia. While most of
the AUNPs seen in the digestive tracts were well dispersed, few aggregates were

observable that can affect metabolism.

This work represents a significant step in our understanding of the environmental
risks associated with the use of GO-Au nanohybrid. With the expanding use of
GO-Au nanohybrid in various applications, there is a need for continuous
evaluation of the nanosafety of the nanomaterial to the ecosystem and human
health. Future research should focus on the chronic toxicity and sublethal effects
(growth, reproduction, hormonal changes) of the nanohybrid on daphnia

neonates.
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Chapter 5:
Cellular Toxicity Assessment of Graphene Oxide-Gold

Nanohybrid
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5.1. Introduction

The discovery and characterization of graphene stimulated significant research
interest in the material and its derivatives such as graphene oxide (GO) and
reduced graphene oxide (rGO) [1], [5], [6]. The high surface area of GO, an
oxidised form of graphene, make it a suitable substrate for the development of
nanohybrids — blending of nanomaterials with distinct features to produce a

material with enhanced or new functionalities [253].

Graphene oxide-gold (GO-Au) nanohybrid, for example, has remarkable
properties that make it useful for diverse applications such as biosensing and
cancer therapy [18]-[20]. However, their widespread usage also makes them a
subject of concern for toxicologists due to their potential environmental exposure.
As this is a relative new material, their safety to the environmental has not been
well studied [22], [23]. Hence they pose a potential threat that demands urgent

critical assessment.

The use of cells (in vitro) for nanotoxicological assessments is a convenient
alternative to animal testing due to cost, ethical concerns and high thoroughput
[155]. Although total replacement of animal studies is still unachievable, in vitro
assays enable nanotoxicological evaluation without sacrificing animals [254].
Common in vitro assays used for assessing cytotoxicity include MTT, comet
assay, lactate dehydrogenase (LDH), DNA damage, Annexin-V-Pl assays etc.
The combination of these assays serve as weight of evidence that allows for
extensive evaluation of cytotoxicological effects such as oxidative stress, cell
viability, cell proliferation, changes to the cell membrane, damage to internal

structures and cell death [155], [255], [256].
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In this chapter, we present a series of cellular assays to assess the cytotoxicity
of zebrafish embryo cell line (ZF4) and human lung adenocarcinoma cell line
(A549). The use of zebrafish as well as its embryo for toxicity testing is well
established and accepted by the Organisation for Economic Cooperation and
Development (OECD) [257], [258]. In vitro assays based on fish cells have been
considered a favourbale alternative to the use of whole fish in aquatic
toxicological studies, in line with the principle of 3Rs (replacement, reduction and
refinement) [153]. Since its initiation in 1973 [166], the A549 cell line has been
well used as a model for in vitro cytotoxicity of numerous potential toxicants,
including nanomaterials, due to its relative ease of culture and for serving as a

representation of lung exposure [259], [260].

In addition, oxidative stress and mechanisms of cell death were assessed in ZF4
and A549 cells following exposure to a wide range of concentration of GO and
GO-Au nanohybrid. The dispersion stability of GO and GO-Au nanohybrid were
also evaluated in ultrapure water as well as in the cell culture media (CCM) for

ZF4 and A549 cells prior to the cytotoxicity assays.
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5.2. Results and Discussion

5.2.1. Dispersion Stability of GO and GO-Au Nanohybrids

It is well established that chemical and physical properties of nanomaterials have
significant influence on biological responses [233]. As such, assessments on
cellular toxicity would be incomplete without an evaluation of physical attributes
such as dispersion stability of the nanomaterials in culture media. Cell culture
media (CCM) are important sources of nutrient and energy required for cell
growth and regulatory processes. They contain biomolecules such as proteins
that have potential to interact with GO and GO-Au, thereby influencing their
colloidal stability and internalisation by the cells [261]. This interaction can have

crucial implication on cellular responses and nanotoxicity [262]—-[264].

The dispersion stability of GO and GO-Au nanohybrid was assessed in ZF4 and
A549 culture media, and the results are presented in Figure 35 and 36 below.
The measurement of absorbance by UV-vis at the characteristic GO peak at
230nm allows to indirectly characterise the stability of the GO and GO-Au
nanohybrids over time. The composition of the CCM for ZF4 and A549 have been
described in section 2.4.2 in Chapter Two. In ZF4 media, both GO and GO-Au
nanohybrid exhibited high stability with percentage absorbances of 97% and
102% after 48hrs respectively as shown in Figure 35. Both nanomaterials also
demonstrated similar stability after 48hrs in A549 media with 109% and 92%

percentage absorbances respectively (Figure 36).

Therefore, both GO and GO-Au show high stability in CCM media for ZF4 and

A549 cells after 48hrs. This outcome is corroborated by the visual observation of
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the dispersion vials (Figure 35 and 36). Some sedimentation of GO and GO-Au
can however be seen after 24 and 48hrs monitoring period which is expected.
This high stability is similar to what was reported by Duran et al (2015) in a study
that assessed the stability of GO in thirteen different biological media including
DMEM [260]. There is however no known study on the evaluation of dispersion

stability of GO-Au nanohybrid in cell culture media.
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Figure 35: Monitoring of dispersion stability of GO and GO-Au in ZF4 media. LEFT: Absorbance
measured at 230nm in ultraviolet-visible spectroscopy; RIGHT: Visual observation of GO and

GO-Au dispersions.
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Figure 36: Monitoring of dispersion stability of GO and GO-Au in A549 media. LEFT:
Absorbance measured at 230nm in ultraviolet-visible spectroscopy; RIGHT: Visual observation

of GO and GO-Au dispersions.

5.2.2. Cytotoxicity Assessment (MTT and LDH)

The cytotoxicity of GO and GO-Au in ZF4 and A549 cells were assessed based
on cell viability (as a function of LDH release) and metabolic activity using the
modified LDH [265] and MTT [266] assays respectively. As shown in Figure 37
and 38, there is a clear relationship between the decrease in both the percentage
of viable cells and metabolic activity on one hand, and the increase in GO and
GO-Au concentrations (2.5 - 150 pg/mL) and period of incubation (24 — 72 hr) on

the other hand.

After 24 hr of incubation, the cell viability of ZF4 cells exposed to GO was

preserved up to 10 pg/mL but started decreasing from 20 pg/mL (Fig. 37A). All
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the treatments showed decrease in cell viability after 48 and 72 hr of incubation
with 150 pg/mL having the most significant decrease in cell viability (41.7% and
39.5% respectively). Likewise, a dose and time dependent reduction in metabolic
activity can be observed in ZF4 cells exposed to GO as shown in Figure 37B.
The metabolic activity of the cells was maintained up to 10 pug/mL after 24 hr
incubation but started decreasing from 20 pg/mL. After 48 and 72 hrs of
incubation, all the treatments exhibited reduction in metabolic activities with the
most significant decrease seen in 150 ug/mL treatment to GO (35.5% and 29.8%

respectively).

ZF4 cells exposed to GO-Au nanohybrid exhibited similar time and dose
dependent cytotoxicity to those exposed to GO. In Figure 37C, all the GO-Au
treatments showed significant decrease in cell viability after 24 hr incubation
except for 2.5 and 5 pug/mL. The cell viability decreased with the increase in
concentration with 150 pug/mL exhibiting the most significant decrease. After 48
and 72 hrs incubation, the only ZF4 cells whose viability was not affected were
those exposed to 2.5 ug/mL; the viability of the remaining treatments decreased
with the most significant decrease seen in 150 pg/mL (54.5% and 45.8%
respectively to time). The metabolic activity of the ZF4 cells treated with GO-Au
also showed a dose- and time-dependent decrease starting at a concentration of
40 pg/mL after incubation for 24 hr and from a concentration of 5 pg/mL after 48

and 72 hr of incubation (Fig. 37D).

This result demonstrates that both GO and GO-Au nanohybrid induced dose
dependent cytotoxic effects on ZF4 cells. This is confirmed by the decrease in

both cell viability and metabolic activity of the treated cells at concentration of 5
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png/mL within 24 hr of exposure. To the best of our knowledge, this is the first
study that investigated the cytotoxicity of GO or GO-Au nanohybrid in ZF4 cells.
However, there have been reports of induction of cytotoxic effects on ZF4 cells
by other nanomaterials. For instance, Quevedo et al. (2021a) found that silver
nanoparticles induced cytotoxicity to ZF4 cells in a size-dependent manner.
Likewise, a dose-dependent decrease in cell viability was observed when ZF4
cells were exposed to 3 stable lanthanides (neodymium, gadolinium and

ytterbium) within concentration range of 50 — 400 pug/mL [162].

The bioavailability of the nanomaterials can have huge influence on their cellular
uptake and cytotoxicity [233]. Due to the ability of GO to agglomerate and form
sediments, Martinez et al. (2020) suggested that the dispersion stability of GO
can affect their nanotoxicity. In addition, the stability of GO and GO-Au
nanohybrid in CCM is crucial in gaining insights into their toxicity and evaluating
their risk to the environment [225], [229]. The analyses of our GO and GO-Au
nanohybrid dispersion stability in ZF4 media indicated that their stability may have

contributed significantly to the cytotoxic effects induced in the treated cells.
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Figure 37: Percentage cytotoxicity of embryonic ZF4 cells treated with GO and GO-Au for 24, 48

and 72 hrs determined by mLDH and MTT assay with concentration range of 2.5-150 ug/ml. (A)

Cell viability of ZF4 cells treated with GO measured by mLDH (B) Metabolic activity of ZF4 cells

treated with GO measured by MTT (C) Cell viability of ZF4 cells treated with GO-Au measured by

mLDH (D) Metabolic activity of ZF4 cells treated with GO-Au measured by MTT. A positive

control of 20 % DMSO was used. Data with asterisks (*) indicate a statistically significant

difference (xp < 0.05, **p < 0.01, and ***p < 0.001) compared with naive cells (untreated

control).
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Moreover, in order to understand the cytotoxic effect of GO and GO-Au
nanohybrid in A549 cells, cell viability and metabolic activity were also assessed
using modified LDH and MTT assays respectively. As shown in Figure 38A, a
decrease in cell viability with GO can be observed from a concentration of 80
pg/mL within 24 hrs of incubation. All concentrations below that (2.5 — 40 pg/mL)
did not show any significant difference compared to the naive (untreated control).
However, a decrease in cell viability can be noticed after 48 (62.6%) and 72 hrs
(53.7%) with the highest decrease seen at 150 pg/mL. Likewise, a dose
dependent decrease in metabolic activity can be seen in A549 cells treated with
GO as shown in Figure 38B. Apart from the treatment concentration at 2.5 pug/mL
after 24 hr incubation, all the other treatments were significantly different

(p<0.001) from the naive.

In addition, A549 cells demonstrated a dose-dependent response to GO-Au
exposure, similar to that of GO. In Figure 38C, the percentage cell viability of the
A549 started decreasing in the first 24 hrs of incubation from concentration of 5
pg/mL. By the end of 48 and 72 hrs incubation period, all the treatments caused
a decrease in cell viability and showed a significant difference from the naive (p
< 0.001). The 2.5 pg/mL had the lowest reduction in cell viability in 48 and 72 hrs
(92.5 % and 87.9% respectively) while 150 pg/mL caused the highest reduction

(62.6 % and 53.7% respectively).

In addition, a dose dependent decrease in metabolic activity of A549 cells treated
with a wide range of GO-Au concentrations (2.5 — 150 pug/mL) was observed as
shown in Figure 38D. The metabolic activity of the exposed cells decreased from

concentration of 5 pg/mL after 24 hr of incubation, from 10 pg/mL after 48 hr of
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incubation and from 2.5 pg/mL after 48 hr of incubation. The highest decrease in
metabolic activity across the incubation periods (24 — 72 hr) was seen in 150

pg/mL.

Therefore, a significant dose-dependent cytotoxic effect on A549 cells exposed
to both GO and GO-Au nanohybrid were observed. This can be linked to oxidative
stress via the increase in ROS generation reported earlier. Although there are
studies on the cytotoxic effect of GO on A549 cells, direct comparison must be
cautiously made due to the different cytotoxicity assays and GO synthesis
protocols used. The dose-dependent effect of GO observed in this research is
similar to what was previously reported when the adverse effect of GO was
assessed on A549 cells [207]. Also, Chang et al. (2011) reported a dose-

dependent induction of oxidative stress on A549 cells exposed to GO.

It is noteworthy to mention that this is the first study on the cytotoxicity of GO-Au
nanohybrid on A549 cells. Research on the cytotoxic effect of combined
nanomaterials is scarce. Nevertheless, a study concluded that GO reduced the

cytotoxicity of ZnO nanoparticles to A549 cells [268].
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Figure 38: Percentage Cytotoxicity of A549 cells treated with GO and GO-Au for 24, 48 and 72
hrs determined by mLDH and MTT assay with concentration range of 2.5-150 ug/ml. (A) Cell
viability of A549 cells treated with GO measured by mLDH (B) Metabolic activity of A549 cells
treated with GO measured by MTT (C) Cell viability of A549 cells treated with GO-Au measured
by mLDH (D) Metabolic activity of A549 cells treated with GO-Au measured by MTT. A positive
control of 20 % DMSO was used. Data with asterisks (*) indicate a statistically significant
difference of the Au NP treatments (*p < 0.05, **p < 0.01, and ***p < 0.001) compared with

naive cells at each time point.
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5.2.3. Oxidative Stress

Low generation of ROS are intrinsically present in normal cells and are linked to
regular cell functioning [269]. However, overgeneration of ROS (precursor to
oxidative stress) which occurs as a response to environmental stress and cellular
disruption can cause diseases and harm to cell structures [267]. ROS generation
was assessed in ZF4 and A549 cells treated with 1, 50 and 100 pg/mL of GO and

GO-Au nanohybrid using CellRox deep red Kkit.

As shown in Figure 39A-B, all the GO and GO-Au nanohybrid treatments
activated a dose-dependent increase in the production of ROS in ZF4 cells.
However, the GO alone generated far more ROS than the cells exposed to GO-
Au nanohybrid. A mild dose-dependent generation of ROS can also be observed
in A549 cells exposed to GO and GO-Au nanohybrid (Figure 40A-B). Only the
highest concentration (100 pg/mL) of GO and GO-Au generated a significantly

higher ROS from the naive.

A clear dose-dependent increase in the generation of ROS can be observed in
all the treatments which is indicative of oxidative stress in the exposed cells. A
correlation exists between the concentration, functionalisation and lateral size of
GO and the activation of cytotoxic responses in cells have been described by
others [270]. Mittal et al. (2016) reported a dose-dependent increase in ROS
generation in A549 cells following exposure to GO. In addition, Zhang et al.
(2012) also attributed elevated ROS generation to GO toxicity in a time- and

dose-dependent manner.
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The vertical black dashed line indicates the mean intensity of the control (naive), and it is used

as a benchmark to understand the shift in peaks (as an indication of oxidative stress).

5.2.4. Apoptosis/Necrosis

Cell death is an important mechanism in maintaining cellular homeostasis [273].
Both the regulated cell death (apoptosis) and pathological process (necrosis)
were assessed in ZF4 and A549 cells exposed to GO and GO-Au nanohybrid. A
dose-dependent increase in apoptosis and necrosis can be observed for both
A549 and ZF4 cells as shown in Figure 41-42. Scatter dot plots made using

FlowJo software are presented in the appendix (Figure S5 and S6).

The ability of GO and related materials to induce apoptosis and necrosis in cells
have been well documented [274]-[277]. Physicochemical characteristics of GO
(such as surface chemistry, functional groups, lateral dimension) have been
suspected of triggering apoptosis through several signalling pathways [278].
Exposure to high concentration of GO has shown to activate the generation of
ROS that causes oxidative stress and damage to the mitochondria, thereby

expediting apoptosis [247].

As presented in Figure 41A-B, the induction of apoptosis and necrosis was
slightly higher in ZF4 cells exposed to the treated concentrations (1, 50 and 100
png/mL) of GO and GO-Au nanohybrids. GO appears to induce more apoptotic
responses than GO-Au nanohybrid. While the highest test concentration (100
png/mL) induced 14.6% necrosis in ZF4 cells exposed to GO-Au nanohybrid,
necrosis induction was remarkably higher (53.1%) in the GO treatment. While

there is scarce published work on the cell death mechanism of ZF4 cells exposed
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to GO, there are reports of apoptotic effects to ZF4 cells from other nanomaterials

such as AuNPs [161] and polystyrene nanoplastics [164].

Both GO and GO-Au induced nominal apoptosis and necrosis in A549 cells at the
same concentrations (1, 50 and 100 pg/mL) as shown in Figure 42A-B. GO and
GO-Au nanohybrid had more than 85% live cells. The highest concentration of
GO and GO-Au (100 pg/mL) exhibited the lowest percentage of viable cells
(87.3% and 86.9% respectively). Chang et al. (2011) also concluded that GO did

not induce any significant cell death to A549 cells.

Interestingly, cyctotoxic effects have been reported to drastically reduce when
GO is functionalised [279]-[281]. This is similar to what was found in this study
where ZF4 cells treated with GO-Au nanohybrid exhibited far less apoptotic
response than GO-treated cells. However, apoptosis results in A549 cells were
comparable in both GO and GO-Au nanohybrid. Hence, funtionalisation could be
considered as a win-win strategy for improving properties of nanomaterials as

well as reducing their toxic effects.

The induction of significant necrosis in ZF4 cells indicates that cellular exposure
to the GO-Au nanohybrid at high concentration could result in pathological
conditions such as tissue damage and membrane integrity loss. The chronic
effect in the natural environment could alter growth and reproduction in aquatic

organisms that are vital in the food chain.
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Figure 42: Apoptosis and necrosis of A549 cells measured by flow cytometry (A) Apoptosis and
necrosis of A549 cells treated with GO at concentration of 1, 50 and 100 pg/mL (B) Apoptosis
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with asterisks (*) indicate a statistically significant difference (#p < 0.05, **p < 0.01, and **xp <

0.001) compared with naive cells (untreated control).
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5.3. Conclusions

The continuous use of nanomaterials such as GO and GO-Au nanohybrid pose
health and safety risk to the environment due to their ability to penetrate biological
barriers and cause harm. This study demonstrated the stability of GO and GO-
Au nanohybrid in CCM and ultrapure water over 48 hrs. Both GO and GO-Au
nanohybrid induced significant oxidative stress in ZF4 cells than in A549 cells as
a result of an increase in ROS production. However, cells treated with GO

generated far more ROS than cells treated with GO-Au nanohybrid.

In addition, a dose-dependent decrease in cell viability and metabolic activity was
observed in ZF4 and A549 cells exposed to GO and GO-Au nanohybrid. Cell
death effects were minimal in both ZF4 and A549 cells exposed to both GO and
GO-Au nanohybrid but the apoptotic effects were more significant in GO than
GO-Au and in ZF4 cells than in A549 cells. The cytotoxic effect of GO appears to
be mitigated by the presence of AuNPs in both ZF4 and A549 cells which have

masked the GO surface.

Interestingly, this study provides new insight into the potential use of ZF4 cells as
reliable models for toxicity research instead of animals in line with the principles
of 3Rs (replacement, reduction and refinement). This study now provides some
baseline data on the dispersion stability and cytotoxicity of GO and GO-Au to ZF4

cells.
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Chapter 6:

General Discussion, Conclusions and Future works
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6.1 General Discussion

The successful synthesis of the graphene oxide (GO) and graphene oxide-gold
nanohybrid (GO-Au) in this research is an important milestone in the assessment
of their ecotoxicities and environmental risks. The need to develop well
characterised standardised nanomaterials as a means towards improving
reproducibility in nano(eco)toxicity studies is well established [282] and yet the
availability of such standards is limited. Notwithstanding efforts from international
standardisation committees, such as OECD and I1SO, and a limited number of
standard nanomaterials available by the US NIST (National Institute of Standards
and Technology), Europe’s JRC (Joint Research Centre) and a few other national
standards institute, activity around standardised nanomaterials has remained

limited despite early calls for their need [283].

Work towards standards development is often perceived as applied research that
may not generate publishable outputs. Additionally, there is confusion about what
constitutes a standard material, with terms such as “test nanomaterial’,
“reference nanomaterial” and “certified reference nanomaterial” all referring to
increasing levels of scrutiny in their production and characterisation. As a result,
nanomaterials standards are limited, and when available, they are expensive to
acquire and usually available only in very small quantities. This is a concern for
toxicology, but even more so for ecotoxicology, where experimental designs

(often involving in vivo trials) require large quantities of material.
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To our knowledge, there has been no previous attempt to initiate a
standardisation process for anything but the simplest and most commonly used
nanomaterials, and thus the nanohybrid presented here is a novel step in the
standardisation direction. The data presented above establish the nanohybrid’s
reproducibility, provide a high level of characterisation information, notably in
ecotoxicity relevant matrices, and demonstrate the potential to produce quantities
suitable for large-scale experimentation. In addition, our results show that ageing
up to 4 months does not affect the physicochemical properties of the hybrid.
Previous work on aged nanomaterials has demonstrated clear differences in
toxicological response, when ageing affects material properties: [284] and thus, it
is important that stability for a defined period of time has been established.
Ecotoxicological studies, particularly when environmentally relevant
concentrations of the test material are being assesses, may require longer term
assessment and thus it is important to have confidence that the test material will

not age during testing.

Despite the progress achieved here, further work would be required for the
nanohybrid to go beyond a simple test material and to become a reference
material. Future work should, for example, demonstrate that the nanohybrid is
clear of endotoxin, particularly for toxicity experimentation, and that it can be
synthesised in other labs following the protocol presented here and maintain the

same physicochemical properties.
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The pristine and aged GO-Au nanohybrid exhibited a high level of similarity in
terms of physical attributes and chemical composition, highlighting its suitability
for acute and chronic ecotoxicological studies. As a model test material, the GO-
Au nanohybrid should behave well in relevant environmental media for
internationalisation to take place. This behaviour (stability) influences the fate,
toxicity and bio-nano interaction of the nanomaterials with biological systems as
we have observed in this study. The natural organic matter (NOM) used in this
work enhanced the dispersion stability of the nanohybrid in all the tested media
and mitigated the toxic effects of the nanohybrid on daphnia, underscoring the

critical role of NOM in toxicity testing of advanced nanomaterials.

The use of daphnia neonates and cells in this work was driven by the quest to
understand the toxicity of the GO-Au nanohybrid at the different levels of the food
chain i.e. cellular and organism level. Interestingly, the outcomes have been
markedly distinct: toxic effects were more pronounced at the cellular level than
organism level. We believe that the higher stability of the GO-Au nanohybrid in
cell culture media contributed significantly to the elevated toxic effects observed
at the cellular level than at organism level. Therefore, it is necessary to be
cautious in estimating the risk associated with exposure to nanomaterials. In
addition, our findings show that even at the cellular level, the biological responses
can be different as the human carcinogenic cells (A549) showed more resistance

to toxicity than zebrafish neonatal cells (ZF4).
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With the expanding use of GO-Au nanohybrid in many applications, a broad
understanding of the toxic nature of the nanohybrid becomes very crucial. Toxicity
assessments of nanohybrids such as those carried out in this research add to
baseline knowledge that will enable policymakers to set appropriate guidelines
for their safe use. This research is important baseline information on the
cytotoxicity and dispersion stability of GO and GO-Au nanohybrid to ZF4 and
A549 cells. They will facilitate further research on the nanosafety of the materials
and provide new insights on the relevance of ZF4 as a dependable alternative to

animal use in toxicity studies.

6.2 Conclusions

This research work investigated the behaviour, fate and ecotoxicity of a GO-Au
nanohybrid in the environment using Daphnia magna and cells (ZF4 and A549)
as toxicity models. The study made the first known attempt to develop a
reproducible standardised protocol for the synthesis of a GO-Au nanohybrid that
is suitable as a test material for ecotoxicological testing. The stability of the
nanohybrid in different media and the effect of ageing on the quality of the
nanohybrid were also assessed. In addition, the study described how the GO-Au
nanohybrid did not induce significant acute toxic effects to neonates of Daphnia
magna but induced significant cytotoxicity, oxidative stress and apoptosis to ZF4
and A549 cells. Overall, the results documented in this thesis present the first
evidence of the ecotoxicological assessment of a GO-Au nanohybrid. The
outcome emphasises the need for continuous evaluation of the nanosafety of the

nanohybrid to the ecosystem and human health.
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6.3 Future Work

The development of a standardised protocol for the synthesis of GO-Au
nanohybrid is a remarkable step in evaluating the safety of the nanomaterial in
the environment. Further experimentation of the modified synthesis protocol may
be necessary to investigate, for instance, the role of different GO drying methods
on the quality of GO-Au nanohybrid. Likewise, ageing of the nanohybrid under

various environmentally relevant conditions could be evaluated.

Although the ecotoxicological assessment of the GO-Au nanohybrid concludes
that there is no significant lethal toxicity (mortality or immobilisation) to daphnia,
the morphological observation of the internal organelles shows some
abnormalities that require further evaluation. Future research should focus on
chronic toxicity, assessment of sublethal effects (growth, reproduction,
uptake/depuration) and biomarker responses of the GO-Au nanohybrid on

daphnia.

Additionally, the cellular toxicity assessments covered cell viability, membrane
activity and oxidative stress in ZF4 and A549 cell. The assessment could be
extended to other types of cells such as MRC-5 cell line. The cell death
mechanism as a result of exposed to GO and GO-Au nanohybrid was also
investigated. However, the uptake mechanism and internalisation process of the
nanomaterials could be examined to better understand the nano-biological
interaction. Furthermore, enzymatic activities of the cells as a response to toxic

exposure could be explored for a reliable cytotoxicity evaluation.
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Appendix 1: Characterisation Results

Figures S1, S2, S3 and S4 are characterisation results of GO and GO-Au

nanohybrids that were described in Chapter 3, sub-section 3.2.
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Figure S1: Line profile of graphene oxide (GO) height obtained from AFM measurements. The
red arrow indicates the thickness of the GO which is 1nm
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Figure S3: XPS C1s scan for GO-Au nanohybrid

166



— = 0

. N

=
s -

= - &,
‘» N
=, \
(O]

"_E | \

1000 500
Binding Energy (eV)

Figure S4: XPS Survey spectrum for GO-Au nanohybrid

Table S1: ICP-MS Operation and Measurement Parameters

Parameter Setting
RF power 1600W
Plasma gas flow 18L/min
Auxiliary gas flow 1.2L/min
Nebuliser gas flow 0.9L/min
Pump flow rate 0.3mL/min
Measurements 15 sweeps

1 reading

20 replicates
Limit of detection of Au 0.1 ug/L
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Appendix 2: Cell Dot Plots Analysis

Figures S5 and S6 are FlowJo dot plots analysis of ZF4 and A549 cells

respectively. The plots have been discussed in Chapter 5, sub-section 5.2.4.
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Figure S5: Dot plots of analysis of apoptosis and necrosis of embryonic ZF4 cells measured by
flow cytometry (A) Apoptosis and necrosis of embryonic ZF4 cells treated with GO at
concentration of 1, 50 and 100 pg/mL (B) Apoptosis and necrosis of embryonic ZF4 cells treated
with GO-Au at concentration of 1, 50 and 100 pg/mL. Q1 = Necrosis, Q2 = Late Apoptosis, Q3 =
Early Apoptosis, Q4 = Live cells. 10% DMSO and 1pm of Staurosporine was used as a positive

control for necrosis and apoptosis.
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Figure S6: Dot plots of analysis of apoptosis and necrosis of A549 cells measured by flow
cytometry (A) Apoptosis and necrosis of A549 treated with GO at concentration of 1, 50 and 100
ug/mL (B) Apoptosis and necrosis of A549 treated with GO-Au at concentration of 1, 50 and 100
ug/MI. Q1 = Necrosis, Q2 = Late Apoptosis, Q3 = Early Apoptosis, Q4 = Live cells. 10% of DMSO

and 1 um of Staurosporine was used as a positive control for necrosis and apoptosis
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Appendix 3: Quantification of Au

Table S2: Result of the quantification of Au in 100 pL of GO-Au Nanohybrid. X, Y and Z are the
different batches of GO-Au nanohybrid produced.

Au Concentration (mg/L)
Replicates X Y z

1 0.1319 0.1461 0.1320

2 0.1265 0.1395 0.1236

3 0.1216 0.1447 0.1171

a 0.1276 0.1468 0.1250

Average 0.128 0.144 0.128

SsD 0.005 0.003 0.010

x Dilution factor (10,000) 1,285 1,444 1,284

Table S3: Comparison of the stock concentration and the quantity of Au (concentration and
mass) in each of the 3 batches of GO-Au nanohybrid.

GO-Au Stock Conc Conc of Au in Mass of Au in
(mg/L) 100uL (mg/1) 100uL (mg)
X 2,200 1,285 0.13
Y 4,700 1,444 0.14
Y 3,400 1,284 0.13
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Appendix 4: Borehole Quality Parameters

Tables S3 and S4 contain the results of the water quality parameters of the
borehole media used in this research as detailed in Chapter 4, sub-section 4.2.1-

4.2.2.

Table S4: Water quality parameters of borehole water media used for dispersion stability and
toxicity experiments. Cond = conductivity, DO = dissolved oxygen, Temp = temperature, TOC =
total organic carbon, TN = total nitrogen

sample ID oH Cond DO Temp TOC TN
(nS/cm) (% Sat) (°C) (mg/L) | (mg/L)
A 8.03 455.30 108.57 18.43 0.6873  5.9600
B 8.05 449.83 106.50 17.90 0.9493  1.9472
C 8.07 449.93 107.77 18.17 0.8883  6.2777
D 8.06 451.23 105.67 17.57 0.8903  6.0687
E 8.07 451.50 106.33 17.80 0.9884  6.0090
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Table S5: Elemental composition of the borehole media as measured by ICP-OES

Sample Ti 48 Mn 55 Fe 57 Ni 60 Cu 63 Zn 66 cd 111 Hg 202 Pb 208 P31 Mg 24 K 39 Ca 43
ID (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppm) (ppm) (ppm)
Al 0.6265 0.0343  120.1771  1.5177 0.4768 0.7891 0.0033 3.6525 0.0185 16.8295 17.0929 1.5649 50.6127
A2 -0.2254  0.0198  127.9203  1.1520 0.3512 0.8224 0.0024 1.5368 0.0117 15.8895 18.1787 1.6154 50.3031
A3 2.3615 0.0166  132.9965  1.0800 0.3259 1.0502 0.0009 1.0710 0.0084 15.6777 18.8887 1.6195 49.2164
B1 2.3319 0.0141  140.4039  1.1228 0.3903 1.1968 0.0030 0.8444 0.0083 16.0679 19.6463 1.6338 47.5879
B2 6.3047 0.0141  146.7040  1.1391 0.3446 0.7726 0.0016 0.6727 0.0076 16.1586 20.0361 1.6129 47.4033
B3 5.0909 0.0130  149.6215  1.1844 0.3355 0.9541 0.0024 0.5876 0.0072 16.1498 20.5246 1.6253 48.0946
c1 7.6017 0.0178  149.6959  1.1586 0.3593 1.1833 0.0025 0.5141 0.0068 16.0065 20.6367 1.6158 47.8937
c2 7.4065 0.0184  149.6578  1.1741 0.3550 1.1739 0.0023 0.4675 0.0046 15.7838 20.2727 1.5940 47.1101
c3 8.9336 0.0232  152.2085  1.1732 0.3775 1.2105 0.0016 0.4342 0.0049 15.5422 20.7715 1.6102 47.1611
D1 9.2285 0.0133  155.9447  1.1276 0.3380 0.9162 0.0015 0.3986 0.0045 15.5924 21.1208 1.6349 49.0243
D2 11.9227  0.0152  155.7003  1.1733 0.3169 0.8211 0.0012 0.3682 0.0037 15.7637 21.1289 1.6093 46.7691
D3 11.8417  0.0157 163.4611  1.1991 0.3393 0.8875 0.0008 0.3214 0.0039 15.2921 21.5937 1.6483 47.9672
E1 11.3920  0.0186  149.6093  1.1298 0.4307 1.5395 -0.0006 0.3248 0.0040 14.7385 19.9554 1.5234 44.2731
E2 11.4469  0.0174 154.4847  1.1423 0.3778 1.0758 -0.0008 0.2768 0.0019 14.8148 20.5902 1.5679 45.6040
E3 11.0080  0.0203  157.0267  1.1429 0.3279 0.7723 -0.0002 0.2648 0.0065 15.5459 21.3297 1.6080 47.9792
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Appendix 5: Dispersion Stability

Table S5 shows the raw results of absorbance measured using UV-vis of

dispersion stability of GO and GO-Au nanohybrid in 3 environmental media, as

discussed in Chapter 4, sub-section 4.2.1.

Table S6: UV-vis measurement of absorbance at 230nm of dispersion stability of GO and GO-
Au in ultrapure water, borehole water and high hardness combo media.

Ultrapure water (UPW)

GO GO + NOM GO-Au GO-Au + NOM

Average SD Average SD Average | SD Average SD
Ohr 1.5461 0.0120 | 1.6918 0.0062 | 1.6603 0.0171| 1.8504 0.0087
230nm 24hr 1.5807 0.0165| 1.7119 0.0407 | 1.7179 0.1222 | 1.8401 0.0205
48hr 1.6922 0.0212 | 1.8590 0.0292 | 1.8195 0.0286 | 2.0010 0.0232

Borehole Water (BHW)

GO GO + NOM GO-Au GO-Au + NOM

Average SD Average SD Average | SD Average SD
Ohr 1.2920 0.0086 | 1.4377 0.0332| 1.6856 0.0167 | 1.5584 0.0204
230nm 24hr 0.1559 0.0166 | 0.6500 0.1876 | 0.1444 0.0092 | 1.3091 0.1779
48hr 0.1490 0.0106 | 0.2622 0.0062 | 0.1474 0.0143 | 1.3837 0.0948

High Hardness Combo (HHC)

GO GO + NOM GO-Au GO-Au + NOM

Average SD Average SD Average | SD Average SD
Ohr 1.4479 0.0120 | 1.6279 0.0559 | 1.1048 0.0100| 1.3771  0.1507
230nm 24hr 1.1102 0.0253 | 1.2619 0.0593 | 0.1506 0.0216 | 1.0210 0.0463
48hr 1.1278 0.0935| 1.2339 0.0461 | 0.1295 0.0012 | 0.8664  0.0825
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Appendix 6: Daphnia Toxicity Protocol

Tables S6 and S7 show the preparation procedure of the range of concentrations
of the test solutions (GO and GO-Au nanohybrid) used for the toxicity tests, as

mentioned in Chapter 2, sub-section 2.3.2.

Table S7: Preparation of GO for acute immobilisation test

Conc GO BHW NOM
(mg/L) (mL) (mL) (mL)
1 0.05 48.95 1.0
5 0.25 48.75 1.0
10 0.50 48.50 1.0
20 1.00 48.00 1.0
50 2.50 46.50 1.0
100 5.00 44.00 1.0

Table S8: Preparation of GO-Au for acute immobilisation test

Conc GO-Au BHW NOM
(mg/L) (mL) (mL) (mL)
1 0.016 48.984 1.0

5 0.083 48.917 1.0
10 0.160 48.840 1.0
20 0.333 48.670 1.0
50 0.830 48.170 1.0
100 1.666 47.334 1.0

The final concentration of NOM (20mg/L) was prepared from a stock (1,000
mg/L). In the calculation shown in the tables above, the volume of GO and GO-

Au prepared were 50mL.

174



