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Abstract

Graphene oxide (GO) and reduced GO (r-GO) nanomaterials exhibit great potential
for several biomedical applications. Of foremost importance is to determine any
potential health hazards related to their exposure. In this research, we hypothesised that
the different material properties evidenced by GO and r-GO would elicit different biological
responses. The first objective of this work was to synthesize GO and r-GO and
characterize their physiochemical properties. The second aim was to investigate
whether the two-distinct surface chemistries of GO and r-GO influenced their
biological effect. The potential toxicity of these nanomaterials was investigated
using the normal lung fibroblast cell line MRC-5 and cancerous epithelial lung cell
line A549. The cytotoxicity of graphene derivatives was concentration-, time- and
cell- dependent and varied according to the material used. Thus, the surface
chemistry of graphene plays a critical role in its biocompatibility. Non-cancerous
cells had a higher sensitivity to GO cytotoxicity than cancer cells. r-GO was highly
biocompatible to MRC-5 cells and for A549 cells had a minimal effect on cell
viability. At 37 C°, GO and r-GO were moderately hemolytic at concentration of
125 pg/ml and highly hemolytic at concentration of 300 pg/ml. Exposure of cells to
both graphene derivatives led to reactive oxygen species (ROS) generation, without
genotoxicity. GO, but not r-GO, led to autophagy in both cell lines, possibly via
inhibiting the PIP3-Akt/mTOR pathway. For both cell lines and at non-lethal
concentrations, GO downregulated the expression of glycogen synthase kinase-3
(GSK-3B). GO was also found to dysregulate both Wnt/B-catenin and Akt cell
signalling pathways which are vital for cellular function. The finding relating to cell
signalling provide an insight to the safety of GO which is important to its use in

cancer therapy.
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Chapter 1

Introduction



1.1 Background

Nanoscience is a specific branch of material science that is interested in the behaviour and
applications of materials in the nanoscale and spans across multiple disciplines including
physic, chemistry, engineering and biomedical sciences. The interest in engineered
nanomaterials is largely due to their small size (typically between 1-100 nm) and large
surface area, both of which give nanoparticles distinguishable properties compared to the
same bulk material (Klaessig et al., 2011, Gonsalves et al., 2007, Wang et al., 2009). A
variety of materials have been used in the manufacture of nanoparticles, including, noble
metals (e.g. gold and silver) (Jong and Borm, 2008), metal oxides (e.g. iron oxide, titanium
dioxide, zinc oxide) (Huang et al., 2011), carbon derivatives (e.g. carbon nanotubes)
(Lacerda et al., 2006), polymers (e.g. poly-lactic acid) (Rancan et al., 2009) and lipids (e.g.
liposomes) (Daraee et al., 2016).

Depending on the material used, nanomaterials can be broadly classified as ‘hard’ or ‘soft’
(Sangtani et al., 2017). In general, hard nanomaterials, including metallic and carbon-based
nanomaterials, are generated by physical, chemical and biological synthesis methods while
soft, organic nanoparticles, such as lipid-based nanoparticles, often result from self-
assembly/precipitation of the raw components in aqueous media (Das et al., 2017, Patil and
Jadhav, 2014, Jones et al., 2006, Stout et al., 2013). Other than the method of production,
hard nanomaterials often possess extraordinary structural, mechanical, electrical, thermal
and optical properties that make them suitable for a wider range of applications, including
in electronics, energy, optics, and biomedical applications (Jana et al., 2017, Guo et al.,
2017, Molina et al., 2016, Kim et al., 2016).

Nowadays, engineered nanomaterials can be found in over 1800 consumer products (Vance
et al., 2015) and, while interest in nanoscience shows no sign of slowing down, exposure

and wide spread use of nanoparticles is becoming a concern, especially as the consequences



of long term exposure, both for humans and the environment, are unknown. These concerns
have led to the rise of nanotoxicology as a specialised area of research in nanoscience
(Donaldson et al., 2004). So far, most nanotoxicology studies have been performed to
understand how environmental and occupational exposure to nanomaterials can affect
human health and have focused mostly on hard nanomaterials. Despite this research effort,
clear gaps remain in our understanding of the toxicity and fate of nanomaterials. Moreover,
the lack of a standardised, definitive regulatory framework for nanoparticle-specific data on
toxicity and environmental fate makes undertaking a full risk assessment even more difficult
(White and Xing, 2016).

This absence of a clear understanding of the parameters that affect nanotoxicity can be
particularly problematic due to the increasing number of nanomaterials being investigated
for therapeutic/diagnostic applications (Ai et al., 2011, Yildirimer et al., 2011, Yang et al.,
2017b) and cancer treatment in particular (Etheridge et al., 2013). Indeed, nanoparticles
have shown remarkable promises to tackle cancer cells more specifically and effectively,
and to minimise adverse side effects that are associated with the free drug (Chen et al.,
2015c). However, these benefits must be weighed against potential toxicity and the risk that
the nanoparticles themselves may be carcinogenic through disruption of cell function or
genotoxicity (Wang et al., 2015b). Therefore, testing the toxicology of nanomaterials, in the
context of biomedical applications, must aim to identify undesirable effects and facilitate
their safe design. This concept known as ‘safe by design’ has become critically important
in the risk assessment of nanomedicines (Accomasso et al., 2018, Fadeel, 2013).

The toxicity of nanoparticles is greatly controlled by their physicochemical properties
including size, size distribution, particle shape, agglomeration, chemical composition, and
surface area and chemistry (Oberdorster et al., 2005, Dobrovolskaia and Mcneil, 2007,

Naahidi et al., 2013). Therefore, these parameters must be thoroughly investigated in order



to ensure the safe and effective use of nanomedicines (Fadeel and Garcia-Bennett, 2010,
Fadeel et al., 2015).

All new nanomedicine formulations must go through various developmental phases in order
to gain approval for use in the clinic (Figure 1). Nanoparticles can be found at different
stages of the pharmaceutical pipeline, some have been approved for clinical use while others

are being investigated and advanced through the approval process (Hare et al., 2017).

7-20 years 2-7 years Approval

Preclinical Commerchal
! L [
im vitro &in & e nunamedicine
vivo studics product
J /

Figure 1. Nanomedicine technology development phases. All revolutionary nanomedicine technologies
have to move through five developmental stages to get approval for the medical use. Adapted from (Etheridge
etal., 2013).

Examples of hard material that have made it through to commercialisation include iron
oxide particles (SPIONs). A number of SPIONs formulations have been suggested as
magnetic resonance imaging (MRI) contrast agents (liver and reticulum endoplasmic
system) (Taylor et al., 2012, Barrow et al., 2017). However, most agents have since been
removed from the market due, in part, to side effects and poor efficacy (Wang, 2015).
Others, like gold and silver colloids, have been used historically for medicinal purposes (e.g.
anti-inflammatory (gold in rheumatoid arthritis) and antiseptic (silver) but have now been
linked to safety concerns (Buzea et al., 2007). Indeed, cellular exposure to gold or silver

nanoparticles appears to be associated with significant accumulation of reactive oxygen



species (ROS) leading to oxidative stress (Dos Santos et al., 2014, Alexander Gerber, 2013),
although the exact mechanisms are still unknown. As the focus is shifting to newer bio-
nanomaterials, such as carbon nanotubes and graphene derivatives (Bitounis et al., 2013,
Chen et al., 2015a, Tonelli et al., 2015, Bhattacharya et al., 2016, Nasir et al., 2018), a
detailed investigation of their toxicity and behaviour in a physiological environment will be
crucial to avoid similar pitfalls.

1.2 Carbon-based nanomaterials

Carbon is known to exist as two natural, but distinct crystalline allotropes namely graphite
and diamonds (Ferrari and Robertson, 2000, Nasir et al., 2018). Allotropes arise from the
formation of covalent carbon-carbon bonds and, although chemically identical, they possess
strikingly different physical properties due to the spatial arrangement of carbon atoms (Dai
et al., 2012, Pang et al., 2015, Bitounis et al., 2013). In recent years, new carbon-based
nano-allotropes were discovered including fullerenes (Smalley, 1991), carbon nanotubes
(Iijima, 2002), nano-diamonds (Mochalin et al., 2011) and graphene (Geim and Novoselov,
2007), which together opened a new era in nanotechnology.

Fullerenes are entirely built up of carbon atoms in a form of a zero-dimensional (0D) hollow
sphere or one-dimensional (1D) tube. The 0D fullerenes consist of sp? carbon with different
sizes (Cso, C70 etc.), the Cso consists of 60 carbon atoms and it is considered the most
abundant as-synthesized composition (Kroto et al., 1985, Smalley, 1991). Nano-diamonds
are composed of sp? carbon on the surface and the core is built up by sp* carbon atoms
(typically < 10 nm) (Mochalin et al., 2011). Tubular or cylindrical fullerenes are referred to
as carbon nanotubes (Smalley, 1991). Carbon nanotubes are divided in two categories,
single-walled nanotube (SWNT) and multi-walled nanotube (MWNT). The former is made
of a rolled up single graphene sheet while multi-walled nanotube consists of several rolled-

up concentric graphene sheets (lijima, 2002) (Figure 2).



Graphene or graphene sheet represents the isolated two-dimensional (2D) single layer of
graphite which itself is a three-dimensional structure (3D) formed by the stacking of
multiple, one carbon-atom thick layers. For a long time, the existence of single graphene
sheets was seen as theoretically possible, but their isolation was seen as physically
impossible (Slonczewski and Weiss, 1958). However, in 2004, Novoselov and Geim were
able to isolate and characterise a graphene sheet at University of Manchester (Novoselov et
al., 2004) and won the Nobel award in Physics in 2010 for their innovative work on this
material (The 2010 Nobel Prize in Physics) . This novel 2D one-atom thick sheet consist of
a hexagonally- arranged, sp? —bonded carbon atoms with a large surface area on both sides

of the planer axis (Novoselov et al., 2004).

Graphite Nano-diamond Multi-walled carbon nanotube

Graphene Fullerene Single-walled carbon nanotube

Figure 2. Schematic representation of carbon-based allotrope. Graphene is 2D nanostructure build up by
a hexagonally arranged sp: —bonded carbon atoms and considered the parent of most of allotropic forms of

carbon including graphite, nanotubes and fullerene. Adapted from (Tripathi et al., 2015)

Most of the carbon nano-allotropes listed above have been investigated for biomedical
applications due to their extraordinary properties (Chen et al., 2015a, Tonelli et al., 2015,

Bhattacharya et al., 2016, Nasir et al., 2018). These studies provided some preliminary



information about the toxicity of carbon nano-allotropes. While pristine fullerenes and their
derivatives are still facing some safety concerns in regards to their bio-distribution and
toxico-kinetic profiles (Hendrickson et al., 2014), the understanding of the toxicity of
carbon nanotubes has vastly improved. Indeed, carbon nanotubes were initially shown to
have similar carcinogenic potential as asbestos fibres (Poland et al., 2008). Later, it was
revealed that pristine MWNTs with a length of more than 20 um were responsible for
granuloma formation, as a result of the inability of macrophages to digest the long fibres
from the mesothelium (Kostarelos, 2008). A similar phenomenon was observed for
hydrophobically-modified MWNTs, despite having a slightly smaller size (5-15 pm) (Ali-
Boucetta et al., 2013c). In contrast, adding triethylene glycol to the surface has improved
biocompatibility and prevented the inflammatory response (Ali-Boucetta et al., 2013c). In
this case, MWNTs not only presented a more hydrophilic surface but were also shortened
during the modification process (2-4 pm) (Ali-Boucetta et al., 2013c¢). In vivo toxicity of
carbon nanotubes was related to their high aspect ratio, aggregations, length and
manufacturing impurities (Lacerda et al., 2006, Muller et al., 2009). Of all the nano-
allotropes, graphene nanomaterials particularly the oxidised derivatives may be the most
promising, especially in nanomedicine, due to their inherently lower aspect ratio, and better
dispersion in water compared to carbon nanotube (Bussy et al., 2013). This new class of
carbon-based nanomaterials will be the focus of this study.

1.3  Graphene-based 2D-nanomaterials

A focus on graphene, for medical application, is attributed to its interesting properties such
as mechanical strength and electronic capabilities coupled with high flexibility which render
graphene a potential component of implants and bioelectronics devices (Reina et al., 2017,
Kang et al., 2016). Furthermore, graphene has a tuneable surface chemistry which ease its

functionalisation to form beneficial derivatives (Nanda et al., 2015).



Graphene exist in numerous forms; these forms belong to one family called Graphene-Based
Nanomaterials (GBNs). GBNs include single sheet graphene, few layer graphene (2-10
sheets), ultrafine graphite (consist of more than 10 sheets being less than100 nm in
thickness), graphene dots, graphene ribbons, graphene oxide (GO) and reduced graphene
oxide (r-GO) sheets (Bianco, 2013, Wick et al., 2014).

Wick and colleagues considered three essential properties in the nomenclature of GBNSs: the
number of graphene layers, the average lateral size, and the carbon to oxygen atomic ratio
(C/O). The number of layers was considered to define the thickness, the surface area, and
the bending elasticity, while the lateral size determines the maximum size and degree of
deformability of the material (Wick et al., 2014). The aforementioned characteristics of
GBNs can influence their interactions with biological system such as cellular uptake and
transport through biological barriers (Sanchez et al., 2012, Yue et al., 2012, Russier et al.,
2013, Wick et al., 2014).

As the members of GBNs have different surface chemistry, it was important to include the
C/O ratio for the classification of graphene materials (Wick et al., 2014). For example,
pristine graphene has a hydrophobic surface while the surface of GO consists of
hydrophobic moieties and hydrophilic clusters (Ali-Boucetta et al., 2013a, Jasim et al.,
2016). GO could be considered as a graphene derivative with an extremely large number of
oxygen functional groups. The C/O ratio of GO is usually in the range of 4:2 to 2:1, and for
the r-GO is 12:1. Therefore, r-GO is hydrophobic and tends to form agglomerates in water
while GO disperses well in water (Bianco, 2013, Wick et al., 2014, Gao et al., 2010). This
wide variability of surface oxygen content can affect dispersion in water, colloidal stability
and biocompatibility (Bitounis et al., 2013, Das et al., 2013, Sanchez et al., 2012, Mittal et

al., 2016, Bianco, 2013).



The synthesis of graphene has developed very quickly and can be classified in two
categories; top-down and bottom-up methods. The former synthesis methods are based on
exfoliation of a layer of graphene from a graphitic material while bottom-up synthesis
involves the building up of graphene using carbon materials (Kim et al., 2009, Zhu et al.,
2012, Gurunathan and Kim, 2016). Top-down synthesis include electrochemical (Su et al.,
2011) and mechanical exfoliation of graphite (Novoselov et al., 2004), ball milling (Leon et
al., 2011), and unzipping of carbon nanotubes (Kosynkin et al., 2009) and the reduction of
exfoliated graphite oxide (Pei and Cheng, 2012). The product of the latter method forms r-
GO which has less oxygen atoms on its surface and mimics pristine graphene structure.
The morphology and dimensions of the obtained graphene via top-down methods are not
uniform (Gurunathan and Kim, 2016). For this reason, this route is considered not
appropriate for the synthesis of graphene-based bioelectronics devices due to the poor
electronic properties of the obtained graphene (Reina et al., 2017), and would be unsuitable
for biomedical applications as the morphology and dimensions of nanoparticles can have a
big influence on biological interaction. On the other hand, bottom-up methods including
chemical vapour deposition methods (Kim et al., 2009) are useful for the production of
single or multiple layer graphene with a low number of defects which is suitable for the use
in bioelectronics devices.

Graphene obtained by the aforementioned methods vary in morphologic and surface
characteristics and some are associated with impurities. For this reason, further synthesis
routes providing non-defective graphene and suitable for mass production are currently

under scrutiny (Gurunathan and Kim, 2016, Reina et al., 2017).



Figure 3. Graphical representation of GO and r-GO. A) GO sheet consisting of sp” or sp’ hybridization,
due to their derivatisation with epoxides, carbonyls and tertiary alcohol functional groups (Lerf-Klinowski
model). B) r-GO sheet has similar structure of GO but with less oxygen containing functional groups. Adapted

from (McCallion et al., 2016).

GO and r-GO are the most notable materials among GBNs. Both graphene derivatives have
favourable physicochemical properties that make them promising candidates in
nanomedicine applications and as starting building blocks for other GBNs (Gurunathan and
Kim, 2016, Bitounis et al., 2013, Wick et al., 2014). To date, there is not a single and exact
structure of GO as it can varies depending on the adapted protocols for its preparation, but
surface characterisation can provide a rational idea of its structure (Bianco, 2013, Reina et
al., 2017). The chemistry of GO sheet is commonly described by the Lerf-Klinowski model
(Dreyer et al., 2010). GO can be distinguished by the existence of epoxy, tertiary hydroxyl,
ketones and carboxylic acid groups on its surface (Szabo et al., 2006) (Figure 3). On the
other hand, r-GO is the reduction product of GO, as a consequence r-GO surface has less
oxygen functional groups than GO surface. Similar to GO, depending on the reduction
method utilised to obtain r-GO, the structure and surface chemistry of the material can vary

remarkably (Salas et al., 2010, Tiwari et al., 2012). GO sheets have shown to be more
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hydrophilic than other carbon-based materials and hydrogen bonding between water
molecules and their polar functional groups gives good colloidal dispersion under suitable
pH conditions (Shen et al., 2012, Bitounis et al., 2013, Ali-Boucetta et al., 2013a). The
enhanced dispersion in water, colloidal stability and the physicochemical advantages of GO

materials render them one of the most important GBNs.

1.4 Biomedical application of GBNs
1.4.1 Bio-sensing and bio-imaging

Biosensors are generally made up of two major elements; a receptor and a transducer. The
former provides the recognition sites (bioactive molecules) that interact with specific target
while the transducer transforms the chemical information received into a detectable signal
(Kang et al., 2016, Tiwari et al., 2016). Graphene has been used for bio-sensing applications
as a transducer platform since it can be modified to allow attachment of the recognition
sites. In particular, GO and r-GO are ideal graphene derivatives to be used in biosensors as
they possess multiple sites for easy surface functionalisation with tuneable electric
properties (Bitounis et al., 2013, Reina et al., 2017).

Current tools that are used to detect glucose are commonly based on the quantification of
hydrogen peroxide (H20;) formed through oxidation of glucose by the use of glucose
oxidase (Zhou et al., 2015). The quantification of H20» is accomplished by electrochemical
biosensors which are based on direct electron transfer between the sensing platform and
target molecule (electroactive species). Liu and colleagues have deposited GO on carbon
electrode and the amine groups of glucose oxidase were then covalently attached to the
carboxyl acid groups of GO (Liu et al., 2010). The covalently linked GO-glucose oxidase
enzyme electrode showed high sensitivity, indicating GO to be a highly efficient biosensor

electrode. This high sensitivity is related to the high surface area and electron conductivity
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of GBNs which are beneficial for electrode modification resulting in enhanced signal
intensities (Kang et al., 2016) (Figure 4).

Absence of ligand Presence of ligand

Transducer (GO) Electrons

i)
el 1 [

Ligand Receptor Electrode Electrode

Figure 4. Schematic illustrations of GO-based glucose biosensor. The interaction of glucose molecules to
the receptor molecules alters the electrical impedance and cyclic voltammetry readings of the electrode thus

detecting the presence of the glucose molecules.

Several examples were reported in the literature using graphene-based electrodes for bio-
sensing of glucose molecule where glucose oxidase was attached to graphene surface
(Tiwari et al., 2016, Reina et al., 2017, Tadi et al., 2015). Also, graphene-based electrodes
were applied to detect other small biomolecules released by living cells such as
neurotransmitters and proteins which can be beneficial for diagnosis of neurological
disorders and cancer (Cheemalapati et al., 2013, Shieh et al., 2015, Tiwari et al., 2016,
Yénez-Sedefio et al., 2017). The electrochemical graphene biosensors have also been
employed for the detection of genetic materials (Graybill and Bailey, 2016, Ge et al., 2015,
Reina et al., 2017).

In addition to the use of the electronic properties of graphene in bio-sensing, the excellent
capability of graphene in fluorescence resonance energy transfer (FRET) render it an

excellent quencher of excited state of dyes (Swathi and Sebastian, 2009, Bitounis et al.,
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2013) (Figure 5). For instance, Chang and colleagues, reported high sensitivity to thrombin
detection with high specificity in both buffer and blood serum using the graphene FRET
strategy. GO was coated with dye-labelled bioactive molecules (recognition site for
thrombin) through n—n stacking (Chang et al., 2010). The fluorescent signal of the dye was
quenched due to the FRET effect with GO. However, once the thrombin molecule interacted
with the dye-labelled recognition site, the latter dissociates from GO surface and the FRET
effect is demolished enabling fluorescence signals to detectable levels (Chang et al., 2010).
The graphene FRET strategy for bio-sensing has been applied to detect several enzymes,
nucleic acids, proteins and cancer cells (Ge et al., 2015, Graybill and Bailey, 2016, Lee and
Min, 2012). GBNs biosensors are proposed for in sifu sensing implants, however,
biocompatibility of these devices need to be thoroughly investigated (Dong and Qi, 2015,

Reina et al., 2017).

ux +

Fluorescent dye (receptor) Graphene

Ligand Fluorescence recovery

Figure 5. The fluorescence resonance energy transfer (FRET) strategy in graphene bio-sensing
application. On interaction with a target molecule (ligand) complementary to the fluorescent dye receptor at
graphene surface, strong complexation between the two occurs and as the newly formed complex desorbs
from the graphene surface, the FRET effect is cancelled and fluorescence can be recovered.

In addition, GBNs have also been used as a tool for bio-imaging purposes (Lin et al., 2016).
Similarly to carbon nanotubes, Raman vibrational signals exhibited by GBNs can be a useful
tool to trace their pharmacokinetics in vivo (Liu et al., 2008a). Also, the ability to

fluorescence in the visible and infrared regions can be applied in fluorescence imaging (Lee
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et al., 2013, Welsher et al., 2009). For instance, PEGylated GO nanoparticles (GO coated
with poly ethylene glycol) were intravenously injected into mice through the tail vein and
their distribution and clearance from blood vessel were efficiently tracked by using a deep-
penetrating two photon imaging techniques (Qian et al., 2012).
1.4.2 Tissue engineering

Tissue engineering applies biological materials to support and improve the functions of
tissues or organs. Cells or tissues require a good substrate to proliferate, spread and function.
GBNs have shown promise in the area of tissue engineering due to their mechanical
properties which render them suitable for the structural reinforcement of medical scaffolds,
such as biocompatible films and hydrogels (Gurunathan and Kim, 2016, Cheng et al., 2017).
Although, carbon nanotube has similar mechanical properties as graphene and have been
investigated as scaffold materials, they undergo structural collapse under cyclic strain which
limited their applications (Abarrategi et al., 2008, Firkowska et al., 2006). Also, coating the
scaffold’s surface with graphene has been shown to improve the mechanical strength of
carbon nanotubes. Hence, graphene becomes an attractive material for scaffolds engineering
(Kim et al., 2012).

Mesenchymal stem cells (MSCs) are multipotent progenitor cells derived from bone
marrow and have been investigated in tissue repair and cell therapies applications (da Silva
Meirelles et al., 2006). The development of materials that can enhance MSC adhesion,
proliferation and differentiation toward osteoblasts is of great interest in tissue engineering
to induce healing and reconstruction of bone defects. Indeed, graphene and its derivatives
have been found useful in bone tissue engineering applications (Gu et al., 2014, Singh, 2016,
Fu et al.,, 2017, Dinescu et al., 2014). GBNs consist of many wrinkles and ripples
(asymmetrical nanotopology) with a high surface area which might play a significant role

in facilitating protein adsorption, cellular adhesion, proliferation and differentiation of
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MSCs (Dong et al., 2010, Nayak et al., 2011, Kim et al., 2013). Also, Park and colleagues
have reported that graphene substrate significantly increases cell attachment, neurite
outgrowth and differentiation of human neural stem cells to neurons (Park et al., 2011).
Furthermore, flexible and porous scaffolds composed of r-GO implanted in the injured rat
spinal cord showed promising potential in neural regeneration (Elisa et al., 2015). A
chitosan polyvinyl alcohol nano-fibrous scaffold was examined with and without graphene
for wound healing. Findings from this study showed that graphene containing scaffold
promoted fast wound healing compared to non-graphene scaffold (Lu et al., 2012). Li and
colleagues have developed graphene foam scaffold loaded with MSCs to improve skin
wound healing (Li et al., 2015). Graphene scaffold has facilitated biocompatible
proliferation of different cell types, however additional extensive research is needed to
understand the mechanisms of graphene-based scaffolds for tissue engineering. The
mechanisms underlying the positive effect of GBNs on adhesion, proliferation and
differentiation of cells are still under scrutiny. Additionally, there is the need to understand
the possible risks from GBNs disintegrating from their scaffolds/films and being released

into different body compartments.
1.4.3 Drug delivery and Photo-thermal therapy in cancer

The high surface area of GBNs offer high therapeutic molecule loading capacity and have
been considered as potential carriers for drug delivery (McCallion et al., 2016, Zhang et al.,
2017b). Among GBNs, GO nano-sheet has been investigated as a novel carrier for drug
delivery due to its good dispersion in water and the existence of various surface functional
groups (Bitounis et al., 2013). The versatile surface chemistry of GO facilitates conjugation
with drugs, biomolecules, polymers and others (Reina et al., 2017). Also, the surface area
of GO (= 2675 m?/g) is higher than the surface area for the most of the available

nanoparticles, providing a high drug loading capacity (Bussy et al., 2013, Kiew et al., 2016).
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Figure 6. Schematic presentation of GO as platform for specific targeting drug delivery system. GO is
PEGylated with poly ethylene glycol (PEG) to enhance its stability in biological solutions. PEG-GO
conjugated with anticancer agent and specific targeting ligand via stable n—= stacking. Targeting ligand targets

the drug delivery system against tumour cells overexpressed with its specific receptors.

Liu and colleagues were the first research group to use GO as a nano-carrier to load an
anticancer drug via non-covalent van der Waals interaction (Liu et al., 2008b). In their work,
GO nano-sheets (<50 nm) were conjugated with poly ethylene glycol (PEG) and then loaded
with water-insoluble, an aromatic anticancer drug (SN38) via simple adsorption. After this
study, other investigators modified this strategy by binding several aromatic molecules to
graphene surface through stable n—n stacking. A specific interaction with particular tumour
tissue type can be accomplished by incorporating targeting ligands that are recognised via
receptors present at the surface of cancer cells (Song et al., 2011). Various tumour targeting
ligands such as vitamins, proteins and antibodies, have been conjugated with graphene
nano-sheet to achieve specific targeting (Figure 6) (Park et al., 2015b, Liu et al., 2013, Yang

et al., 2016).

GBN s have also been investigated in photothermal therapy PTT due to their ability to absorb

NIR and subsequent heat emission (Chen et al., 2016b). For example, Robinson and
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colleagues have developed a new photothermal agent using r-GO coated with PEG as it has
better stability in biological solutions than non-PEGylated r-GO. PEGylated r-GO (5-100
nm) was then conjugated with a Arg-Gly-Asp motif for selective cellular uptake and thermal
ablation in human glioblastoma cells (U87MG). Upon irradiation, the PEG-r-GO showed
high photothermal efficiency due to its high NIR absorbance (Robinson et al., 2011).
Doxorubicin-loaded PEGylated-GO (GO-PEG-DOX) (100 nm) was developed by Zhang
and colleagues to facilitate combined chemotherapy and PTT (Zhang et al., 2011). The GO-
PEG-DOX treatment was investigated in vivo and induced complete destruction of the
tumours without recurrence of tumours or weight loss, while doxorubicin chemotherapy
alone or PEGylated-GO photothermal treatment did not (Zhang et al., 2011). This strategy
can be more beneficial if a tumour-specific antibody is introduced onto the surface of GO-
PEG-DOX complexes. Indeed, Lu and colleagues have developed magnetic PEGylated-GO
doxorubicin complex (215.7 + 18.4 nm) that combine co-precipitated Fe;Os magnetic
nanoparticles and CET (an EGFR antibody) for magnetic and receptor-mediated ligand-
targeting of the CT-26 mouse colon carcinoma (Lu et al., 2018). This combined chemo-
hyperthermia therapy with specific tumour targeting augmented the cytotoxicity in CT-26
in vitro and inhibited tumour recurrence in vivo. Overall, GBNs are very encouraging
candidates as a drug delivery system and cancer therapy. Nonetheless, undesired effects
induced by GBNs have also been reported, for instance hemolysis, platelet aggregation,
serum protein adsorption, cytotoxicity and immunotoxicity (Luo et al., 2017b, Liao et al.,
2011, Zhang et al., 2012a, Liu et al., 2018). Therefore, these toxicities need to be addressed

to ensure safe design for biocompatible engineered nanoparticles.
1.5 Biocompatibility of GBNs

The increasing interest in the use of GBNs for biomedical applications provides a strong

incentive for detailed investigation of their pharmacology and toxicity. These studies should
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also consider the potential risk from occupational or environmental exposure as GBNs are
produced on a larger scale. GBNs vary in structure and properties that can lead to completely
different biological responses (Reina et al., 2017).

The first steps in exploring the safety profile of any new material often relies on the use of
cell culture models as a critical part of safety and risk assessments (Stone et al., 2014, Nel
et al., 2013). In vitro tests are useful to study cellular responses to nanoparticle exposure by
identifying the key events that affect cell function. /n vitro data also allow efficient
screening and selection of subset of nanoparticles that can then be tested in in vivo studies
using a limited number of mice (Kuempel et al., 2012, Stone et al., 2014). In this regard, the
current body of literature relating to the in vitro toxicological evaluation of GBNs
derivatives is considered essential as preliminary data. However, important differences in
methodology and in the properties of the materials tested mean that definitive conclusions
on the biocompatibility and toxicity of GBNs cannot be reached (Bussy et al., 2013, Bianco,
2013, Bitounis et al., 2013). Some studies have shown that graphene, GO and r-GO
nanomaterials cause concentration- and time- dependent cytotoxicity while other studies

revealed high biocompatibility at similar concentrations and times of exposure (Table 1)
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Table 1. Different in vitro cytotoxicity studies with GBNs and their cellular effects.

Material

Culture model

Tested

concentrations

Cytotoxicity
assays

Conclusions

Graphene

Carboxyl-

graphene

Graphene

Graphene

GO

GO

5-3 nm thick

349.5-4827.3 nm

500-1000 nm

200-1200 nm

1 nm thick

0.01 -0.02 pm?

Human neural cells
(PC12)

Human hepatoma
cell line (HepG2)

Murine RAW 264.7
macrophages

Human HaCaT skin
keratinocytes

Human-retinal
pigment epithelium
(RPE)

Human lung
adenocarcinoma
A549

0.01-100 pg/ml

2-32 pg/ml

20-100 pg/ml

10-100 pg/ml

5-100 pg/ml

7.8-125 pg/ml

MTT, LDH, ROS,

Caspase 3/7
assays

Alamar Blue
assay, ROS

ROS, MMP,
Annexin-V/PI
assays

CCK-8 assay,
ROS

LDH assay

Modified-LDH
assay

Significant LDH release, increase in ROS and weak
caspase-3 activation (Yongbin Zhang et al., 2010)

Concentration- and time- dependent cytotoxicity and

increase in ROS. No cytotoxicity at low concentrations (> 4
pg/ml) (Lammel et al., 2013)

ROS and apoptosis induced via mitochondrial cascade (Li
et al., 2012)

induced a concentration-dependent cytotoxicity and ROS
generation (Pelin et al., 2018)

Good biocompatibility of GO to RPE cells (Yan et al.,
2012)

Lack of cytotoxicity for up to 100 pg/ml dose exposure
(Ali-Boucetta et al., 2013a)



Table 1. Different in vitro cytotoxicity studies with GBNs and their cellular effects (continued)

Material

Culture model

Tested

concentrations

Cytotoxicity
assays

Conclusions

GO

GO with 3
different
lateral
dimensions

GO

GO

GO

342-765 nm

160 + 90 nm

430 + 300 nm

780 + 410 nm

592 £10.9 nm

200-500 nm

100-500 nm

Human skin
fibroblast cells
(CRL-2522), red
blood cells (RBCs)

A549

Cervical cancer cells
(Hela)

Human lung
fibroblast (HLF)

A549

3-200 pg/ml

10 -200 pg/ml

20-80 pg/ml

10-500 pg/ml

8-125 pg/ml

20

MTT, LDH,
WST-8, ROS

hemolysis assay

CCK-8, LDH,

ROS, Annexin-

V/PI

LDH, MTT,
ROS

MTT, ROS,
flow cytometry
analysis, comet

assay

Modified-LDH

assay, trypan
blue exclusion

assay

Decreased cell viability, increased generation of ROS and
induced hemolysis in RBCs (Liao et al., 2011)

No cytotoxicity

Dose dependent generation of ROS (Chang et al., 2011)

High toxicity at concentration equal or more than 40 pg/ml.
(Zhang et al., 2012a)

GO induced significant ROS generation and cytotoxicity
via apoptosis.

Genotoxicity was remarkable even at the lowest con-
centration. (Wang et al., 2013)

No cytotoxicity after 24 and 48 hours exposure (Jasim et
al., 2016)



Table 1. Different in vitro cytotoxicity studies with GBNs and their cellular effects (continued)

Material

Culture model

concentrations

Tested Cytotoxicity

assays

Conclusions

GO with 3 50-350 nm
different
lateral 350'750 nm
dimensions
750-1300 nm
GO 101.9- 586.4 nm
GO 380 nm
GO > lum

Mouse macrophage

cell line J774A.1

Mouse peritoneal
macrophages

Rat myocardial cell
line H9c2

Murine lung
epithelial (FEI)

Live-dead test,
flow cytometry,
confocal laser

20 pg/ml

scanning,
Western blot

1-50 pg/ml LDH, Western

blot

Alamar Blue
assay

0.1-10000 pg/ml

Nucleocounter
NC-200, comet
assay

5-200 pg/ml

21

All GO samples reduced cell viability of J774.A1 cells at 20
pg/ml, however, larger particles (750-1300nm) are
significantly more toxic than smaller particles at 12 and 24
hours of exposure.

larger GO
polarization through canonical NF-kB signalling, leading to
enhanced pro-inflammatory responses (Ma et al., 2015)

significantly promoted macrophage M1

Concentration dependent cytotoxicity was evident. GO
caused significant release of LDH from cell cytosol at
concentration of 10 pg/ml after 24 hours exposure. Increased
autophagosome accumulation and decreased autophagic
degradation (Wan et al., 2013)

Concentrations higher than 100 pg/mL induced cell death
with ICsp of 652.1 £ 1.2 pg/ml (Contreras-Torres et al., 2017)

No cytotoxicity or genotoxicity following 3 or 24 hours of
exposure (Bengtson et al., 2016)



Table 1. Different in vitro cytotoxicity studies with GBNs and their cellular effects (continued)

Material

Culture model

Tested

concentrations

Cytotoxicity
assays

Conclusions

GO with 3 1-30 um
different
lateral 50-2000 nm
dimensions
<500 nm
GO 400-1000 nm
PEG-GO 500 nm
PEG- 500 — 2500 nm
DSPE-GO

Human monocyte
derived macrophages
(HMDMS)

Rat basophilic
leukaemia mast cells
(RBL), NIH-3T3
fibroblast cells,
human breast cancer
cells (MDA-MB-231

Raji lymphoma cells

Breast cancer cells
(SKBR3), NIH-3T3
fibroblast, Hela

12.5-75 pg/ml

100 pg/ml

10-100 pg/ml

10-400 pg/ml

Alamar Blue
assay

Confocal, live cell

fluorescence

microscopy,
scanning electron

microscopy

CCK-8

Neutral red,

Alamar Blue

assay, LDH,
clonogenic assay

22

No cytotoxicity at concentrations up to 75 pg/ml (Rodrigues
et al., 2018)

Plasma membrane ruffling and shedding was observed in
all tested cell lines following 4 hours of exposure (Sun et
al., 2016)

Cell survival rate over 80% at 100 pg/ml after 24 hours of
exposure (Du et al., 2014)

Concentration- and, time-dependent cytotoxic effects on the
four cell lines. HeLa cells, showed higher cytotoxicity
compared to the other cells with 50% cell death at 200

png/ml after 24 hours of exposure (Mullick Chowdhury et
al., 2013)



Table 1. Different in vitro cytotoxicity studies with GBNs and their cellular effects (continued)

Material i Culture model Tested Cytotoxicity Conclusions
concentrations assays
PEG-GO 5-50 nm Human colon cancer  0.5-500 pg/ml MTT No cytotoxicity (Liu et al., 2008b)
cells (HCT116)
r-GO 100-1500 nm U87 and U118 5-100 pg/ml BrdU, XTT, Concentration- dependent cell death via apoptosis (Jaworski
Annexin-V/PI et al., 2015)

glioma cells

r-GO 150 nm Rat myocardial cell 0.1-10000 pg/ml Alamar Blue Concentration dependent cytotoxicity with ICso of 129.4
line H9¢2 assay
+ 1.2 pg/ml (Contreras-Torres et al., 2017)
r-GO 11 +4nm hMSCs 0.1-100 pg/ml FDA, ROS, Cytotoxicity and DNA damage was observed at low
Comet assay concentrations of 0.1 and 1 pg/ml after 1-hour exposure

(Akhavan et al., 2012)

r-GO 3.8+ 0.4 um hMSCs 0.1-100 pg/ml FDA, ROS, Cytotoxicity was only evident at 100 pg/ml after 1-hour
Comet assay exposure and no genotoxicity detected even at the highest

concentration at all tested time points

(Akhavan et al., 2012)

r-GO > Tpm FEI 5-200 pg/ml Nucleocounter No cytotoxicity or genotoxicity following 3 or 24 hours of
NC-200, comet exposure (Bengtson et al., 2016)
assay
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Table 1. Different in vitro cytotoxicity studies with GBNs and their cellular effects (continued)

Material Tested Cytotoxicity

assays

concentrations

Conclusions

r-GO 4.23 nm thick Breast cancer 20-100 pg/ml WST-8, LDH,
cells (MCF7) ROS
r-GO Not provided Hela 10-100 pg/ml MTT
r-GO 180.55 nm Ovarian cancer 20-100 pg/ml MTT, LDH, ROS,
cell line A2780 WST-8, caspase-3
assay
PSU-r-GO 6-9 nm thick =~ Human corneal 500 pg/ml MTS
epithelial cell
line (hTCEpi)
PEG-r-GO 791.57 nm A549 1-200 pg/ml MTT, ROS, MMP
Neutral red,
thymidine
incorporation,
Annexin-V/PI

Concentration dependent cytotoxicity with 64.0% = 2.0%
cell death at 100 pg/ml after 24 hours of exposure.
Increased levels of ROS were detected (Gurunathan et al.,
2013)

Concentration dependent cytotoxicity with ICso of 100
pg/ml (Luo et al., 2017a)

Concentration dependent membrane damage and oxidative
stress in cancer cells, and decreased their viability via
apoptosis (Gurunathan et al., 2015)

No negative effect on cells after 24 hours exposure (Pefia-
Bahamonde et al., 2017)

Concentration dependent decrease in cell viability with
more than 50% cell death at 50 pg/ml after 24 hours of
exposure. Increased generation of ROS and apoptotic cell
death (Reshma et al., 2016)

Symbol: PEG-DSPE = (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [amino (polyethylene glycol)]), PSU = poly- sulfone polymer.
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So far, studies have suggested that GBNs toxicity may result from a number of different
mechanisms, including a pro-inflammatory response, apoptosis, autophagy, necrosis,
genetic damage (Ou et al., 2017, Bianco, 2013), although the link between GBNs and
oxidative stress appears to be a common trend to studies. The lack of consistency in terms
of the production and characterisation of GBNs makes a critical evaluation of their effect

and properties more difficult.

Some data have revealed the vital influence of the dimensions of graphene materials on their
biocompatibility profile. For instance, Ma and colleagues (2015) showed that GO nano-
sheets with lateral sizes ranging from 750 to 1300 nm were more toxic than smaller particles
for mouse macrophage cells (J774.A1), using the same dose and exposure times. In a recent
study, large I-GO sheets (5-15 pm) induced greater ROS generation, inflammatory response,
and cytotoxicity in human lung epithelial cells (BEAS-2B) than smaller s-GO sheets (50-
200 nm) (Vranic et al., 2018). By contrast, GO with three different size ranges (1-30 um,
50-2000 nm, <500 nm) showed no signs of toxicity against human monocyte derived
macrophages (HMDMS) at concentrations up to 75 pg/ml (Rodrigues et al., 2018). Also,
size has been reported to influence blood compatibility whereby smaller GO nano-sheets
(342 nm) were linked to a more pronounced hemolytic activity compared to larger ones
(765 nm) (Liao et al., 2011). In addition, it has been reported that r-GO with average lateral
dimension of 11 + 4 nm can enter the nucleus of human MSCs and cause DNA damage at
low concentrations of 0.1 and 1pg/ml and by 1 hour. However, in the same study, r-GO with
an average lateral dimension of 3.8 + 0.4 um showed no genotoxicity in the MSCs even at
the highest tested concentration (100pg/ml) and after 24 hours (Akhavan et al., 2012). The

latter study indicates that the genotoxicity of r-GO may depend on size.
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In regard to size, several studies have measured the size of GBNs using dynamic light
scattering (DLS) and this technique is unable to characterise the exact size of graphene
sheets because of their anisotropic morphology (Liao et al., 2011). For this reason,
comparing different studies should take into account differences in the characterisation

techniques used.

The purity of GBNs is an important factor that should be considered while investigating
their biocompatibility. GO samples obtained using a traditional synthesis method commonly
contain a high level of impurities which can cause toxicity to cells (Wu et al., 2015). Indeed,
highly purified GO with good colloidal stability, obtained after modification of the
conventional method, appear to show a more consistent cytotoxicity profile (Ali-Boucetta
et al., 2013b, Jasim et al., 2016, Rodrigues et al., 2018). Thereby, the purity of GBNs and
methods used for their synthesis need more attention, to ensure more accurate and consistent

results.

In addition to the size and purity, surface functionalisation of GBNs was reported to
modulate its cytotoxicity (Table 1). For example, covalent PEGylation of GO was shown
to further enhance its biological stability and biocompatibility (Liu et al., 2008b). In a
different study, PEG-GO and lacto bionic acid-polyethylene glycol GO (LA-PEG-GO) had
lower cytotoxicity and genotoxicity than non-functionalised GO (Wang et al., 2013). Also,
coating GO surface with chitosan reduced its hemolytic activity against red blood cells
(RBCs) (Liao et al., 2011). For targeted drug delivery and PTT, graphene derivatives were
mostly conjugated with PEG to increase the circulation time and biocompatibility (Liu et
al., 2013, Robinson et al., 2011, Zhang et al., 2017a, Lu et al., 2018). However, there are
some concerns regarding surface functionalisation to enhance circulation time as this can

lead to bioaccumulation of graphene nanoparticles (Yang et al., 2013b, McCallion et al.,
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2016). Recently, protein coating of small s-GO sheets (50-200 nm) was shown to completely
suppress the adverse effects exhibited by non-coated s-GO sheets while in the case of large
1-GO sheets (5-15 pum), protein coating had slight impact on their toxicity (Vranic et al.,
2018). Therefore, lateral dimension is a critical factor that governs biological responses to
GBNs. Although most studies indicate that PEGylation has enhanced biocompatibility,
recently PEG-GO (200 nm) was found to activate peritoneal macrophages by triggering a
potent release of cytokines (Luo et al., 2017b). The latter finding indicates that PEGylation
of GO can elicit an immunological response and caution and further studies in regards to
biocompatibility of functionalised GBNs is required.

In biological systems, proteins can easily adsorb onto GBNs surface to form a “protein
corona” around the graphene sheets (Peng and Mu, 2016, Wei et al., 2015). Protein corona
formation has a great influence on the physiochemical properties, pharmacokinetic and
toxicokinetic profile of the nanomaterials (Fadeel et al., 2013, Zhang et al., 2017c). Owing
to the large surface area of GBNs, the corona phenomena could potentially limit their
clinical use (Aggarwal et al., 2009). For example, corona formation can significantly
increase the size of graphene nanoparticles which might lead to blockage of blood capillaries

when delivering nanoparticles via intravenous injection (Liu et al., 2018).

So far, the number of in vivo biocompatibility studies remains limited, but current ones seem
to reveal the lung as the organ most at risk of toxicity, irrespective of the administration

route (Bussy et al., 2015, Bianco, 2013).

In summary, a number of factors can affect interpretation of the biocompatibility data
obtained for GBNs (Ou et al., 2016). Contradictory data reported so far may be attributed
to the large variability in physicochemical properties among GBNs, insufficient

characterisation and differences in the methods used to produce the GBNs and models used
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to test their cytotoxicity. These issues highlight the need for a standardised approach to the
toxicological evaluation of new nanomaterials such as GBNs. More importantly, few studies
have explored the complex signalling pathways relating to the toxicity of GBNs; such
studies are critical to our understanding of the mechanisms that lead to changes in cell
function following exposure to GBNs. Present research is motivated by the demands for a
better understanding of the interaction and cytotoxic mechanisms of GBNs in cell culture
models. To this end, GO and r-GO were selected as the most extensively investigated GBNs
for potential biomedical applications. Highly purified GO and r-GO were synthesised and
their physicochemical properties were extensively characterised. Hence, considering the
revealed lung toxic responses by the in vivo studies of GBNs, the in vitro effects of GO and

r-GO were evaluated using lung cell lines and without pre-modification of the nanoparticles.
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1.6 Aims and objectives

Over the last eight years, there has been a considerable focus on the biomedical applications

of GBNs, particularly GO and r-GO due to their extraordinary properties. However, more

information about their toxicity and biocompatibility is crucially needed prior to their

clinical use. We hypothesised that the different material properties evidenced by GO and r-

GO would elicit different biological responses. The goal of this research was to synthesise

and characterise GBNs with different oxygen content and to evaluate their potential toxicity

using pulmonary cell lines as an in vitro model.

To achieve this goal:

GO and r-GO were synthesized and characterised using a range of different
techniques to elucidate their morphological and physicochemical properties.

The cytotoxicity profile of both materials was assessed using foetal lung fibroblast
cells and cancerous epithelial lung cells.

Cellular uptake of graphene derivatives was assessed for both cell lines, as well as
their interaction with RBCs.

Mechanistic investigations of toxicity included oxidative stress and genotoxicity.
The effect of GO and r-GO on the expression of cellular proteins, that are crucial to

many cell signalling pathways, was investigated.

29



Chapter 2

Materials and methods
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2.1 Materials
2.1.1 Cells

Foetal lung fibroblast cells (MRC-5) and epithelial lung carcinoma cells (A549) were
obtained from Public Health England (Salisbury, UK). Sheep red blood cells (RBCs) were
obtained from Innovative research INC (Michigan, USA).
2.1.2  Cell culture media and reagents

Eagle’s minimum essential medium, glutamine and non-essential amino acid solution were
from Sigma-Aldrich (Dorset, UK), and F-12 Nutrient Mixture Ham medium, RPMI medium
1640, 0.25% trypsin, Dulbecco’s phosphate buffered saline, penicillin and streptomycin and
foetal Bovine Serum were from Thermo Fisher Scientific (Paisley, UK).

2.1.3 Assay kits

Table 2. Assay Kits.

Supplier
CytoTox 96 Non-Radioactive Cytotoxicity assay
RealTime-Glo™ MT Cell Viability assay
CellTiter-Glo assay Promega (Southampton,UK)
Caspase-Glo 3/7 assay
GSH/GSSG-GloTM assay
CellROX assay Thermo Fisher Scientific (Paisley,
UK)

Annexin-V-FLUOS Roche (Welwyn Garden City, UK)



2.1.4 Chemicals

Table 3. Chemicals.

Chemical Supplier

Graphite powder

Sulfuric acid (H2SOy4)

Sodium nitrate (NaNQO3)

30% Hydrogen peroxide (H20:)

Potassium permanganate (KMnOQy)

Sodium orthovanadate (Na3;VOQOy)

Potassium bromide (KBr) Sigma- Aldrich (Dorset, UK)
Ethylene-diamine-tetraacetic acid (EDTA)

Dimethyl sulphoxide (DMSO)

Menadione

Sodium azide (NaN3)

Anisomycin

Tetramethylethylenediamine (TEMED)

TritonTM X-100

4-nitroquinoline N-oxide

2-mercaptoethanol

Bovine serum albumin (BSA)

Bradford reagent

Bovine serum albumin protein standard Thermo Fisher Scientific (Paisley, UK)
SYBR Gold dye

Tween-20 PanReac Applichem (Barcelona, Spain)
Phenylmethylsulfonyl fluoride (PMSF)

(Table 3 continued)
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Table 3. Chemicals (continued)

Chemical Supplier

Sodium chloride (NaCl)

Skim milk powder EMD Millipore (Watford, UK)
Staurosporine

Ponceau, 0.2% v/v solution Alfa Aesar (Heysham, UK).
ECL™ Western blot detection reagents GE healthcare (Hatfield, UK).

Amersham™ Hyperfilm™ ECL

2.1.5 Buffers

NP40 lysis buffer: 50 mM Tris-HCI (pH 7.5), | mM EDTA, 1 mM EGTA, 50 mM sodium
fluoride, 5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1% (w/v) Nonidet
P40, and 0.27 M sucrose.

Gel running buffer: 25 mM Tris-base, 34.6 mM SDS and 1.92 M glycine.

Western transfer buffer: 48 mM Tris-base, and 39 mM glycine containing 20% (v/v)
methanol.

Blocking buffer: 5% (w/v) dried skimmed milk in TBST.

TBST buffer: (0.2% (v/v) Tween-20, 50 mM Tris-HCI (pH 7.5), and 150 mM NaCl).

Cell lysis buffer: 2.5 M NaCl, 0.1 M Na;EDTA, 8 mM Tris HCI, 1% sodium lauryl
sarcosinate, 10% DMSO, Triton-X-100, and pH adjusted to 10.

Electrophoresis buffer: 300 mM NaOH, and 1 M Na;EDTA.

Neutralisation buffer: 0.4 M Tris HCL.
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2.1.6 Antibody reagents

Table 4. Antibodies used in Western blot and flow cytometry analysis.

Antibody Reference number Dilution

Anti-rabbit IgG, HRP-linked 7074 1:2000

Antibody

Anti-Rabbit Alexa Fluor RT (488) 4412 1:2000

* Antibodies were purchased from cell signalling life technologies

34



2.2 Methods
2.2.1 Synthesis and characterisation of GBNs

2.2.1.1 Preparation of GO and r-GO

GO was prepared from graphite powder following the modified Hummers method described
by Ali-Boucetta et al (2013). The preparation of GO was carried out in a laminar flow hood.
In brief, 0.2 g of graphite powder and 0.1 g of sodium nitrate (NaNO3) were placed and
mixed in a 125 ml conical glass flask. The temperature was kept below 5°C by placing the
conical flask in an ice bath. A volume of 4.6 ml of concentrated sulphuric acid (H2SO4) was
added to the mixture that was stirred constantly by using a magnetic stirrer. After 30
minutes, 0.6 g of potassium permanganate (KMnO4) was added gradually to the above
mixture while keeping the temperature below 5°C. The conical flask was taken out of the
ice bath after the addition of KMnQs, to return the temperature to room temperature and the
flask was continuously stirred for 30 minutes. The mixture turned into a dark green thick
paste. After that, 9.2 ml of deionised water were added slowly to the stirred mixture. A
violent effervescence and a quick increase in temperature to approximately 50°C were
observed. With the aid of a hot plate, the temperature was maintained around 95 to 100°C
for 30 minutes. Then the mixture was diluted with 28 ml of warm deionised water with
continuous mixing. In the next step, 3 ml of 30 % hydrogen peroxide (H202) were added
gradually to the constantly stirred mixture. Dispersion of the thick paste together with the
adoption of a yellow tint were observed. The mixture was transferred into two falcon tubes
and vortexed for a few seconds.

In the following step, which is termed the washing step, 20 ml of warm sterile water were
added to each tube which was then centrifuged at 8500 rpm for 40 minutes at 40°C. After
centrifugation, the pH of the supernatant was measured and it was found to be extremely

acidic. The supernatant was discarded and the washing step was repeated a number of times
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as above. At each washing step, the acidity of the supernatant decreased gradually. Once the
pH of the discarded supernatant achieved around 3 to 4, the washing step was repeated using
cold sterile water instead of warm water and centrifugation at 8500 rpm for 40 minutes at
20°C. The washing step was ended once the pH was a neutral 6 and a brown viscose layer
of GO had appeared on the top of the oxidation by-products. The supernatant was discarded
and 1 ml of warm sterile water was added gently to the gel-like brown layer to suspend the
GO. The collected GO suspension was purified from impurities by using a cell strainer of
100pum. The obtained GO suspension was centrifuged at 8500 rpm for 25 minutes at 40°C.
Finally, the supernatant produced from the last centrifugation is the pure yellowish-brown
GO dispersion. The GO dispersion was stored at 4°C. In order to determine the
concentration of the pure GO, 1 ml of GO was transferred into a glass vial and left to dry at
40°C for 48 hours. The concentration of the original suspension (weight/volume) was
obtained from the weight of the dry GO.

To prepare r-GO, GO was reduced via thermal reduction. The GO suspension was steam
heated and the thick black dispersion produced, via steam heating, was dried in the oven at
180°C for 6 hours. The r-GO was scraped very carefully into a vial and the powder was
weighed. In the final step, the r-GO flakes were dispersed in sterile water, sonicated for 1
hour and stored at 4°C until further use.

2.2.1.2 Raman spectroscopy

Aqueous dispersions of GO or r-GO were dried at 40°C for 24 hours before the samples
(500 pg) were placed on a microscope slide for analysis. Raman spectra were recorded using
a 100X objective lens at A=633 nm on a Renishaw inVia Raman Microscope (RENISHAW).
Data were analysed using WIRE 3.1 software. The Raman spectrum of graphite was

measured for comparison.
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2.2.1.3 Fourier-transform infrared (FTIR) spectroscopy
The GO dispersion (2 ml) was dried at 40°C in a glass vial for 24 hours. The dried GO (2
mg) was recovered, mixed with KBr (298 mg) and manually pressed into a pellet.
Spectroscopy of the mid-infrared range was performed on a NICOLET 380 FTIR
spectrophotometer (Thermo Fisher Scientific) and the transmittance results were analysed
using OMNIC software. FTIR analysis was performed on the r-GO sample in a similar
manner.

2.2.1.4 Zeta potential measurement
Particle charge was determined on a Malvern Zetasizer based on the electrophoretic mobility
of the GO and r-GO samples in water (60 pg/ml). The electrophoretic mobility is converted
automatically by the Zetasizer software to zeta potential ({) values using Henry’s equation.
All experiments were conducted in triplicate.

2.2.1.5 Thermal gravimetric analysis (TGA)
The TGA of graphite, GO and r-GO was performed using NETZSCH instrument.
Measurement was obtained from 25 °C to 1000 °C at 10 °C/min. Two mg of dried sample
was placed into a ceramic crucible and nitrogen flow of 20 ml/min was used as a purge gas.

2.2.1.6 X-ray photoelectron spectroscopy (XPS)
The composition of graphene derivatives surfaces was analysed by Thermo Theta Probe
XPS spectrometer at NEXUS facility. Spectra acquired at NEXUS were analysed using
CasaXPS software.

2.2.1.7 Transmission Electron Microscopy (TEM)
TEM images were acquired on a Jeol 1200ex electron microscope (JEOL) operated at 80

kV beam energy. Ten pl of GO or r-GO sample were pipetted onto a formvar carbon coated
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copper grid (Agar Scientific) and left to dry for 15 minutes. Size distribution analysis was
carried out using ImagelJ software for 100 individual graphene particles.

2.2.1.8 Atomic Force Microscopy (AFM)
AFM measurements were performed using the JPK microscope (JPK) and intermittent
contact (taping mode) was utilised. Dip coating was used as the deposition method on a
silicone substrate. JPK Nano-wizard 2 software was used to analyse the data. (This work

was in collaboration with Paolo Passaretti).

2.2.1.9 Ultraviolet-Visible (UV-Vis) spectroscopy
Ultraviolet-Visible (UV-Vis) absorbance and the spectra of different concentrations of
prepared GO and r-GO samples were collected on a UV-Vis spectrophotometer (UV-2600
SHIMADZU). Data were then analysed with UVProbe software.

2.2.1.10 Fluorescence spectroscopy
Fluorescence emission spectra were measured for GO and r-GO samples at room
temperature at different concentrations (50-400 pg/ml) using a RF-S301 fluorescence
spectrophotometer (SHIMADZU). The excitation wavelength used was 525 nm because it
gave a maximum emission spectrum.

2.2.2 Toxicological Assessment of GBNs in cell culture models

2.2.2.1 Cell culture
MRC-5 cells are non-cancerous foetal lung fibroblast cells and they were maintained in
Eagle's Minimum Essential Medium supplemented with 2 mM glutamine, 1% non-essential
amino acids (NEAA),10% foetal bovine serum (FBS) and 1% penicillin and streptomycin.
A549 cells are epithelial lung carcinoma cells and they were maintained in F-12 Nutrient

Mixture Ham media supplemented with 10% FBS and 1% penicillin and streptomycin. Both
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cell lines were kept at 37 °C in 5% COz and passaged twice a week using 0.25% trypsin

EDTA when the confluence of the cells reached around 75 to 85 %.
2.2.2.2 Modified LDH assay

The modified LDH assay was performed using the Promega Cytotox 96 non-radioactive
cytotoxicity assay according to a protocol described by Ali-Boucetta and colleagues (Ali-
Boucetta et al., 2011). MRC-5 cells were seeded at a density of 10000 cells per well in 96-
well plates while A549 cells were seeded at a density of 7000 cells per well. These densities
were selected to achieve 70% confluency of both cell lines when left to adhere overnight at
37°C in 5% CO; before incubation with the GO or r-GO dispersions. Stock dispersions of
GO and r-GO were sonicated for 30 minutes prior to use in cell culture studies. Cells were
then treated with graphene derivatives dispersions diluted in the complete media required
for each cell type and at a concentration ranges from 31.25 to 600 pg/ml for 3, 24 and 48
hours. Control cells were incubated with complete media while positive controls were

treated with 10% DMSO. Four replicate samples were performed for each treatment.

After 3 hours, the medium was aspirated and the cells were lysed with 10 pl of lysis buffer
(0.9% Triton X100) mixed with 100 pul of phenol in serum free media and for 60 min at
37 °C in 5% COa. Cell lysate were collected and then centrifuged at 13000 rpm for 5 min in
order to pellet down the GO. Fifty pl of the supernatant of the cell lysate were transferred
into a new 96 well plate and mixed with 50 pl of the LDH substrate mix and then incubated
for 15 min at room temperature. After this treatment, 50 pl of the stop solution were added
to each well to stop the reaction and then the absorbance was read at 490 nm using a plate

reader (FLUOstar Omega).
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The amount of LDH detected represented the number of cells that survived the treatments.
The above steps were performed for the 24 and 48 hours end time points. The following

equation was used to calculate the percentage cell survival:

Percentage cell survival = (Sample absorbance /Mean control absorbance) x 100

2.2.2.3 RealTime-Glo TM MT cell viability assay

The MT cell viability assay was performed using the Promega RealTime-Glo™ MT cell
viability kit according to the manufacturer instructions. At first, the assay linearity with
regard to cell density for cells was evaluated. In order to investigate the assay’s linearity for
A549 cells, cells were plated at 5 different cell densities (2000 cells/well, 3000 cells/well,
4000 cells/well, 5000 cells/ well and 6000 cells/well) in 100 pl of cell culture medium in a
white 96 well plate. Luminescence was read after the addition of the test reagents and at
different times over the desired time course (3 hours, 24 hours, 48 hours, 72 hours). The
average luminescence for each replicate group was calculated. A linear curve fit was applied
for luminescence versus cell number plot. The cell density range that yields an R? value
more than 0.95 is in the linear range of the assay according to the manufacturer instructions.
After determining the linear range of cell density, the cell viability was monitored
continuously following the protocol for Continuous-Read Format provided by the
manufacturer where the MT Cell Viability Substrate and Nanoluc Enzyme were added at
the same time as the test compound. The MT Cell Viability Substrate, Nanoluc Enzyme and
cell culture medium were equilibrated to 37 °C. A549 cells were plated at cell density within
the linear range (4000 cells/well) in 100 pl of cell culture medium in a white 96 well plate.
4 ml of 2X test compound diluent was prepared by adding 8 pl of MT Cell Viability
Substrate and 8 upl of Nanoluc Enzyme to 3,984 ul of cell culture medium. Different

concentrations of GO ranging from 7.8 to 125 pg/ml were prepared using the test compound
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diluent prepared in the previous step to form the 2X test compound solution. After this,
100ul of 2X test compound containing RealTime-GloTM reagent were added to the cells.
Healthy control cells were treated with the 2X test compound diluent while positive controls
were treated with 10% DMSO prepared in the 2X test compound diluent. Four replicate
samples were performed for each treatment. Luminescence was monitored at the desired
time points (3 and 24 hours) using a plate reading luminometer (FLUOstar Omega).

To determine the potential interference of GO with luminescence, cells were plated with the
assay reagent and luminescence was measured. After measurement, different concentrations
of GO were added directly to the cells and luminescence was measured immediately without
any incubation time.

2.2.2.4 CellTiter-Glo assay

The Promega CellTiter-Glo assay kit was used to determine the number of viable cells in
vitro based on quantitation of the ATP present in cells. MRC-5 and A549 cells were seeded
at cell densities of 10,000 and 7000 cells per well in 100 pl of cell culture medium in a white
96 well plate. Graphene derivatives were added at a concentration ranges from 31.25 to 600
pug/ml and the cells were incubated for 24 and 48 hours. Four replicate samples were
performed for each treatment. After each time point, the plates were equilibrated at room
temperature for 30 min. One hundred pl of the assay reagents were added to 100 ul of
medium containing cells and graphene test material according to the kit protocol. However,
a washing step was introduced to the original protocol as the medium containing the test
material was removed and replaced with 100 ul of fresh medium followed by adding 100 pl
of assay reagents. Both with and without washing step samples were compared to test for
any potential interference of graphene nanomaterials with the assay and to assess the
efficiency of the washing step to overcome such interference. After the addition of 100 ul

of assay reagents, the contents of wells were mixed for 2 min using orbital shaker to induce
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cell lysis. Plates were incubated at room temperature for 10 min to stabilise the luminescent
signal and the luminescence was recorded using a plate reading luminometer (FLUOstar

Omega).

2.2.2.5 Assessment of GBNs cellular uptake by flow cytometry
MRC-5 and A549 cells were plated into 24-well plates at a cell density of 50,000 cells per
well in 500 pl of cell culture medium and left to attach overnight before incubation with the
graphene derivatives. Cells were then incubated for 24 and 48 hours with GO (15.6 —125
pg/ml or the equivalent r-GO concentration (15.6 - 125 pg/ml) in complete media. Prior to
analysis, cells were washed with 500 pl of PBS to remove unbound graphene derivatives.
After washing with PBS, 100 pl of trypsin were added per well and the cells were incubated
at 37°C in a humidified atmosphere (5% CO3) incubator for 5 min followed by the addition
of 500 pl of tissue culture media to detach cells by vigorous pipetting. Cells were then
transferred into micro-centrifuge tubes, centrifuged at 350xg for 5 min at 4°C, resuspended

in 500 ul of cold PBS and kept on ice for immediate analysis by flow cytometry.

2.2.2.6 Cytotoxicity analysis of GBNs after blocking cellular uptake
by endocytosis inhibitors

MRC-5 and A549 cells/well were seeded in 96-well plates 24 hours prior to treatment as
described previously for the modified LDH method. The cells were then pre-incubated with
endocytosis inhibitors: sodium azide (7 pg/ml) for 1 hour followed by the addition of GO
and r-GO (300 - 600 pg/ml) and incubation for 24 hours. The concentrations of the inhibitor
were selected as described previously by other workers (Chatterjee et al., 2014, Macia et al.,

20006).
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2.2.2.7 Annexin V/PI flow cytometry Assay
The annexin V/PI staining assay was carried out following the instructions of the
manufacturer. Both cell lines were seeded into 24-well plates as described in section 3.1.
Cells were then incubated for 24 and 48 hours with GO and r-GO (125 - 300 pg/ml) in
complete medium. Untreated cells were used as negative controls. Cells exposed to 20%
DMSO or staurosporine (10 uM, 6 hours) were used as positive controls for necrosis and
apoptosis, respectively. Cells were trypsinized, centrifuged at 350 g for 5 min at 4°C, washed
with PBS, and stained with the annexin V/PI labelling solution for 15 min at 25 °C. Finally,
the samples were diluted with HEPES incubation buffer immediately before analysis. Ten
thousand events were collected on a Fortessa flow cytometer (BD Bioscience). Electronic
compensation was applied to eliminate overlapping of the two emission spectra. The data
generated were analysed by Flowing software.
2.2.2.8 Caspase-Glo 3/7 assay

This assay was performed using the Promega Caspase-Glo 3/7 kit according to the
manufacturer instructions. This assay is based on luminescence and measures the activities
of caspase-3 and -7. A washing step was introduced to the protocol to overcome any
interference by the graphene nanomaterials. Caspase-Glo 3/7 was performed using MRC-5
and A549 cells incubated with GO and r-GO at concentrations ranging from 125 to 300
pg/ml and after 6, 24 and 48 hours exposure in a white 384-well plate. Staurosporine (10
uM) treated cells for 6 hours were used as a positive control for apoptosis. In brief, 384-
well plates containing cells were incubated with graphene derivatives and allowed to
equilibrate to room temperature. After this, the medium was removed and replaced with 25
ul of fresh medium (washing step). Twenty-five pl of caspase 3/7 reagent were added to

each well and gently mixed using a plate shaker for 1 min and then incubated for 1 hour at
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25°C followed by luminescence measurement using a plate reading luminometer (FLUOstar
Omega).

2.2.2.9 Analysis of cleaved-caspase 3 and cleaved-PARP by flow
cytometry

Both cell lines were plated into 12-well plates at a cell density of 100,000 cells per well in
1 ml of cell culture medium and left to attach overnight before incubation with the graphene
derivatives. MRC-5 and A549 cells were incubated with GO and r-GO at concentrations
ranging from 125 to 300 pg/ml and analysed at 24 and 48 hours post-exposure.
Staurosporine (10 uM) treated cells for 6 hours were used as a positive control to induce
cleaved caspase-3 and cleaved-PARP. Cells were trypsinized, centrifuged at 350 g for 5 min
at 4°C, re-suspended in 500 pl of 4% of paraformaldehyde in PBS and kept for 10 min at
37°C for fixation. Fixed cells were then centrifuged, re-suspended in cold 90% methanol
and incubated for 30 min on ice. For immunostaining, 3 ml of incubation buffer (0.5 g BSA
in 100 ml PBS) were added to each sample and the cells were washed by centrifugation.
Cells were then re-suspended in 100 pl and the primary antibody for the protein of interest
was added (cleaved caspase-3/cleaved-PARP/non-specific antibody, [1:800 dilution]) and
incubated for 1 hour at room temperature. Samples were washed with 3 ml of incubation
buffer by centrifugation and then re-suspended in 100 pl of fluorochrome-conjugated
secondary antibody and left for 30 min at room temperature. Finally, samples were washed
and then re-suspended in 500 pl of PBS for immediate analysis on a flow cytometer. Ten
thousand cells per sample were assessed using a Fortessa flow cytometer. Flowing software

was used to analyse the data obtained.
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2.2.2.10 Analysis of cleaved caspase-3 and cleaved PARP by western
blot technique

For sample preparation, MRC-5 and A549 cells were seeded at a density of 400,000 cells
per well in 6-well plates. Both the cell lines were left to adhere overnight at 37°C in 5% CO»
before incubation with the GO or r-GO dispersions. MRC-5 and A549 cells were treated
with the GO and r-GO at a concentration of 300 pug/ml for 24 hours. After incubation with
the graphene derivatives for the desired time points, the medium was aspirated, cells were
washed with PBS (1 ml/well) and the plates kept on ice. Cells were lysed by adding 100 pl
of NP40 lysis buffer to each well. Protease inhibitors including 0.1 mM
phenylmethanesulfonyl fluoride (PMSF), 1 mM Benzamidine and 0.1% (v/v) B-
mercaptoethanol were added to the NP40 lysis buffer before lysing the cells. Cells were
scraped off the plate and the extract was transferred to a 1.5 micro-centrifuge tube. Samples
were centrifuged at 12000 g for 10 min at 4 °C and the protein concentration of the

supernatant was measured using the Bradford assay.

Bradford assay: This test was performed in a non-sterile 96 well plate with blank, standard
and test samples in triplicate. The standard BSA protein concentrations were 0.125, 0.2, 0.5,
and 1 mg/ml. Five pl of protein standard were added per well and 2 pl per well of the test
sample followed by the addition of 280 pl of Bradford reagent per well. Absorbance of the
samples was measured using a plate reader (FLUOstar Omega). One pg/ul of protein
samples in sodium dodecyl sulphate (SDS) were prepared. Samples were heated at 90 °C

for 5 min then left to cool and stored at -20°C.

For immunoblotting, 20 ng of cell lysates in SDS sample buffer underwent electrophoresis
on a polyacrylamide gel in running buffer. Gels were then transferred onto nitrocellulose
membranes using transfer buffer. The Bonceau dye was then added to the nitrocellulose

membranes to stain the protein bands followed by washing with distilled water. The
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membranes were incubated for 1 hour with blocking buffer and washed 3 times with TBST
buffer. The membranes were then incubated with the antibodies to cleaved-caspase 3 or
cleaved-PARP overnight at 4°C with gentle agitation, followed by washing 3 times with
TBST buffer. The blots were then incubated with the secondary HRP-conjugated antibodies
for 1 hour with gentle mixing at 25°C. After membrane washing with TBST buffer, the
signal was measured using the enhanced chemiluminescence reagent. Immunoblots were
processed through a film automatic developer (SRX-101; Konica Minolta Medical), and

films were scanned with a 300-dp1 resolution on a scanner (PowerLook 1000; UMAX).

Polyacrylamide gel preparation: The resolving gel percentage (%) was selected according
to the molecular weight of protein being investigated and the lower the molecular weight
the higher the gel percentage used. The protein of interest in experiments was cleaved
caspase-3 which has low molecular weight (17,19 KDa). For this reason, a 15% gel was
prepared. Tables 4 and 5 show the recipe to prepare the different resolving gel percentages

and stacking gel, respectively.

Table 5. Formula of the different resolving gel percentages (15 ml).

5ml 5ml 5ml 5ml
3.75 ml 4 ml 6 ml 7.5 ml
6.15 ml 5.9 ml 3.9 ml 2.4 ml
75 ul 75 ul 75 ul 75 ul
75 ul 75 ul 75 ul 75 ul
25 ul 25 ul 25 ul 25 ul

Table 6. Stacking gel formula (5 ml).

0.62 ml
0.833 ml
3.82 ml
25 ul

50 pl
Sul
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2.2.2.11 Autophagy analysis
The levels of proteins that included light chain protein (LC3), sequestosome
1(SQSTM1/p62) and mammalian target of rapamycin kinase (mTOR) were measured by
Western blot analysis to assess the autophagy process in cells exposed to graphene
nanomaterials. MRC-5 and A549 cells incubated with different GO and r-GO
concentrations for 24 hours. Fifty uM of chloroquine was used as control for the analysis of
autophagy. The Western blot was performed as described in 3.10.
2.2.2.12 CellROX flow cytometry assay

The CellROX assay was performed as described by manufacturer. Both cell lines were
seeded into 12-well plates and left to attach overnight before incubation with the graphene
derivatives. MRC-5 and A549 cells were incubated with GO and r-GO at concentrations
ranging from 125 to 300 pg/ml and exposed for 24 and 48 hours. The assay kit provided
positive and negative controls for oxidative stress. Tert-butyl hydroperoxide (TBHP) was
used as positive control to induce oxidative stress while N-acetylcysteine (NAC) was used
as negative control as it increases the antioxidant capability of the cells. Cells were
incubated with 400 uM of TBHP for 1 hour to create positive control. Negative control was
prepared by incubating cells with 2500 uM of NAC for 1 hour followed by treatment with
400 uM of TBHP for 1 hour under normal growth conditions. After incubation, cells were
trypsinized, centrifuged at 350 x g for 5 min at 4°C, and re-suspended with 1 ml phenol free
media. CellROX stain was added to a final concentration of 500 nM to the cell suspension
and incubated for 1 hour at 37°C, protected from light. Ten thousand cells were measured on
a Fortessa flow cytometer using 488 nm excitation for the CellROX reagent and data

generated analysed by Flowing software.
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2.2.2.13 GSH/GSSG-Glo™ assay
This test was undertaken using the Promega GSH/GSSG-Glo™ kit. MRC-5 and A549 cells
were seeded in a white 96 well plate. Graphene derivatives were added at a concentration
ranging from 31.25 to 600 pg/ml and cells were incubated for 24 and 48 hours. At each time
point, the medium was removed and the cells washed with PBS to remove any remaining
nanoparticles, to overcome any possible interferences. Cells were divided into two groups;
one group was lysed with total glutathione lysis reagent (50 pl/well) and the other group
was lysed with oxidised glutathione lysis buffer (50 pl/well). The plates were placed on a
plate shaker for 5 min at room temperature followed by the addition of 50 pl of luciferin
reagent to each well and then incubated for 30 min at room temperature. The luciferin
detection reagent was added (100 ul/well) and left for 15 min at room temperature.
Luminescence was measured using a plate reading luminometer (FLUOstar Omega). The
GSH/GSSG ratio was calculated from the net RLU (luminescence) using the following
equation:
GSH/GSSG = (net total glutathione RLU — net oxidized glutathione RLU)/ (net
oxidized glutathione/2)
2.2.2.14 The analysis of phosphor-p38 MAPK and phosphor-HSP27

Expression of phosphor-p38 MAPK and phosphor-HSP27 proteins was analysed for MRC-
5 and A549 cells by Western blotting. Both cell lines were seeded in 6 well plates and left
to adhere overnight at 37°C in 5% COa». Cells were then incubated with GO and r-GO at a
concentration of 300 pg/ml for 24 hours. Positive control cells were incubated with 25 pg/ml
of anisomycin for 30 minutes. Western blot was performed as described in section 3.10

using antibodies against phosphor-p38 MAPK and phosphor-HSP27.

48



2.2.2.15 Genotoxicity assessment

MRC-5 and A549 were seeded into 24-well plates as described previously. Cells were then
incubated for 3 and 24 hours with GO and r-GO (125 - 300 pg/ml) in complete medium.
Positive control cells were incubated with 0.2 pg/ml of 4-Nitroquinoline N-Oxide for 2
hours and untreated cells were used as a negative control. Cells were trypsinized,
centrifuged at 350 x g for 5 min at 4°C, washed with PBS and re-suspended with 90 ul of
warm low melting point agarose (0.7% LMA in PBS). Cells in LMA were mounted onto a
normal melting point agarose (1% NMA in PBS) pre-coated microscopic glass slide,
covered immediately with a glass coverslip and left to cool for 30 min at 4°C. The coverslip
was gently removed and another 90 ul of LMA were added and coverslip was put back and
slides were left to cool again for 30 min at 4°C. The coverslips were gently removed and
then the slides were placed in the lysis buffer overnight at 4°C. After this, the slide was
removed from the lysis solution and set parallel into the electrophoretic chamber followed
by submerging the slides with electrophoretic buffer. The electrophoresis was conducted at
4°C for 20 min at 24 volts, 300 mA. After electrophoresis, the slides were then washed twice
with neutralisation buffer for 5 min. Slides were then fixed with ethanol at -20°C for 5 min
and left to dry on a flat surface for 4 hours at room temperature. Ninety pl of SYBR gold
dye (1:1000 dilution) were added to each dry slide to stain cells that were covered
immediately with a coverslip. The samples were examined using a fluorescence microscope,
with a 560 nm excitation filter and 590 nm barrier filter and a comet assay IV software was

used to analyse data. (This work was in collaboration with Dr. Alessio Perotti)

2.2.2.16 Impacts of GBNs on Wnt/B-catenin and Akt cell signalling
pathways

Investigation on the effects of graphene nanomaterials on cell signalling was carried out by

Western blot analysis of crucial proteins that play a major role in the Wnt/pB-catenin and Akt
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signalling pathway including; including B-catenin, glycogen synthase kinase-3 (GSK-33),
3-phosphoinositide-dependent protein kinase-1 (PDK1), and tumour suppressor
phosphatase and tension homolog (PTEN). Protein extracts from MRC-5 and A549 cells
incubated with graphene derivatives were prepared and analysed as described previously in
section 3.10.

2.2.2.17 Statistical analysis

All experiments were repeated at least 3 times and data are represented as the mean +
standard deviation (SD)/standard error of mean (SEM). Statistical analysis was selected
according to the type of data and undertaken using GraphPad-Prism 7 software. The
statistical significance of differences were determined using one-way analysis of variance
(ANOVA) with Dunnett’s comparison test while two-way ANOVA was performed with
Tukey’s multiple comparsion test. For non-parametric data, the Kruskal-wallis test was used

alongside the Dunn’s test.
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Chapter 3

Synthesis and characterisation of GO and r-GO
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3.1 Introduction

In nanomedicine, it is essential to evaluate a nanoparticle’s biocompatibility to ensure
effective use and minimise toxicity. Indeed, extensive evaluation of the factors that affect
the biocompatibility of nanomaterials is critical. It is well established that the intrinsic
physiochemical properties of nanoparticles (shape, size, surface chemistry) can dictate the
biocompatibility degree of nanoparticles (Dobrovolskaia and Mcneil, 2007, Aggarwal et al.,
2009, Naahidi et al., 2013). In this study, GO and its reduced form r-GO were synthesised
to assess their biocompatibility in cell culture model. Therefore, it was very critical to

characterise their inherent physiochemical properties.

This chapter will focus on the synthesis and characterisation of GO and r-GO, to gain a clear
understanding of the differences between the two nanomaterials. GO was synthesised from
graphite using the modified Hummers’ method and then thermally reduced to produce t-
GO. The two nanomaterials generated were characterised using a variety of methods to

elucidate their surface chemistry, size & morphology as well as their optical properties.

52



3.2 Results and discussion

3.2.1 GO and r-GO synthesis

The chemical oxidation of graphite is the most common method used for the production of
GO and a number of protocols have been described for oxidation, including the
Staudenmaier (Dreyer et al., 2010), Hummers (Hummers and Offeman, 1958), and Tour
(Marcano et al., 2010) protocols. The oxidising conditions employ exfoliate graphite and
introduce oxygen functional groups that improve the surface hydrophilicity of GO (Dreyer
et al.,, 2010, Ali-Boucetta et al., 2013a, Zhang et al., 2017b). Of the different protocols
available, Hummers’ method seems to be the most popular. This method involves the
oxidation of graphite with potassium permanganate in concentrated sulphuric acid
(Hummers and Offeman, 1958). However, the product from Hummers’ method contains a
large fraction of unreacted graphite and a mixture of oxidation by-product that disperse
poorly in water. The presence of this might hinder the development of GO for biomedical
applications (Ali-Boucetta et al., 2013a). Therefore and over the years, there has been a
number of different modifications, with a view to enhancing the yield and purity of the final

product.

In the present study, the synthesis of GO was achieved by following the modified Hummers’
method described by Ali-Boucetta and colleagues (Ali-Boucetta et al., 2013a). In this
modified protocol, additional purification and centrifugation steps were introduced,
allowing efficient separation of the purest fraction of GO (Ali-Boucetta et al., 2013a, Jasim
et al., 2016). By the end of the process, GO was isolated as a brownish gel-like layer that
sits on the top of the impurities (Figure 7A). The light brown GO dispersion obtained (10%

yield vs. graphite) dispersed well in water.
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In addition, r-GO was studied to model pristine graphene, due to similarities between the
two materials especially in terms of hydrophobicity. Removal of oxygen functional groups
present in the GO structure gives rise to r-GO. The oxygen functional groups present on
GO’s surface can be efficiently eliminated by the use of reducing agents such as hydrazine
and its derivatives (Stankovich et al., 2007). However, reduction with hydrazine was
avoided in this study due to its high toxicity and the formation of C-N bonds which does not
mimic the pristine graphene structure (Dreyer et al., 2010, Zhou et al., 2009). Also, GO has
been successfully reduced via different methods using biomolecules and microorganisms,
but these agents contaminate the end product (Zhu et al., 2010a, Wang et al., 2012, Roy et

al., 2015).

Here, GO was subjected to hydrothermal reduction to produce r-GO (57 % yield vs. GO)
(Zhou et al., 2009, Pei and Cheng, 2012, Bosch-Navarro et al., 2012). The reduction was
successful, based on the change in colour (brownish to black) and increased hydrophobicity
of the material (Figure 7B). The hydrothermal reduction uses only superheated water
thereby eliminating the formation of C-N bonds or any other contaminants that are
associated with the use of other reduction methods. The superheated water, formed under
hydrothermal condition (temperature <200 °C and autogenous pressure), act as a strong
electrolyte with a high diffusion coefficient and dielectric constant that allow the catalysis

of a variety of heterolytic bond cleavage reactions (Zhou et al., 2009, Diez et al., 2015).
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Figure 7. Schematic representation of A) the synthesis of GO by modified Hummers’ method and, B)
the preparation of r-GO through thermal reduction of GO. GO was obtained as a light brown material
that dispersed well in water and was stable as a colloid for more than 12 months. r-GO particles were obtained
by hydrothermal reduction of GO, and the material aggregated within 30 minutes in water.
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3.2.2 Surface characterisation

The modification of graphite to GO and then of GO to r-GO was expected to lead to
significant changes to the material’s surface chemistry. These materials were assessed
initially by Raman spectroscopy, and the particular interest is the identification of the G
(1590 cm™) and D (1350 cm1) bands. These two bands are characteristic of poly-aromatic
hydrocarbons and are attributed to the vibrations of the double bonds (Ferrari, 2007,
Casiraghi et al., 2009). The D band relates to the presence of defects on the surface of
aromatic rings (Ferrari, 2007, Eda and Chhowalla, 2010).

The Raman spectra of GO, r-GO and graphite were compared and, as expected they all
showed the G band (Figure 8), though it is broadened for GO and r-GO compared to
graphite. The disorder band D was very distinct in the case of GO and r-GO samples,
compared to graphite. This suggests the introduction of defects during the oxidation and
exfoliation process of the graphite to form GO and a reduction in size of the in-plane sp?
domains (Stankovich et al., 2007, Eda and Chhowalla, 2010, Jasim et al., 2016). The D to
G band intensity ratio (In/Ig) of graphite was 0.2, while for GO and r-GO was 1.18 and 1.16,
respectively. The increase in the Ip/Ig ratio relates generally to an increase in the degree of
defects via the formation of sp® bonds (Casiraghi et al., 2009, Zhu et al., 2010b).

The 2D band near 2700 cm™! was apparent only in the case of graphite; this band is a
characteristic peak of graphite structure (Zélyomi et al., 2011, Kaniyoor and Ramaprabhu,
2012, Jasim et al., 2016). The 2D band is due to double resonance transitions that form two
phonons with opposite momentum and is related to the number of graphene layers (Eda and
Chhowalla, 2010). The weak and broad 2D bands are also another indication of disorder in

the graphene structure (Robinson et al., 2009).
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Figure 8. Raman spectra of GO, r-GO and graphite. Raman spectrum of GO and r-GO samples

confirms the existence of the D and G bands.

To probe the surface chemistry in more depth, the Fourier-transform infrared (FTIR) spectra
of GO and r-GO were recorded (Figure 9). GO’s spectrum showed different oxygen

configurations including the stretching vibrations of epoxide (C-O-C) at 1360 cm™!, a broad

peak between 3000- 3700 cm! and peak at 1030 cm™!, corresponding to the stretching and
bending vibration of hydroxyl O-H groups (namely phenol). Additionally, there are peaks
at 1710 cm™ for the carboxylic acids (HO-C=0) and bands corresponding to the stretching
vibrations of sp? hybridized C-H (2840 and 2900 cm™"). Aromatic C=C bonds (1610 cm™)
were detected. The existence of the oxygen-containing functional groups confirmed the
successful isolation of GO (Zhou et al., 2011, Song et al., 2014).

In contrast, r-GO’s spectrum was a lot simpler (Figure 9B). Indeed, only two bands were
visible after the disappearance of the O-H peaks (3000- 3700 ¢cm™ and1030 c¢cm™'), and
epoxide bending (1360 cm™). The visible bands were corresponding to the vibrations of
aromatic C=C bonds and carbonyl (C=0) groups, with decreased intensity vs. GO. This
result indicates an effective elimination of some oxygenated groups via hydrothermal

reduction on GO carbon planes.
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Figure 9. FTIR spectra of A) GO and B) r-GO. A) FTIR spectrum of GO shows the functional groups on
the surface of GO. The spectrum indicates that the oxidation of graphite led to the formation of hydroxyl,
epoxide and carboxyl groups on GO surface. B) FTIR spectrum of r-GO shows the disappearance of hydroxyl
and epoxy groups absorption peaks alongside the existence of carboxylic and aromatic stretching. FTIR

spectra confirms the effective elimination of oxygen functional groups after the thermal reduction of GO.
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X-ray photoelectron spectroscopy (XPS) analysis was used to measure the carbon to oxygen
ratio (C:0), which was at 2:1 for GO (Figure 10A) and 4:1 for r-GO (Figure 10B). Both
results are in agreement with the literature (Bianco, 2013, Wick et al., 2014, Chen et al.,
2012) and the ratio obtained for GO is as expected from Hummer’s method (Hummers and
Offeman, 1958).

High-resolution Cls spectra showed a well-defined double peak formation which is a
signature of GO oxidation (Figure 11A). Gaussian lines were fitted to the Cls spectra of
GO which presented three peaks, corresponding to the C-C/C=C in aromatic rings (284.5
eV), epoxy C-0 (286.8 eV), carbonyl C=0 and carboxyl group HO-C=0 (289.0 eV). For
r-GO, the intensity of peaks fitted to oxygen functional groups were decreased compared to
the intensity of GO peaks (Figure 11B), as observed by FTIR. XPS data were consistent
with the literature in terms of oxygen functional groups present on the GO and r-GO surface
(Russier et al., 2013, Yang et al., 2013a, Diez et al., 2015, Mittal et al., 2016, Jasim et al.,
2016, Drewniak et al., 2016, Wang et al., 2017b).

The collected XPS spectra confirms the presence of oxygen atoms on the surface of
graphene due to a considerable degree of oxidation via Hummer’s reaction. The weak peak
intensities present in the Cls XPS spectrum of r-GO indicates thermal reduction of some

oxygen functional groups on GO’s surface.
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Figure 10. XPS survey spectra of GO and r-GO. A) Cls and O1s XPS spectra of GO B) Cls and Ols XPS
spectra of r-GO. The oxygen content decreased from 31% to 21% after hydrothermal reduction of GO. The

C:O ratio of GO was 2:1 while the C:O ratio of r-GO was 4:1 . XPS spectrum were obtained using CasaXPS
software.
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Figure 11. High-resolution C1s XPS spectra of GO and r-GO. A) Gaussian line fitted Cls spectra of GO
B) Gaussian line fitted Cls spectra of r-GO. The XPS data indicates considerable removal of oxygen

containing groups present on the GO surface following hydrothermal reduction to form r-GO. XPS spectrum
were obtained using CasaXPS software.
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Differences in the chemistries of GO and r-GO were further evidenced via thermal
gravimetric analysis (TGA) analysis, whereby weight loss over a specific temperature range
can be related to chemical composition (Figure 12). For graphite, there was no change in
mass, even at high temperatures. As expected, GO showed the highest degree of
functionalization. GO incurred a mass reduction (10%) between 100 and 200 °C, due to
removal of water and decomposition of the carboxylic and aldehyde groups yielding CO,
CO; and steam (Shen et al., 2011, Chang et al., 2012, Jasim et al., 2016, Drewniak et al.,
2016). The thermal decomposition of GO was accompanied by strong release of gas which
led to the rapid expansion of the material, causing GO debris to disperse. This has been
reported (Stankovich et al., 2007) and is the reason for limiting the amount of GO used in
TGA analysis (< 2 mg). A second mass loss was observed at 260 °C with GO (25%) and 1-
GO (7%). This relates to the pyrolysis of stable oxygen groups such as epoxides. A smaller
mass loss was incurred by r-GO between 100 °C and 270 °C, compared to GO. This relates
to the loss of the most liable oxygen functional groups during the thermal reduction of GO,
whereby r-GO has increased thermal stability. A gradual mass loss was also observed for
GO and r-GO from 270 °C to 1000 °C, which might be attributed to the pyrolysis of more
stable oxygen groups such as phenols (GO) and carbonyls (GO and r-GO) or to the
decomposition of the carbon skeleton (Shen et al., 2011, Chang et al., 2012, Namvari and
Namazi, 2014).

Finally, the surface charges of GO and r-GO samples were measured by (-potential analysis.
GO and r-GO were found to be negatively charged, with {-potential values of (- 42.4 + 0.84
mV) and (- 30.0 £ 1.91mV), respectively. Since graphene derivatives are non-spherical,
caution is advised in using C-potential values obtained by electrophoretic mobility
measurements as calculations are based on the Henry equation which assumes spherical

particles (Jacobasch et al., 1985, Jasim et al., 2016).
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Figure 12. TGA curves of GO, r-GO and graphite. Degree of surface functionalisation of graphite, GO and
r-GO by TGA. Graphite does not incur any mass loss. GO and r-GO showed first mass losses between 100
and 200 °C due to removal of water and decomposition of carboxylic and aldehyde groups. The second mass

loss occured at 260 °C and relates to the pyrolysis of stable oxygen group such as epoxides.
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3.2.3 Size analysis
The morphology and size of GO and r-GO particles were characterized using transmission
electron microscopy (TEM). TEM analyses were performed on non-sonicated (Figure 13A)

and water sonicated (30 minutes) (Figure 13B) samples.

TEM data obtained in this study showed that GO sheets were transparent and entangled with
one another with irregular shapes. The non-sonicated GO sheets were mostly of micron size.
The images in Figure 13A were possibly the smallest sheets in the non-sonicated sample
and presented to show a clear view of GO’s shape. In the case of sonicated GO sample,
sheets were found to be mostly in the nano size range. Further analysis of the TEM data,
by the use of image J software for 100 GO sheets, showed that the lateral dimensions in

sonicated samples predominantly ranging from 11 to 30 nm (Figure 13D).

On the other hand, TEM images of r-GO showed black clusters of r-GO nanoparticles with
sizes <200 nm (Figure 13E). The clustering of r-GO crumbled nanoparticles made it
difficult to determine the size of individual particles, though these appeared smaller than the
GO nano-sheets. This could relate to the fact that the black dry product obtained after
thermal reduction of GO was re-dispersed in water and subjected for 1-hour sonication prior

to TEM analysis.

Data indicated significant transformation of shape from a transparent flat GO sheet to an
aggregated crumbled r-GO nanoparticle due to hydrothermal reduction of GO. This has been
reported in the literature (Stankovich et al., 2007, Nethravathi and Rajamathi, 2008, Diez et

al., 2015).
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Figure 13. TEM photomicrographs of A) non-sonicated GO B) sonicated GO and E) r-GO. A &B)
Photomicrographs showing the shape of the GO nano-sheet C) Size distribution of the sonicated GO nano-sheets area
(nm?) D) Size distribution of the sonicated GO nano-sheets lateral dimension (nm) (Image J software for 100 GO sheets,
n=100). E) Photomicrographs showing the aggregates of r-GO nanoparticles. The aggregates of adhered r-GO

nanoparticles are less than 200 nm.
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Additional information on GO sheets height profile was obtained by atomic force
microscopy (AFM). It has been reported that an individual GO nano-sheet is 1 nm thick
(Novoselov et al., 2012). Here, AFM analysis showed that GO nano-sheets had few layers
and were about 1 to 3 nm thickness. AFM was performed on GO samples before and after
sonication (5 or 30 minutes) (Figure 14). AFM images showed that non-sonicated GO
sheets were of micron size (>1 um). The AFM images after sonication showed extensive

reduction in the size of GO sheets, from micron-sized to less than 50 nm.

Figure 14. AFM images of GO samples. AFM analysis indicate that water sonication of GO sheets led to a

pronounced size reduction of GO nanoparticles.
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3.2.4 Optical properties
The optical properties of GO and r-GO, such as ultraviolet-visible (UV-Vis) absorbance and
fluorescence, were investigated. These optical properties are beneficial to bio-imaging and
predicting applications of graphene derivatives (Qian et al., 2012). The UV spectrum of
GO sample showed an absorption peak at 230 nm with a shoulder around 300 nm (Figure
15A). The peak at 230 nm is due to the delocalisation of w-electrons resulting from oxidation
of graphene, while the shoulder at 300 nm arises from C=O transitions, which is in

agreement with the literature for GO (Ali-Boucetta et al., 2013a, Jasim et al., 2016).

The GO absorbance was found to be concentration-dependent and linear (R* 0.9986) within

a 10-50 pg/ml range. Compared to GO, a peak at 230 nm was not observed for r-GO (Figure
15B). This most likely relates to the changes in the electronic configuration by reduction of
GO (Thema et al., 2013). The UV spectra of r-GO also showed a base line shift, possibly
due to the aggregation of r-GO particles. GO, but not r-GO, was also shown to emit light
over the visible region when excited at a wavelength of 525 nm (Figure 15C). The
fluorescence properties of GO are possibly due to the electron transitions between the non-
oxidised carbon atoms and the oxidised carbon regions (Qian et al., 2012, Thomas et al.,

2013, Jasim et al., 2016).
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Figure 15. Optical properties of GO and r-GO. A) The UV-Vis spectrum of different concentrations of the
GO sample with maximum absorption peak at 230 nm. The inset graphs display the absorbance calibration
curves at 230 nm. B) The UV-Vis spectrum r-GO showed no maximum absorption peak, as for GO, and a
base line shift due to the aggregation of r-GO particles. C) Fluorescence emission spectra of GO (550 -600
nm) at the excitation wavelength of 525 nm, and for different GO concentrations (50-200 ug/ml).
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3.2.5 GO and r-GO in physiologically-relevant media
The stabilities of GO and r-GO in cell culture medium were studied. GO showed great
colloidal stability in water, but the ability to remain suspended in solution depends on the
chemical composition of the suspending medium (McCallion et al., 2016). This point is vital
regarding cell culture medium, whereby biomolecules, salts and ions may all interact with
the GO/r-GO surface resulting in aggregation of the suspended particles. GO and r-GO were
dispersed in EMEM medium supplemented with 10% FBS. The sonicated GO sample
dispersed better and showed colloidal stability in cell culture medium (Figure 16B). Non-
sonicated GO dispersed poorly in cell culture medium and the GO nano-sheets were
precipitated and separated from the aqueous media solution within 2 hours after dispersion
(Figure 16A). Similar results were observed using F-12 HAM’s medium supplemented with
10% FBS (data not shown). It was therefore decided to sonicate GO sample for 30 minutes

before dispersing in biological medium for the cell culture experiments.

Physical factors, for instance, lateral size and thickness play a major role in the stability of
graphene nanoparticles (McCallion et al., 2016). It has been found that smaller graphene
sheets have a lower tendency of inter-sheet interaction and, therefore, aggregate less
frequently (Khan et al., 2010). Here, it was confirmed by AFM and TEM measurements that
water bath sonication of GO has led to an extensive reduction in GO sheets size from
microns to nano-sheets (<100 nm). Therefore, the stability observed with sonicated GO
samples in cell culture medium could be related to the smaller size of the sonicated GO than
non-sonicated sample (Xu et al., 2015). r-GO dispersed poorly in both water and cell culture
medium, possibly due to its high hydrophobicity (Fu and Yang, 2013, Bianco, 2013, Wick

et al., 2014).
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Figure 16. Static experiment of GO in EMEM cell culture media. A) 300 pg/ml of non-sonicated GO
sample in cell culture media B) 300 pg/ml of sonicated GO sample in cell culture media. Non-sonicated GO
samples showed poor dispersion in cell culture medium supplemented with 10% FBS. Sonicated GO samples
showed stable aqueous dispersion in cell culture medium supplemented with 10% FBS, as revealed by

macroscopic monitoring over than 4 weeks. Images presented are for 4 weeks of static conditions.

In conclusion, highly purified GO nano-sheets have been synthesised, by following a
modification of the Hummer’s method. Furthermore, r-GO was synthesised through thermal
reduction of GO. Surface characterisation tools have confirmed the successful oxidation of
graphite to GO, following the modified Hummer’s protocol, and also the loss of some
oxygen functional groups during the thermal reduction of GO. Polar groups such as
hydroxyl groups that are present on the GO surface contribute to its good dispersion in water
and stability while the reduction of oxygen polar groups on r-GO surface led to poor aqueous
dispersion. Both nanomaterials have different physicochemical properties (surface
chemistry and morphology), which can have a significant influence on how the materials
interact with biological systems. Functionalisation of graphene-based materials can improve
their stability in biological solutions. The most commonly utilised substances to stabilize
graphene are polyethylene glycol (PEG) (Yang et al., 2012b, Yang et al., 2013a, Zhou et al.,
2014), dextran (Chu et al., 2013, Chowdhury et al., 2013), chitosan (Yang et al., 2012a, Hu
et al., 2014) and serum proteins (Jokar et al., 2014). However, the research interest of this
study was to investigate the impact of the unmodified structure of graphene derivatives with
different surface chemistry on biological milieu. The following Chapter 4 presents and

discusses findings.

70



Chapter 4

Toxicological assessment of GO and r-GO in vitro
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4.1 Introduction

This chapter focuses on the assessment of the interaction between graphene derivatives with
biological milieu in a cell culture model. Two immortalised cells lines were selected to test
the behaviour of GO and r-GO, one established from a 58 years old Caucasian male lung
cancer patient (A549) and one established from the lung tissue of a 14 weeks’ old aborted
Caucasian male foetus (MRC-5). The cells lines are generally highly proliferative, easier to
culture and are well adapted to the two-dimensional culture environment, and as a result,
often differ genetically and phenotypically from their tissue origin and show altered
morphology. In contrast to cell lines, primary cells which are isolated directly from tissues,
have a finite lifespan and limited expansion capacity. On the positive side, primary cells
have normal cell morphology and maintain many of the important markers and functions
seen in vivo (Pan et al., 2009). A549 cells are cancerous alveolar epithelial cells and are a
commonly used model to assess the pulmonary toxicity of nanomaterials, following
occupational or environmental exposure and also used as a model for the development of
drug therapies against lung cancer (Carero et al., 2001, Chang et al., 2011, Zhang et al.,
2010). MRC-5 cells were included in this study to gain insight to how non-cancerous cells
interact with graphene derivatives as such information will be of particular interest for their

safety profile.

Firstly, experiments were performed to establish the cytotoxicity profiles of both materials
and highlight any differences between healthy and cancerous cells. Then, studies probed
possible mechanism of toxicity, including oxidative stress, genotoxicity and impact on the

expression of proteins that are crucial for normal cell development.
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4.2 Results and discussion

4.2.1 Cytotoxicity assessment of graphene-based nanomaterials (GO and r-
GO)

Initial assessment of GO and r-GO cytotoxicity was performed using a modified-version of
the lactate dehydrogenase (LDH) assay, which is based on the quantification of intracellular
LDH levels, rather than LDH release (Ali-Boucetta et al., 2011). LDH release gives an
indication of cell membrane damage, which is a hallmark of necrosis (Decker t. and J.,
1988). The modified-LDH (m-LDH) assay gives information only about the number of
viable cells in the sample but does not act as an indicator of necrosis. However, the
modification allows the removal of excess nanoparticles prior to analysis, which limits the
risk of interference from carbon-based nanomaterials. As such, the m-LDH assay is
considered to be the most reliable method available to date to assess the cytotoxicity of this
type of material (Ali-Boucetta et al., 2013a, Vranic and kostarelos, 2017) and was used here

for this reason.

The results obtained from the assessment of GO and r-GO revealed toxicity to be time- and
concentration-dependent and to be related to cell type and physicochemical properties. Short
exposure times (3 hours) did not lead to significant toxicity, regardless of material and cell-

type. However, from 24 hours, differences between materials could be observed.
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Figure 17. Cytotoxicity assessment of GO and r-GO on MRC-5 cells by uses of the m-LDH assay. Cells
were incubated with GO and r-GO at different concentration (31.25-600 pg/ml) for 3, 24, and 48 hours. No
toxicity was observed at 3 hours. GO decreased cell viability in a concentration and time dependent manner
after 24 and 48 hours of treatment. No effect on cell viability was observed after treatment with r-GO at all
tested time points. Bars represent the mean + SD (n=4). (*p < 0.05, **p < 0.002, ***p < 0.0002 and ****p <
0.0001 versus naive by ANOVA) and (a =p < 0.05 versus cells incubated with 600 pg/ml of GO by ANOVA).
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For MRC-5, cell survival decreased with time and GO concentration to reach 12.9 + 35%
and 5.2 + 27% cell survival after 24 and 48 hours, respectively, for the highest concentration
tested (Figure 17). Exposing cells to GO concentrations up to 300 pg/ml for 24 hours
resulted in a similar effect for all treatment (ca. 70-60% cell survival). However, after 48
hours, all but the lowest two concentrations tested were above the LD50. In contrast,
exposure to r-GO did not significantly affect cell viability, with values remaining around
the 80% toxicity threshold for all of the concentration and times tested (Figure 17).

For A549 cells, very similar cytotoxicity profiles were observed for GO and r-GO. For both
materials, cytotoxicity increased incrementally with concentration and time (Figure 18).
Although the toxicity of r-GO almost mirrors the results obtained in MRC-5, GO had a
weaker effect on the cancer cells compared to the healthy ones. Indeed, cell survival at 600

pg/ml was twice as high in A549, compared to MRC-5 cells after 24 and 48 hours.
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Figure 18. Cytotoxicity assessment of GO and r-GO on A549 cells by use of the m-LDH assay. Cells were
incubated with GO and r-GO at different concentration (31.25-600 pg/ml) for 3, 24, and 48 hours. Both GO
and r-GO decreased cell viability in a concentration and time dependent manner after 24 and 48 hours. No
toxicity was observed at 3 hours. Bars represent means =+ SD (n=4). (*p < 0.05, **p < 0.002, ***p < 0.0002
and ****p < 0.0001 versus naive by ANOVA), (a=p < 0.05 versus cells incubated with 600 pg/ml of GO by
ANOVA) and (b = p < 0.05 versus cells incubated with 600 pg/ml of r-GO by ANOVA).
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There are limitations of the most common used cytotoxicity assay, and therefore alternatives
to the m-LDH assay were sought, in an attempt to confirm the cytotoxicity data. Of all
detection methods used to study cell survival, luminescence-based assays are the only ones
not reported to interfere with carbon-based materials. However, reports of interference with
metallic nanoparticles suggest that the use of such assays may be problematic (Kakinen et
al., 2013, Lehmann et al., 2016). Moreover, interference with light is not the only factor to
consider. Indeed, metabolic assay (e.g MTT) can result in false negatives (low toxicity) due
to the interaction of carbon-based materials with the insoluble formazan crystals (Monteiro-
Riviere and Inman, 2006, Liao et al., 2011, Ali-Boucetta et al., 2011).

Taking all of this into account, a new luminescence assay, RealTime-Glo™ MT, was
examined regarding its suitability for the study of graphene nanomaterials. This particular
viability assay measures the reducing potential of living cells and therefore, does not allow
removal of the nanomaterial; this makes the test particularly suited to the study of
interference. In the assay, the signal is produced following the diffusion of the reduced MT
substrate from cells into the surrounding medium, where it binds to luciferase; this
luminescent signal correlates to the number of viable cells. In the first instance, only GO
was used due to its superior dispersibility vs. r-GO.

The cell viability results obtained after 3 hours of exposure already suggested possible
interference, even when differences in end-point, sensitivity and toxicity mechanism were
accounted for (Figure 19) as this short exposure time was not linked to significant GO
toxicity (Figure 18). In comparison, results from the RealTime-Glo™ MT viability
suggested a 50% reduction in cell viability, even following exposure to a low GO
concentration (31.25 pg/ml). It should be noted that such levels of toxicity were not
observed even at higher concentrations and 48 hours treatment when cytotoxicity was

assessed using the modified-LDH assay.
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It has been known that metabolic based assays may overestimate the effect of a substance
that alters cell metabolism but not cell viability because of the fact that these assays analyse
metabolic activity as indirect readout for cell viability (MV et al., 2005, Smith et al., 2011).
However, the pronounced cytotoxicity exhibited by GO towards A549 cells at
concentrations ranging from 31.25 to 125 pg/ml at all of the time points observed with
RealTime-Glo™ MT assay compared to the m-LDH assay data was beyond the expected
high sensitivity of RealTime-Glo™ MT assay.

In order to clarify the discrepancy with the m-LDH assay data, another experiment was
performed. In this experiment, cells were plated with the assay reagent and luminescence
was measured after 24 hours. Once the baseline was quantified, different concentrations of
GO were added to the wells and the luminescence was measured immediately. The results
showed a significant drop in luminescence after the addition of GO (Figure 20A), with a
25% and 95% decrease in the average signal at concentrations of 15.6 and 125 pg/ml,
respectively. Taken together, all these results pointed to a likely interference between GO
and the assay based on luminescence. Although never reported, this was somewhat expected
since carbon nanomaterials interfere with fluorescence, a closely related phenomenon (Xie
etal., 2009, Wu et al., 2018). Furthermore, interaction between GO and reagents in the assay
cannot be overlooked. In all likelihood, luminescence assays will need to be modified to
introduce an extra step to remove the nanoparticles, similar to what was required for the
LDH assay. As this cannot be done for the RealTime-Glo™ assay, a different luminescence

assay (Celltiter Glo) was selected for further tests.
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Figure 19. RealTime-GloTM MT viability assay of GO treatment in A549 cells. The figure shows the
percentage cell survival of cells treated with GO in comparison with untreated cells and the positive control
after 3, 24 and 48 hours. Results showed a significant dose dependent cytotoxicity of GO in A549 cells at all
tested time points, which indicated possible interference of GO with the assay. Bars represent means + SD

(n=4). (*p < 0.05, **p < 0.002, ***p < 0.0002 and ****p < 0.0001 versus naive by ANOVA).
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In the CelltiterGlo assay, the number of metabolically active cells is measured through the
quantification of ATP levels. Since the method requires cell lysis, a washing step can be
introduced. In the absence of this extra step, GO once more appeared to be highly toxic.
Indeed, for MRC-5, cell survival remained at 48% and 3%, respectively for cells incubated
with 31.25 and 600 pg/ml of GO, while those values increased to 90% and 42% if the GO
was washed-out (Figure 20B). Viability data obtained after introducing the washing step
were comparable with the modified LDH assay results. These findings confirm that the
washing step was successful in removing most of the interfering GO and that luminescence-

based assays suffer from the same limitations as colorimetric and fluorescent ones.
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Figure 20. Assessment of interference of GO with luminescence in A) RealTime-GloTM MT and B)
CellTiter-Glo viability assay. Both assays confirmed the interference with luminescence. The washing step
in CellTiter-Glo assay was efficient to overcome interference with luminescent signals. Bars represent means
+ SD (n=4). In figure A (a =P < 0.001 versus before addition of GO by ANOVA). In figure B (a =P < 0.001
versus naive and b= P < 0.001 versus with washing step of GO by ANOVA).
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Figure 21. Cytotoxicity assessment by use of the CellTiter-Glo assay in A) MRC-5 and B) A549 cells.
Cells were incubated with GO and r-GO at different concentrations (31.25-600 pg/ml) for 24 and 48 hours.
GO decreased MRC-5 cell viability in a concentration and time dependent after 24 and 48 hours. A decrease
in MRC-5 cell viability was only observed at the highest tested concentrations of r-GO (300-600 pg/ml) after
48 hours. For A549 cells, GO and r-GO decreased cell viability in a concentration and time dependent manner
after 24 and 48 hours exposure. Bars represent means + SD (n=3). (*p < 0.05, **p <0.002, ***p < 0.0002 and
*F*%p < 0.0001 versus naive by ANOVA).
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Table 7. Cytotoxicity data of modified LDH and CellTiter-Glo assays in MRC-5 and A549 cells. Values
are means * SD.

MRC-5 cells AS549 cells
Sample Concentration Time Cell survival data Cell survival data
Modified- CellTiter- Modified- CellTiter-
(ng/ml) (hours) LDH Glo LDH Glo
(n=4) (n=3) (n=4) (n=3)
GO 125 24 60% +17.3 65% +4.9 80% +5.5 85% +3.7
48 40% £ 5.9 31% +4.7 78% +5.3 62% + 7.4
300 24 57% +10.1 56% + 4.1 78% + 4.8 69% + 3.7
48 40% + 6.0 26% +2.8 62% +16.1 | 52%+ 13.3
600 24 35%+12.9 | 44%+4.6 68% * 6.8 67% + 6.8
48 27% +5.2 20% + 4.8 55%+14.6 | 44% +10.0
r-GO 125 24 100% + 5.1 95% + 6.3 82% +13.5 69% + 6.4
48 100% + 9.4 87% +4.0 70%+11.5 | 53%+15.9
300 24 88% + 2.4 100% + 7.5 78% + 7.6 57% + 4.6
48 89% + 5.0 85% +3.0 60% +14.8 | 40% +13.8
600 24 83% +2.2 97% + 7.7 65% + 4.4 51%+6.5
48 80% + 5.6 82% +3.1 49% +12.6 35% +9.7

Using the CellTiter-Glo, the toxicity of GO was confirmed to be time- and concentration-
dependent for both cell lines (Figure 21). r-GO showed a similar cytotoxicity profile to GO
in A549 cells. The modified-CellTiter-Glo assay data were then compared to the modified-
LDH assay (Table 7). The results from both assays shown the same trend, and values were
mostly in agreement, generally revealing a higher sensitivity of MRC-5 to GO, but not r-
GO, compared to A549 cells.

There are limited number of investigations of the biocompatibility of graphene derivatives
on MRC-5 cells. However, the few studies published reflect the results obtained here, where
the GO’s LD50 was around 130 pg/ml after 48 hours and r-GO showed no cytotoxicity
(Muthoosamy et al., 2015, Geetha Bai et al., 2017). Cytotoxicity of GO has also been

reported from studies using normal human lung fibroblast (HLF) (Wang et al., 2013) and
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human dermal fibroblasts (HDF)(Wang et al., 2011). These studies used concentrations
beyond 50 pg/ml and examined effects after 24 hours. Taken together, data indicate
cytotoxicity of GO towards healthy normal fibroblasts. Thereby, GO’s biocompatibility
must be considered before its biomedical in vivo applications. The observed cytotoxicity
profile for MRC-5 reveals the impact of the different physiochemical properties between
GO and r-GO on cellular interaction. It has been reported that the higher level of oxidation
of GO compared to r-GO contributes to the increased cytotoxicity of GO against human
endothelial cells and keratinocytes (Das et al., 2013). Therefore, the high GO cytotoxicity
against MRC-5 could be related to its higher oxidation level than r-GO. In contrast,
Bengtsen and colleagues recently reported that the oxidation level has no effect on GO and
r-GO nanomaterials cytotoxicity in the case of a lung epithelial cell line FE1 (Bengtson et
al., 2016). However, in the latter study both GO and r-GO were reported as non-cytotoxic
and the lateral dimension of the nanoparticles was larger (>500 nm) than the size of
nanoparticles used in the current study (<200 nm). Thus, size could be a major factor in the
cytotoxicity data. Indeed, it has been reported that GO cytotoxicity is concentration (50-200
pg/ml) and size (160-780 nm) dependent and GO with a smaller size exhibits the most
cytotoxic effect (Chang et al., 2011).

Exposure of A549 cells to graphene derivatives at concentrations ranging from 31.25 to125
ng/ml) indicated subtle impacts on cell viability up to 48 hours and the oxidation level had
no effect on cytotoxicity. The cytotoxicity profile seen for A549 is in agreement with other
studies in which GO had similar physiochemical properties to the GO used in this research
(Ali-Boucetta et al., 2013a, Jasim et al., 2016). In these other studies, GO was synthesised
following the same methodology as the present work and the cytotoxicity was assessed
using the modified LDH assay, which is considered most reliable method to screen carbon-

based nanomaterials (Vranic and kostarelos, 2017). The results collectively indicate that
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graphene derivatives are biocompatible to A549 cells which is in agreement with GO drug
delivery studies (Zhang et al., 2010, Zhang et al., 2017a).

In contrast, other studies have reported a significant damaging effect on A549 by exposure
to GO at lower concentrations (Hu et al., 2011, Mittal et al., 2016). For example, Mittal et
al reported concentration- and time-dependent cytotoxicity for A549 cells exposed to 1-100
pg/ml of GO and r-GO (Mittal et al., 2016). However, in Mittal et al and Hu et al work, the
MTT assay was used to screen cytotoxicity, and has been reported to be unreliable for
carbon-based nanomaterials (Liao et al., 2011, Ali-Boucetta et al., 2011). Therefore,
comparisons between the literature should be drawn cautiously as various assays as well as
different physiochemical properties of graphene derivatives can give different conclusions
regarding biocompatibility.

In drug delivery, nanoparticles can deliver antineoplastic drugs into cancer cells with
minimum drug exposure to healthy cells (Bahrami et al., 2017). Therefore, the safety profile
of nanoparticles proposed for drug delivery application should be carefully addressed using
healthy cells. Here, the high sensitivity of healthy lung cells toward GO cytotoxicity calls
for further thorough systemic investigation before drawing any solid conclusion on the
safety of graphene nano-sheets of certain size and surface chemistry. However, the
preliminary data obtained here indicate that GO could be used safely at concentrations up
to 31.25 pg/ml. With regards to r-GO, although no toxicity could be observed in healthy
cells, data from cancer cells indicate that safe concentrations of r-GO are up to 125 pg/ml.
Despite the better cytotoxicity profile of r-GO than GO, the surface chemistry of GO in the
present work render it a favourite candidate for drug delivery than its reduced form. For
instance, GO has a several functional groups on its surface that allow the possibility of

different bio-conjugation to improve its biocompatibility (Bitounis et al., 2013).
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In summary, the cytotoxicity of graphene derivatives was concentration-, time- and cell-
dependent. More interestingly, toxicity varied with the material used. These data indicate
that the surface chemistry of graphene nanoparticles has a crucial influence on
biocompatibility of graphene derivatives. The next step will examine nanomaterial-cell
interactions and the mechanisms responsible for the toxicity observed.

4.2.2 Cellular interaction of graphene nanomaterials

Following identification of the potential cytotoxic effect of graphene derivatives in lung
cells, the question addressed was whether cytotoxicity is due to internalisation or interaction
with the plasma membrane. Some studies have shown that the entry of graphene
nanoparticles is responsible for their observed cytotoxicity, whereas other studies have
showed that graphene translocation into cells can transport therapeutic drugs without
causing injury to cells (Zhang et al., 2016).

Different energy dependent endocytosis processes are required for the entry of nanoparticles
into cells. There are various types of endocytotic pathways, including phagocytosis that can
actively internalize large particles (>500 nm) into phagocytes (Sahay et al., 2010, Zhang et
al., 2016). Moreover, endocytosis is classified into multiple mechanisms depending on the
size of nanoparticles, namely, micropinocytosis (< 500 nm), clathrin-dependent endocytosis
(~120 nm), caveolin-dependent endocytosis (~ 60 nm), and clathrin and caveolin-
independent endocytosis (~ 60 nm) (Sahay et al., 2010, Conner and Schmid, 2003, Kinnear
et al., 2017). Non-phagocytic cells such as A549 and MRC-5 cells are able to uptake small
nanoparticles (He et al., 2010, Vila et al., 2012). As the average size of graphene derivatives
in the present study was found to be predominantly less than 200 nm, it was expected that
their internalization will be via a non-phagocytic endocytosis mechanism in MRC-5 and

A549 cells. In addition, some nanoparticles have the potential to gain entry through passive
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diffusion across the plasma membrane (Shang et al., 2014). For example, carbon nanotubes
are reported to gain entry to cells via piercing the plasma membrane (Lacerda et al., 2007).
Fluorescence staining is commonly used as a method to study nanoparticle uptake by cells
(Sadik et al., 2009). However, as stated in the previous section, quenching of the signal
makes this method unsuitable for graphene nanomaterials (Xie et al., 2009, Wu et al., 2018).
Al-Jamal and Kostarelos (2010) have proposed an alternative approach based on the
qualitative assessment of changes in light scattering by flow cytometry. Specifically, the
method is based on the binding of carbon-based nanomaterials to cells leading to an
increased granularity which translates into changes to the side scatter profile (Al-Jamal and
Kostarelos, 2010, Suzuki et al., 2007). Although, side scattering method is unable to
differentiate between cell adsorption and internalization of nanoparticles by cells, this
method was successfully used for the study of the uptake of carbon nanotubes (Al-Jamal
and Kostarelos, 2010, Ali-Boucetta et al., 2011), zinc oxide, titanium dioxide and silver
nanoparticles (Toduka et al., 2012) and was expected to provide useful information on the
interaction of graphene nanomaterials with cells (Ma et al., 2015). For this experiment, cells
were exposed to a maximum concentration of 125 pg/ml because of the high cytotoxicity
exhibited by graphene derivatives at higher levels that could lead to a low cell count.

In the present study, the interaction was analysed for MRC-5 and A549 cells after incubation
with GO and r-GO at different concentration ranges (15.6-125 pg/ml) for 24 and 48 hours.
Here, the lack of change in the side scatter profiles suggest a negligible interaction between
nanomaterial and MRC-5 (Figure 22) and A549 cells (Figure 23). This somewhat
challenges the cytotoxicity data, especially in the case of MRC-5 cells where the low cell
survival observed after 48 hours treatment with 125 pug/ml of GO would imply some

interaction between the cells and nanomaterials.
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It is possible that the shape and the 2D structure of the GO and r-GO nanoparticles had
restricted their capacity to translocate into cells (Verma and Stellacci, 2010, Li et al., 2016,
Zhao et al., 2017, He and Park, 2016, Xie et al., 2017). The study of the interaction of 2D
nanomaterials is still in early stages, especially as this shape is less common compared to
cylindrical and spherical shapes (Chimene et al., 2015, Kinnear et al., 2017). So far, the side
scatter method has been applied successfully to a range of material of varying composition
and shape, but different tools were required to arrive at conclusions about the cellular uptake

of graphene derivatives in this work.
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Figure 22. Analysis of cellular uptake of GO and r-GO using flow cytometry in MRC-5 cells. Univariate
scatter histograms were recorded by flow cytometry showing the cell number versus sideward scattering for
the non-cancerous human lung MRC-5 cells incubated with varying concentrations of GO (A) and r-GO (B)
(15.6-125 pg/ml) for 24 and 48 hours (n=3). No change in the cellular granularity (side scattering) was detected

in cells incubated with GO or r-GO as compared to the untreated cells (naive) at both time points.
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Figure 23. Analysis of cellular uptake of GO and r-GO using flow cytometry in A549 cells. Univariate
scatter histograms were recorded by flow cytometry showing the cell number versus sideward scattering for
the human lung carcinoma A549 cells incubated with varying concentrations of GO (A) and r-GO (B) (15.6-
125 pg/ml) for 24 and 48 hours (n=3). The change in the cellular granularity (side scattering) was minimal

after 24 and 48 hours incubation with GO and r-GO versus naive cells.
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The cellular uptake of graphene derivatives in the present study was further investigated
indirectly by assessing the cytotoxicity of GO and r-GO after blocking cellular uptake via
an endocytosis inhibitor. MRC-5 and A549 cells were pre-incubated with sodium azide to
block endocytotic uptake. In this experiment, the findings at the 48-hour time-point were
excluded because the inhibitory effect of sodium azide will have subsided by this time.

For MRC-5 cells, there was a significant decrease in the cytotoxicity of GO when cellular
uptake was inhibited by sodium azide. Cell viability was 67% compared to 52% when
cellular uptake was not blocked and for the highest GO concentration (Figure 24A). This
small increase in cell survival indicates that only a very small proportion of GO is taken up
by the cells through an active process, if at all. The flow cytometry results and these findings
indicate that uptake is unlikely to be the main mechanism that is responsible for GO toxicity.
However, the induced cytotoxicity observed at high GO concentrations might relate to
plasma membrane damage or possibly passive internalization of graphene nanoparticles into
cells.

In case of A549 cells, there was not any significant decrease in the cytotoxicity provoked
by GO or r-GO after blocking the cellular uptake process other than the trend was that
sodium azide rescued the viability of cells exposed to GO but not r-GO (Figure 24B).
However, as the cytotoxicity of graphene derivatives toward A549 cells after 24 hours was
slightly low, it was difficult to arrive at a firm conclusion regarding the effect of sodium

azide.
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Figure 24. Cytotoxicity assessment after blocking endocytosis cellular uptake in A) MRC-5 and B) A549
cells and by means of the m-LDH assay. Cells were pre-treated with the endocytosis inhibitor (7 pg/ml of
sodium azide for 1 hour) before treatment with GO or r-GO at cytotoxic concentrations (300-600 pg/ml) for
24 hours. A) Shows the m-LDH data obtained for MRC-5 cells. B) Shows the m-LDH data obtained for A549
cells. A significant decrease in GO toxicity in MRC-5 cells was observed after blocking endocytosis versus
GO toxicity without blocking endocytosis. In A549 cells, there was no significant change in the GO or r-GO
toxicity after blocking the endocytosis process versus toxicity without endocytosis inhibitors. Bars represent
means £ SD (n=3). (*p < 0.05, **p < 0.002, ***p < 0.0002 and ****p < (0.0001 versus naive by ANOVA)
and (a =p < 0.05 versus equivalent concentration of GO without endocytosis inhibitors by ANOVA).
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Collectively, the findings presented so far indicate there is negligible cellular uptake of GO
and r-GO nanoparticles by MRC-5 and A549 cells. However, both of the techniques used to
assess cellular uptake are indirect and qualitative tools. For these reasons, further
investigation regarding cellular uptake of GO and r-GO is required with more advanced
techniques to be sure about the capacity of graphene derivatives to translocate into cells.

The inability of GO to be up taken by MRC-5 and A549 cells is in agreement with other
studies, which have shown that only phagocytes such as macrophages can uptake GO
nanoparticles (Yue et al., 2012, Ma et al., 2015). Reshma and colleagues reported the
inability of A549 cells to uptake r-GO nanoparticles by using side scattering measurement
as in this work (Reshma et al., 2016). r-GO was expected to have a very weak cellular uptake
because of its poor dispersion in water as result of its high hydrophobicity which can
minimize its cellular interaction (Chatterjee et al., 2014). As presented in chapter 3, both
GO and r-GO are negatively charged with a {-potential value of (- 42.4 = 0.84 mV) and (-
30.0 £ 1.91mV), respectively. Therefore, this weak capability of cells to uptake both GO
and r-GO could be related to the strong electrostatic repulsions between the negatively
charged cell surface and the negatively charged graphene surface (Verma and Stellacci,
2010, Yue et al., 2011, Yue et al., 2012). Macrophages may overcome the strong
electrostatic repulsions between graphene surface and the negatively charged cell membrane
through the FCy receptor mediated phagocytosis pathway (Yue et al., 2012). Zhang and
colleagues showed that changing 3D polystyrene nanoparticles to 2D polystyrene
nanoparticles rendered them unable to translocate into mammalian cells (Zhang et al.,
2012b). Therefore, besides the negatively charged surface of GO, its 2D shape might plays
a major role in weak cellular uptake. To investigate further the interaction of graphene

derivative with the cellular membrane, their capacity to lyse RBCs was evaluated.
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Hemolysis assessment is one of the most common assays used to screen for the interaction
of nanomaterials with RBCs (Dobrovolskaia and McNeil, 2013). Hemolysis is the damage
to RBCs that may lead to life threatening conditions. In the present study, sheep RBCs were
used to assess the hemolysis potential of GO or r-GO at 25 °C or 37 °C. No reports have
showed significant differences within the hemolysis assay using species of different origins
(Dobrovolskaia and McNeil, 2013).

At 25 °C, GO induced lysis up to 7% at 600 pg/ml while r-GO induced lysis up to 4 and
28% at 300 and 600 pg/ml, respectively (Figure 25). Lysis of RBCs by GO and r-GO was
concentration dependent and only observed at concentrations higher than 62.5 pg/ml at 37
°C. Both GO and r-GO led to more than 20% RBCs lysis at 600 pg/ml at 37 °C. GO
cytotoxicity towards RBCs was more pronounced at 37 °C, inducing about 13% lysis at 300

pg/ml (Figure 25).
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Figure 25. RBCs hemolysis. A) Percentage of hemolysis of sheep RBCs incubated with GO or r-GO at
different concentrations ranging from 62.5 to 600 pg/ml for 3 hours. Data represent the means + SD from 3
independent experiment. *p < 0.05, **p < 0.002, ***p < 0.0002 and ****p < 0.0001 versus naive by one-way
ANOVA analysis. B) Photographs of hemolysis of sheep RBCs incubated with GO or r-GO. The appearance

of red haemoglobin in the supernatant is related to damage of RBCs. Phosphate buffered saline and deionised
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According to the ASTM international E2524-08 protocol, the threshold for in vitro
hemolysis is 2%. As such, if the hemolysis assay results for a test nanomaterial falls below
2%, the agent is viewed as non-hemolytic. Agents that result in hemolysis values between
2 and 5% are considered as moderate hemolytics and values above 5% certify the test
nanomaterial as hemolytic. Hemolysis of graphene derivatives in the current research was
more pronounced at 37 °C than 25 °C. Also, the hemolysis data revealed that GO and r-GO
are moderately hemolytic at a concentration of 125 pg/ml and highly hemolytic at
concentrations > 300 pg/ml at 37 °C. Although both GO and r-GO nanoparticles showed
concentration dependent hemolysis toward sheep RBCs, differences were seen in the extent
of the hemolytic activity between GO and r-GO. The observed hemolysis was possibly due
to the irregular edges of GO and r-GO nanoparticles, which upon contact with RBCs may
result in mechanical disruption of the plasma membrane and therefore cause lysis. This
could also explain the cytotoxicity observed for MRC-5 and A549 cells after exposure to
high concentrations of graphene derivatives. The physical interaction of graphene
nanomaterials with the cell surface is considered one of the major causes of cytotoxicity due
to its sharp edges (Seabra et al., 2014, Gurunathan et al., 2014).

It has been reported that GO induces severe hemolytic activity at 25 pg/ml (Liao et al.,
2011). The findings by Jaworski and colleagues are similar to what has been found in this
study in relation to the hemolytic activity of GO and r-GO (Jaworski et al., 2017). In
contrast, another study observed that graphene and its derivatives have no hemolytic activity
(Strojny et al., 2015). This finding of in vitro RBC compatibility of graphene nanoparticles
is vitally important as accidental exposure to graphene nanoparticles by inhalation, ingestion
or by skin contact, can potentially result in the transportation of graphene nanoparticles into
the bloodstream. Also, many of the proposed graphene biomedical applications requires

intravenous injection (IV), which will mostly lead to the interaction of graphene
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nanoparticles with blood components (Chen et al., 2015b, Monasterio et al., 2017). RBCs
are one of the initial sites of contact upon IV injection; for this reason, hemo-compatibility
assessment for graphene nanoparticles to be used in biomedical applications is essential
(Kiew et al., 2016). The hemo-compatibility of graphene derivatives should be carefully
reviewed before therapeutic application and surface modification of graphene can improve
hemo-compatibility. For instance, coating with chitosan (Liao et al., 2011), heparin (Cheng
et al., 2013) and liposome (Monasterio et al., 2017) almost demolished the hemolytic
activity of GO.

Cytotoxicity of GO was evident in this project when MRC-5 and A549 cells were treated
with concentrations ranging from 125 to 600 pg/ml and after 24 and 48 hours exposure. 1-
GO cytotoxicity was also evident at similar concentrations of GO but only in the case of
A549 cells. In summary, many researchers have studied the cytotoxicity of graphene
nanomaterials, but the exact mechanisms that underlie the cytotoxicity are still unclear (Ou
et al., 2016). Therefore, the assessments described in the next section were performed to

identify the possible mechanism(s) of graphene nanoparticle cytotoxicity.
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4.2.3 Mechanistic assessment of GO and r-GO cytotoxicity

Exposing cells to cytotoxic materials can lead to different types of cell death. One example
is the accidental cell death which is termed necrosis. The necrosis process is characterised
by rapid cell swelling and a loss of membrane integrity, resulting in the release of cellular
content into the surrounding environment. Necrosis cell death is not the only way cells can
die, the cells may also undergo apoptosis, which is a type of highly regulated cell suicide.
Apoptosis is characterized by cytoplasmic shrinkage, membrane budding, nuclear
condensation and explicit fragmentation (Klaassen and Watkins, 2008). In addition to
apoptosis and necrosis, autophagy is another mechanism of cell death. Autophagy is a
recycling system that breaks down abnormal protein mass, cytoplasmic contents and
damaged organelles (Codogno et al., 2012). However, unrestrained autophagy can leads to
a non-apoptotic cell death (Pecorino, 2008). It has been reported that disruption of
autophagy function leads to cell injury that can cause cell death, and this disruption is
postulated to be a potential mechanism of nanomaterials toxicity (Mishra et al., 2016, Wang
et al., 2017a). The mechanisms of nanoparticle toxicity have been extensively investigated.
Different types of nanomaterials have been reported to induce toxicity through the formation
of reactive oxygen species (ROS) in many biological systems. Overproduction of ROS leads
to oxidative stress, a condition that gives rise to different toxicity ends point such as
unregulated cell signalling, changes in cell motility, genotoxicity, carcinogenesis,
autophagy and apoptosis (Gonzalez et al., 2009, Fu et al., 2014). Therefore, in this section
the possible mechanism of cell death, oxidative stress and genotoxicity of GO and r-GO

were investigated.
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4.2.3.1 Apoptosis
Apoptosis is divided into two pathways, the death receptor pathway (extrinsic) and
mitochondrial pathway (intrinsic). The extrinsic pathway is induced by TNF family
receptors and their ligands, while the intrinsic apoptosis pathway is regulated by the
mitochondrial Bcl-2 family proteins. (Dickens et al., 2012, Shamas-Din et al., 2013, Ou et
al., 2017). In both cases, apoptosis will ultimately result in the activation of caspase 3 which

initiates the apoptotic process (Figure 26).

TNFR-q, FasL, TRAIL Death stimuli

Actin

T
Apoptosis

Figure 26. Extrinsic and intrinsic apoptosis pathways. The extrinsic pathway is induced by death receptors
(TNF) which, once activated, induces adaptor proteins and pro-caspase-8 to form a death inducing signalling
complex (DISC). The DISC activates caspase-8 and the latter leads to the cleavage of pro-caspase-3 into active
caspase-3 and initiates the apoptotic process. The intrinsic apoptosis pathway is regulated by mitochondrial
Bcl-2 family proteins. Stimulation of mitochondria by extracellular or intracellular signals leads to release of
cytochrome c into the cytosol by Bcl-2 protein action. Cytochrome c recruits Apaf-1 to form the apoptosome
that binds and trigger caspase-9 which results in caspase-3 cleavage and consequently in apoptosis (Dickens
et al., 2012, Shamas-Din et al., 2013, Ou et al., 2017).
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In the initial stages of apoptosis, phosphatidylserine is translocated from the internal surface
of the plasma membrane to its external surface (Vermes et al., 1995). This change to the cell
make-up can be detected using an Annexin-V/PI flow cytometry-based assay. Annexin-V
stain binds to phosphatidylserine upon the outer surface of the apoptotic cell membrane; as
necrotic cells may also go through membrane flip-flop, propidium iodide (PI) stain is added
to differentiate between apoptotic cells and necrotic cells. During necrosis, the membrane
impermeable PI stain passes through damaged plasma membranes and stains DNA within
the nucleus, giving rise to red fluorescence.

The ability of GO and r-GO (125 and 300 pg/ml) to trigger apoptosis was tested on MRC-
5 and A549 cells. This concentration range (125 and 300 pg/ml) was selected as it has
induced cell death based on the aforementioned cytotoxicity data. Cell populations using
Annexin V/PI assay can be classified into one of four categories: healthy cells (bottom left
quadrant [AnnexinV-/PI-]), apoptotic cells (bottom right quadrant [AnnexinV+/PI-]),
necrotic cells (top right quadrant [AnnexinV+/PI+]), and cell debris (top left quadrant
[AnnexinV-/PI+]).

The results showed that there was no substantial induction of apoptosis or necrosis of MRC-
5 cells after 24 hours of incubation with GO or r-GO (Figure 27). The percentage of healthy
cells after incubation with GO was only 20% lower compared to the negative control. The
highest degree of apoptosis was detected after incubation with GO (300 pg/ml) for 48 hours,
although only 17% of cells were apoptotic compared to 85% for staurosporine (positive
control). Results obtained for A549 cells showed a similar trend where induction of neither
necrosis nor apoptosis could be observed (Figure 28).

Unexpectedly neither cell line showed signs of toxicity, even when exposed to GO at a
concentration of 300 pg/ml (ca. 55% and 75% cell survival in MRC-5 and A549 cells,

respectively [Table 7]). Similar inconsistencies were reported by other researchers and are
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attributed to quenching of the fluorescent-probes by nanoparticles (Zhu et al., 2010c, Ali-
Boucetta et al., 2011, Wu et al., 2018). However, this is unlikely to be the case here since
the nanomaterials were gently removed to limit interference. Still, dead cells could become
detached during the procedure, leading to an underestimation of cell death. The latter issue
is the most likely reason for the inconsistent cytotoxicity data obtained by using the Annexin
V/PI assay.

In addition, as graphene nanoparticles tend to agglomerate, this maybe another potential
issue in assessing carbon-based nanomaterials by the use of flow cytometry techniques.
These agglomerates possibly resemble the size of a cell and hence can be counted as
unstained event on the Annexin V/PI bivariate dot plot. The latter issue results in an
overestimate of populations of healthy cells in the sample, which can give rise to a false
conclusion about the toxicity of the nanomaterial (Vranic and kostarelos, 2017).
Nevertheless, results so far indicate that neither GO nor r-GO trigger apoptosis at the

concentrations tested.
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Figure 27. Investigation of apoptotic cell death in MRC-5 cells by flow cytometry. A and B represent flow
cytometry dot-plots for cells incubated with GO and r-GO for 24 and 48 hours, respectively, indicating: the
healthy cells (bottom left quadrant), apoptotic cells (bottom right quadrant), necrotic cells (top right quadrant),
and cell debris (top left quadrant) (n=3). C) Frequency of cells in each quadrant in every treatment group for

the 24 and 48-time points. DMSO was used as a positive control for necrosis while staurosporine (1uM, 24
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Figure 28. Investigation of apoptotic cell death in A549 cells by flow cytometry. A and B represent flow

cytometry dot-plots for cells incubated with GO and r-GO for 24 and 48 hours, respectively, indicating: the

healthy cells (bottom left quadrant), apoptotic cells (bottom right quadrant), necrotic cells (top right quadrant),

and cell debris (top left quadrant) (n=3). C represents percentage of cells in each quadrant in every treatment

group for 24 and 48 time-points. DMSO was used as a a positive control for necrosis while staurosporine

(1uM, 24 hour) was used as a positive control for apoptosis.
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Analysis of caspase expression can provide further insight into the mechanism of cell death.
Caspases fall into two categories including initiators and executioners (Favaloro et al.,
2012). The initiator caspases-2, caspases-8, caspases-9, caspases-10, and caspases-12 are
linked to upstream pro-apoptotic signals and function by cleaving and stimulating the
downstream executioner caspases. The executioner caspases-3, caspase-6 and caspase-7
modify proteins that are responsible for apoptotic process. Executioner caspases cleave
many targets such as Poly (ADP-ribose) polymerase (PARP) and lamin A/C (Mcllwain et
al., 2013). Here, caspase expression, specifically caspases-3 and -7, was first determined by
Caspase-Glo 3/7 assay (Figure 29). Results showed neither executioner caspases were
induced after incubation with GO and r-GO in both cell lines.

To further confirm data, the intracellular levels of cleaved-caspase-3 and its target cleaved-
PARP were analysed by flow cytometry. In the case of MRC-5 cells, analysis indicated that
there was no induction of cleaved-caspase-3 or cleaved-PARP proteins after incubation with
both graphene derivatives compared to positive control (Figure 30). However, results in
A549 cells hint that apoptosis may be involved in GO-triggered cytotoxicity after 24 hours,
but not 48 hours (Figure 31); no change in the levels of cleaved-caspase was seen when
cells were exposed to r-GO, independently of exposure time. Cleaved-PARP measurement
in A549 cells incubated with graphene derivatives indicated no signs of activation of PARP
protein. This finding shows that GO and r-GO do not induce apoptosis in MRC-5 and A549

cells.
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Figure 29. Caspase-Glo 3/7 assay in A) MRC-5 and B) A549 cells. Percentage of caspase 3/7 activities in
MRC-5 (A) and A549 cells (B) incubated with GO and r-GO at cytotoxic concentrations (125-300 pg/ml) for
24 and 48 hours in comparison to untreated (naive) and staurosporine for 6 hours (10 uM; positive control).
There were no increases in caspase 3/7 activities in GO/r-GO treated group compared to naive. Bars represent

means = SD (n=3). (*p <0.05, **p <0.002, ***p < 0.0002 and ****p <0.0001 versus naive by ANOVA).
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Figure 30. Flow cytometric analysis of cleaved-caspase-3 and cleaved-PARP in MRC-5 cells. Flow
cytometric analysis using cleaved-caspase-3 antibody: cells exposed to GO and r-GO for 24 hours (A), cells
exposed to GO and r-GO for 48 hours (B) (n=3). Flow cytometric analysis using cleaved-PARP antibody:
cells exposed to GO and r-GO for 24 hours (C), cells exposed to GO and r-GO for 48 hours (D) (n=3).
Graphene derivatives treated samples were compared to non-specific negative control antibody (blue), naive

(green peak) and to the positive control (staurosporinlpM, red peak). GO and r-GO do not induce apoptosis.
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Figure 31. Flow cytometric analysis of cleaved-caspase-3 and cleaved-PARP in A549 cells. Flow cytometric
analysis of cleaved-caspase-3: cells exposed to GO and r-GO for 24 hours (A), cells exposed to GO and r-GO for 48 hours
(B) (n=3). Flow cytometric analysis using cleaved-PARP antibody: cells exposed to GO and r-GO for 24 hours (C), cells
exposed to GO and r-GO for 48 hours (D) (n=3). Graphene derivatives treated samples were compared to nonspecific
negative control antibody (blue), naive (green peak) and to a positive control (staurosporinluM, red peak). Cleaved-
caspase-3 intensity in cells incubated with GO for 24 hours was similar to intensity seen with the positive control, but after

48 hours the intensity was comparable to the negative control. Analysis of cleaved-PARP indicated no induced apoptosis.
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In addition, both intracellular proteins, cleaved-caspase-3 and cleaved-PARP, as well as
pro-caspase-3 protein were analysed for both cell lines using the Western blot technique.
Western blot analysis in MRC-5 and A549 cells confirmed that neither cleaved-caspase-3
nor cleaved PARP were activated after incubating cells with cytotoxic concentrations (300
pg/ml) of GO and r-GO for 24 hours (Figure 32). Activated caspase and PARP were only
detected in cells incubated with staurosporine. These findings support the viewpoint that
GO and r-GO do not induce apoptosis in MRC-5 and A549 cells. The next mechanistic
investigation was of autophagy, as the disruption of this process can be a potential

mechanism of nanomaterials toxicity (Mishra et al., 2016, Wang et al., 2017a).
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Figure 32. Western blot analysis for the pro-caspase 3, cleaved-caspase-3 and cleaved-PARP in A)
MRC-5 and B) A549 cells. The cleaved-caspase-3 and cleaved-PARP were not detected in MRC-5 (A) and
A549 (B) cells incubated with 300 pg/ml of GO or r-GO. Results indicated that GO or its reduced form do
not induce apoptosis. Bands of the cleaved-caspase and cleaved PARP were only detected for cells incubated

with10 uM staurosporine for 6 hours (positive control).

107



4.2.3.2 Autophagy analysis

Autophagy is an evolutionary catabolic process; described as self-eating or type-II
programmed cell death that is essential for the homeostasis of cells (Rautou et al., 2010).
Autophagy under cellular stressful conditions permits the degradation of extra proteins and
recycling of amino acids for the formation of proteins that are crucial for cell survival
(Klionsky and Emr, 2009). Autophagy is a multistage and highly dynamic process. As for
other cellular pathways, autophagy can be regulated positively or negatively at different
stages (Jin and Klionsky, 2014, Klionsky et al., 2016). Therefore, understanding autophagic
flux is critical.

During autophagy, protein aggregates and damaged organelles are engulfed by a newly
formed membrane called a phagophore to form a double membraned structure called an
autophagosome (Figure 33). The autophagosome is then targeted to fuse with the lysosomes
forming an autolysosome. The autolysosome then degrades cellular components by
lysosomal enzyme (Jin and Klionsky, 2014). The induction of autophagy is controlled by
different kinases but the mammalian target of rapamycin kinase (mTOR) is the critical
regulator in autophagy cell signalling. mTOR is a negative regulator of autophagy and acts

as a checkpoint at the start stage integrating nutrient, growth factors and energy signals.
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Figure 33. Autophagy signalling. mTOR is a negative regulator of autophagy and its activation through Akt
and MAPK signalling results in autophagy suppression while negative regulation of mTOR through AMPK
and p53 signalling leads to autophagy induction. The serine/threonine kinase ULK1 acts downstream the
mTOR and can be directly activated by AMPK. ULK1 triggers PI3K-III and forms a complex with associated
proteins. PI3K-III complex interacts with phagophore and start the formation of autophagosome. During the
autophagosome formation, the microtubule associated protein LC3-I is converted to LC3-II to be attached to
the autophagosome membrane. During autophagy, SQSTM1/p62 binds to LC3 and delivers protein aggregates
to the autophagosome. The autophagosome is then targeted to fuse with the lysosomes forming an

autolysosome for autophagic degradation.

As shown in Figure 33, mTOR activation through Akt and MAPK signalling results in
autophagy suppression while negative regulation of mTOR through AMPK and p53
signalling leads to autophagy induction (Alers et al., 2012). The mammalian
serine/threonine kinases ULK, such as ULKI, play a vital role in autophagy induction
signalling and act downstream the mTOR complex. ULK also can be phosphorylated and
activated by AMPK directly. Activation of ULK1 triggers phosphoinositide-3 kinase III
(PI3K class III) and forms a complex with associated proteins. PI3K class III complex
interacts with phagophore forming binding sites for autophagic proteins and start the
formation of autophagosome (Papinski and Kraft, 2014, Klionsky et al., 2016).

During the autophagosome formation, the light chain 3 (LC3-I) protein in the cytoplasm is

converted to its lipidated form LC3-I1, and attached to the autophagosome membrane; LC3-
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I protein level is commonly used as an index of autophagosome formation (Wu et al., 2006).
Throughout autophagy process, sequestosome 1 (SQSTM1/p62) binds to LC3 and delivers
SQSTM1-bound protein aggregates to the autophagosome for degradation (Trocoli et al.,
2014). SQSTM1/p62 proteins are used as a marker for autophagic degradation (Klionsky et
al., 2016). Proteins including LC3, SQSTM1/p62 and mTOR were analysed in this research

to assess autophagy process in cells exposed to graphene nanomaterials.

First, the protein level of LC3 protein was measured in extracts of MRC-5 and A549 cells
exposed to GO and r-GO for 24 hours at concentration of 300 pg/ml. Chloroquine was used
as a positive control for LC3-II, as it inhibits the autophagic flux by increasing the lysosomal
pH, thus preventing the fusion of autophagosome with lysosomes and inhibiting autophagic
degradation (Takahiro Shintani, 2004). Blocking autophagy degradation by chloroquine
leads to the accumulation of LC3-II protein. Here, the conversion of LC3-I to LC3-II was
measured by Western blot analysis. After incubation with GO, the levels of LC3-1/I1 were
significantly decreased in both cell lines, compared to the untreated control (Figure 34),
with LC3-I depletion being more pronounced in MRC-5 cells. In comparison, LC3-I/II
levels remained mostly unchanged when cells were treated with r-GO with the exception of
LC3-II in A549 (Figure 34F). These findings indicate that r-GO may have induced

autophagy or partly mimicked chloroquine in those cells.
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Figure 34. Expression of LC3-I to LC3-II in MRC-5 (A-C) and A549 (D-F) cells. Representative Western
blot analysis of LC3 expression in MRC-5 (A) and A549 cells (D) including untreated control and cells treated
with 50 pM of chloroquine, 300 pg/ml of GO and r-GO for 24 hours. B and E show densitometry analysis of
LC3-I in MRC-5 and A549 cells, respectively. C and F show densitometry analysis of LC3-1I in MRC-5 and
A549 cells, respectively. LC3 protein was significantly decreased by GO in both cell lines compared to naive
cells. r-GO significantly increased the level of LC3-II only in A549 cells compared to naive cells. The protein
expression was normalized to GAPDH (loading control) relative to untreated group. Bars represent mean *

SEM (n=4). * =p <0.05, ** =p < 0.002, *** =p < (0.0002 and **** = p < 0.0001 versus naive by ANOVA.
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Data obtained from LC3 expression indicated that GO has an effect on the autophagy
process, but the nature of this effect was obscure as GO decreased protein expression of
both LC3-I and LC3-II. To gain further insight into how GO impacts on autophagy, the
effect of a mixture of GO and chloroquine on LC3 protein was investigated. Two other
treatments in this test were included, a treatment whereby cells were pre-treated with
chloroquine overnight and then were exposed to fresh media for 24 hours, in order to test
potential recovery from the inhibitory chloroquine effect. In the second treatment, cells were
pre-treated with chloroquine overnight and then were exposed to GO (300 pg/ml) for 24
hours, to check if GO has any effect on the accumulation of LC3-II and thus, autophagosome
formation.

For MRC-5 and A549 cells pre-incubated with chloroquine followed by incubation with
fresh media, the level of LC3-II protein was less than for the chloroquine control (Figure
35). However, results indicated that recovery was partial after 24 hours as the LC3-II levels
were still relatively high. In all cases, the addition of GO suppressed LC3-I/I1 expression to
barely detectable levels, independently of the order of addition. These data indicate that GO
has the ability to overcome the inhibitory effect of chloroquine on the autophagy process.

However, it was still unclear whether GO had inhibitory or stimulatory effect on autophagy.
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Figure 35. The impacts of GO on chloroquine inhibitory effect on autophagic flux in A-C) MRC-5 and
D-F) A549 cells. Representative western blot analysis of LC3 expression in MRC-5 (A) and A549 cells (D)
including chloroquine control (50 pM, overnight), (1) Chloroquine (50 pM) and GO (300 pg/ml) for 24 hours,
(2) Chloroquine (50 uM, overnight) followed by incubation with fresh media for 24 hours, (3) Chloroquine
(50 uM, overnight) followed by treatment with GO for 24 hours and (4) 300 pg/ml GO for 24 hours. B and E
show densitometry analysis of LC3-I in MRC-5 and A549 cells, respectively. C and F show densitometry
analysis of LC3-II in MRC-5 and A549 cells, respectively. GO caused statistical decrease in both LC3 proteins,
after cells were exposed to a mixture of GO and chloroquine or after exposing chloroquine pre-treated cells to
GO, in comparison to chloroquine treated cells (control). The protein expression was normalized to GAPDH
(loading control) relative to chloroquine control group. Bars represent mean + SEM (n=3). * =p < 0.05, ** =

p <0.002, *** = p < 0.0002 and **** = p <0.0001 versus chloroquine by ANOVA.
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The autophagy process is initiated by different kinases and comprises the association of
cargo (protein aggregates) within the autophagosome, fusion of the autophagosome with
lysosomes and its subsequent turnover (Klionsky et al., 2016). During this process LC3-1 is
expected to decrease as the protein is converted to LC3-II. If the autophagy process
continues unhindered, the expectation is that LC3-II decreases after an initial rise as the
autophagosome are depleted (Cai et al., 2010, Klionsky et al., 2016). Low levels of LC3-1
accompanied by high levels of LC3-II, as seen with chloroquine, generally indicate
accumulation of autophagosomes, likely through a reduction in their clearance rate
(Takahiro Shintani, 2004, Yoon et al., 2010). In comparison, depletion of both LC3-I/I1, as
seen with GO, is more likely indicative of triggering of the autophagic process, which is
then allowed to proceed to completion. Therefore, in order to confirm that GO induced
autophagy in MRC-5 and AS549 cells, a second protein marker SQSTMI1/p62 was
investigated.

During autophagy, SQSTM1/p62 becomes associated with the completed autophagosome
and is subsequently degraded in autolysosomes to complete the autophagic process. Thus,
the decrease in SQSTM1/p62 protein level within the cells serves as an index of autophagic
degradation. For this experiment, a wider range of GO concentrations (31.25 to 300 pg/ml)
were studied in an attempt to examine the concentration-dependence of the induction of

autophagy (Figure 36).
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Figure 36. Analysis of autophagic degradation by GO in MRC-5 (A-B) and A549 cells (C-D). Analysis
include untreated cells (naive), cells treated with 50 uM of chloroquine, and cells incubated with different
concentrations of GO (31.25,62.5,125 and 300 pg/ml) for 24 hours. B and D are the densitometry analysis of
SQSTM1/p62 in MRC-5 and A549 cells, respectively. Concentration dependent decrease in the in
SQSTM1/p62 level was observed in cells incubated with GO compared to untreated control. The protein
expression was normalized to GAPDH (loading control) relative to the untreated group. Results are
represented as % versus untreated group. Bars represent mean + SEM (n=3). * =p < 0.05, ** = p < 0.002

versus naive by ANOVA.
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Chloroquine-treated cells expressed a higher level of SQSTM1/p62 than naive cells as
autophagic degradation was inhibited by blocking fusion of the autophagosome with
lysosome. On the other hand, GO induced a significant reduction in SQSTM1/p62
expression at concentrations ranging from 125 to 300 pg/ml in MRC-5 and at concentration
of 300 pg/ml in A549 cells compared to the untreated control. These results indicated that
GO induces an unrestrained autophagic flux that has led to the extensive conversion of LC3-
I to LC3-II to be associated with the autophagosome structure.

To further evaluate the effect of graphene derivatives on the autophagy pathway, total
mTOR protein expression was studied following exposure to GO or r-GO (300 pg/ml) for
24 hours. mTOR is a negative regulator in the classical pathway of autophagy, so
suppression of mTOR activity can lead to uncontrolled autophagic flux (Klionsky et al.,
2016). A significant downregulation of mTOR protein was observed for both cell lines after
exposure to GO which confirms the assumption in this work that GO, but not r-GO, may
lead to unrestrained autophagic flux resulting in cell death (Figure 37). A wider range of
GO concentrations (31.25 to 125 pg/ml) were studied and results showed a significant
reduction in mTOR level in cells incubated with GO at a concentration of 125 pg/ml
compared to the untreated group in MRC-5 cells. However, no reduction was observed in
AS549 cells (Figure 38). These findings support the cytotoxicity data where GO showed

more impact at lower concentrations on healthy MRC-5 cells than the cancerous A549 cells.
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Figure 37. Impacts of GO and r-GO on the negative regulator of autophagy in A) MRC-5 and C) A549
cells. A and C represent western blot analysis of mTOR in extracts from MRC-5 and A549 cells, respectively.
The measurement includes untreated (naive) and cells exposed to 300 pg/ml of GO and r-GO for 24 hours. B
and D represent densitometry analysis of mTOR protein expression in MRC-5 and A549 cells, respectively.
mTOR was significantly decreased in cells treated with GO in comparison to naive while r-GO has no effect
on mTOR expression. The protein expression was normalized to GAPDH (loading control) relative to the
untreated group (naive). Results are represented as % compared to untreated group. Bars represent mean +

SEM (n=6). *p < 0.05, **p < 0.002, ***p < 0.0002 and ****p < 0.0001 versus naive by ANOVA analysis.
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Figure 38. Impacts of different concentrations of GO on the negative regulator of autophagy (mTOR)
in A-B) MRC-5 and C-D) A549 cells. A and C represent Western blot analysis of mTOR in extracts from
MRC-5 and A549 cells, respectively. Analysis includes untreated (naive) and cells exposed to GO at
concentrations ranging from 31.25 to 125 pg/ml for 24 hours. B and D represent densitometry analysis of
mTOR protein expression in MRC-5 and A549 cells, respectively. mTOR was significantly decreased in
MRC-5 cells incubated with GO at concentration of 125 pg/ml in comparison to naive. In A549 cells, no
changes in mTOR levels were observed compared to naive. The protein expression was normalized to GAPDH
(loading control) relative to the untreated group (naive). Results are represented as % compared to untreated

group. Bars represent mean = SEM (n=4). *p < 0.05 versus naive by ANOVA analysis.
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Collectively, based on the autophagy analysis presented, the conclusion is that GO causes
an unrestrained autophagy leading to a non-apoptotic cell death. Several studies support this
conclusion as they have shown that graphene nanomaterials induced autophagy, particularly
GO in different healthy and cancerous cell lines. However, there was a lack of information
regarding distinguishing between autophagy and autophagic cell death. For example, GO
induces autophagy in RAW264.7 macrophages in a concentration dependent manner (5-100
pg/ml) and after 24 hours (Chen et al., 2012). As macrophages can uptake graphene
nanoparticles, autophagy might have been triggered in an attempt to rid the cells of GO.
Investigators have reported that graphene nano-sheets induce both apoptosis and autophagy
at a low concentration (20 pg/ml; 24 hours) in BEAS-2B, a human bronchial epithelial cell
line (Park et al., 2015a). Autophagy was also induced in human hamster hybrid AL cells by
GO at 10 pg/ml after 4 hours without being cytotoxic (Liu et al., 2016). In these other
studies, autophagy was evident regarding an increase in the level of LC3-II, indicating
autophagosome formation. In this project, Western blot data showed complete
downregulation of LC3-I/Il proteins in both cell lines when exposed to a cytotoxic
concentration (300 pg/ml) indicating dysregulation of the process and autophagosome
degradation was confirmed by the decreased level of SQSTM1/p62.

Moreover, GO stimulates autophagy and induces cytotoxicity in different cancer cell lines,
such as colon carcinoma cells (CT26) (Chen et al., 2014), human neuroblastoma cells
(Jeong et al., 2017) and the osteosarcoma MG63 cell line (Tang et al., 2018). As GO has
been explored in a wide range of therapeutic applications including anticancer therapy
(Chen et al., 2016b), autophagy possibly provides a novel mechanism that underlies the
anticancer effect of GO (Tang et al., 2018). Additionally, most human cancers require hyper
activation of the mTOR pathway, thus mTOR inhibitors are expected to have powerful

anticancer effect (Meric-Bernstam and Gonzalez-Angulo, 2009, Watanabe et al., 2011,
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Dong et al., 2010). Here, GO exhibited an inhibitory effect on mTOR protein in MRC-5
cells at 125 pg/ml and in A549 cells at 300 pg/ml, thereby such effect can be implied for
cancer treatment. However, as the cytotoxic effect of GO was more pronounced in healthy
cells, further work to improve selectivity of the effect of GO is required to reduce any
adverse effect on normal tissue. The r-GO nanoparticles in this study was found to be
biocompatible with healthy MRC-5 cells while in cancerous A549 cells showed subtle
cytotoxicity and autophagosome formation after 24 hours exposure at 300 ng/ml. The good
biocompatibility profile of r-GO over GO on healthy cells could pave the way for
development of r-GO nanomaterials for biomedical applications. However, and as described
previously, the physiochemical properties of r-GO can be an obstacle to its medical
application.

With autophagy confirmed as the most likely mechanism of GO cytotoxicity, the following
sections will focus on understanding the mechanisms leading to cell death via autophagy,
starting with oxidative stress. Oxidative stress was recognized as one of the most significant
mechanisms of cell damage due to the generation of ROS by nanomaterials (Gonzalez et
al., 2009, Fu et al., 2014, Seabra et al., 2014, Chen et al., 2016a). Also, ROS levels play a

major role in regulating the induction of autophagy (Poillet-Perez et al., 2015).
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4.2.3.3 Oxidative stress assessment

Recent studies have suggested that ROS play a major role in mediating the cytotoxicity of
graphene derivatives (Seabra et al., 2014, Chen et al., 2016a, Tabish et al., 2018). ROS are
small, highly reactive and short lived chemical species that are produced by flawed one
electron reduction of oxygen. Oxygen anions, superoxide and hydroxyl radicles, and
hydrogen peroxide are examples of ROS. Overproduction of ROS leads to oxidative stress,
a state in which cell constituents such as proteins, lipids and DNA are oxidized.
Consequently, oxidative stress leads to different toxicity ends point such as unregulated cell
signalling, changes in cell motility, genotoxicity, carcinogenesis, autophagy and apoptosis
(Shibata and Niki, 2001, Batandier et al., 2002).

Antioxidant inside the cells plays a vital role in detoxifying ROS and limits oxidative stress.
Normal cellular conditions reflect a balance between the level of ROS formation and ROS
elimination by antioxidants. There are several non-enzymatic and enzymatic antioxidants
including glutathione, thioredoxin, catalas, peroxidases and superoxide dismutase. High
levels of ROS can overwhelm the activity of cellular antioxidants (Finkel, 2003, Scherz-
Shouval and Elazar, 2011).

In this study, oxidative stress was measured by analysing the levels of ROS and glutathione
inside the cells. To further evaluate the potential stress caused by graphene nanomaterials,
phospho-p38 MAP kinase was investigated. Phospho-p38 MAP kinase is involved in a
signalling that directs cellular responses to stress. p38 MAP kinase is activated by different
cellular stresses. In addition, heat shock protein 27 (HSP27) was also analysed as its
expression increases in response to stress. HSP27 is phosphorylated as response to the
activation of the p38 MAP kinase (Rouse et al., 1994, landry et al., 1992, raingeaud et al.,

1995).
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In the present study, oxidative stress was initially studied by flow cytometry for cells
incubated with GO and r-GO (60 and 300 pg/ml) for 24 and 48 hours. These concentrations
were chosen to mimic low and high cytotoxicity. As with previous tests, a washing step
was introduced to limit the risk of interference. Tert-butyl hydroperoxide (TBHP) (300 uM,
for 1 hr) and the antioxidant N-acetylcysteine (NAC) (2000 uM, for 1 hr before treatment

with TBHP) were used as positive and negative controls, respectively.

Increased ROS production was detected in MRC-5 cells incubated with GO and r-GO
compared to naive cells and was concentration dependent (Figure 39). For A549 cells, GO
caused a slight, concentration-dependent increase in ROS levels after 24 hours. After 48
hours, the effect of GO was pronounced, with the highest concentration tested inducing ROS
to a similar level to the positive control (Figure 40). A549 cells incubated with only the
lowest concentration (62.5 pg/ml) of r-GO showed an increase in ROS level in comparison
to naive cells and the negative control after 24 hours. However, both concentrations (62.5
and 300 pg/ml) of r-GO increased ROS level to a similar extent after 48 hours. Data obtained
in this study indicates that GO and r-GO altered ROS production in both cell lines. As ROS
generation can have deleterious effects on cellular antioxidants, the impact of both
nanomaterials on glutathione levels was investigated. —Glutathione, is a ubiquitous
antioxidant which exists mostly in its reduced form (GSH) with only a small percentage
present as oxidised glutathione (GSSG) under normal cellular conditions. Oxidative stress
may result in changes to the GSH/GSSG ratio, leading to cell signalling events that often
ends in cell death (Ballatori et al., 2009, Rebrin and Sohal, 2008). Here, the GSH/GSSG
ratio was measured in MRC-5 and A549 cells after incubation with GO and r-GO at
concentrations ranging from 31.25 to 300 pg/ml for 24 and 48 hours; menadione was used

as the positive control.
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Figure 39. CellROX flow cytometry assay in MRC-5 cells. A and B represent flow cytometric analysis of
ROS in MRC-5 cells incubated for 24 hours with GO and r-GO, respectively. C and D show flow cytometric
analysis of ROS in cells incubated for 48 hours with GO and r-GO, respectively. Two concentrations of
graphene derivatives were used including 60 and 300 pg/ml (n=3). Cells incubated with TBHP (red), positive
control, have increased staining with CellROX label compared to cells pretreated with NAC (green), negative
control, and naive (black). As the stain intensity increases, the peak shifts to the right side of the chart. An
increase in the stain intensity is correlated to the increase in the ROS. An increase in the ROS level was
observed in cells incubated with GO and r-GO compared to naive cells and negative control after 24 and 48

hours.
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Figure 40. CellROX flow cytometry assay in A549 cells. A and B represent flow cytometric analysis of
ROS in A549 cells incubated for 24 hours with GO and r-GO, respectively. C and D show flow cytometric
analysis of ROS in cells treated for 48 hours with GO and r-GO, respectively. Two concentrations of GO and
r-GO were used including 60 and 300 pg/ml (n=3). Cells incubated with TBHP (red), positive control, have
increased staining with CellROX label compared to cells pretreated with NAC (green), negative control, and
naive (black). As the stain intensity increases, the peak shifts to the right side of the chart. An increase in the
stain intensity is correlated to the increase in the ROS. An increase in the ROS level was observed in cells

incubated with GO and r-GO compared to naive cells and negative control after 24 and 48 hours.
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GSH/GSSG ratio was significantly decreased in MRCS5 cells incubated with GO at
concentrations range from 62.5 to 300 pg/ml for 24 hours versus naive cells (Figure 41A).
The ratio of GSH/GSSG was significantly reduced in MRC-5 cells by r-GO at
concentrations range from 125 to 300 pg/ml for 24 hours compared to the untreated group.
After 48 hours, all tested GO concentrations showed a significant decrease in the
GSH/GSSG ratio in comparison to naive cells. Concentrations ranging from 62.5 to 300
pg/ml of r-GO induced a significant reduction of the GSH/GSSG ratio versus naive cells

after 48 hours incubation.

For A549 cells, no change in the GSH/GSSG ratio observed after 24 hours exposure to GO
and r-GO compared to naive cells. After 48 hours, both GO and r-GO induced significant
reductions in the GSH/GSSG ratio versus naive cells at concentrations ranging from 125 to
300 pg/ml (Figure 41B). The observed decrease in GSH/GSSG ratio was an indication of

induction of oxidative stress in cells exposed to graphene derivatives.

The observed decrease in GSH/GSSG ratio reflects the oxidation of sulthydryl group of
GSH by ROS to form the oxidised disulphide complex (GSSG) (Ballatori et al., 2009). To
further evaluate the potential stress caused by graphene derivatives, proteins that are
activated by cellular stress including phospho-p38 MAP kinase and downstream phospho-

HSP27 were analysed (Rouse et al., 1994, landry et al., 1992, raingeaud et al., 1995).

In this work, it was hypothesised that there will be an increase in the expression of both
phospho-p38 MAP kinase and phospho-HSP27 proteins in response to the increased
oxidative stress resulting from exposure to graphene-based nanomaterials (300 pg/ml of GO
or r-GO; 24 hours). Anisomycin was used as a positive control (25 pg/ml, 30 minutes). The
results indicated a significant increase in the phospho-p38 MAPK (9-folds) and Phospho-

HSP27 (3-folds) protein expression in MRC-5 cells after incubation with GO or r-GO for
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24 hours compared to naive cells (Figure 42A). In the case of A549 cells incubated with

GO or r-GO, there was no observed change to either phospho-p38 MAPK or phospho-

HSP27 in comparison to naive cells (Figure 42D).
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Figure 41. GSH/GSSG ratio assessment in A) MRC-5 and B) A549 cells by means of GSH/GSSG-GloTM
Assay. Cells were incubated with GO and r-GO at different concentrations (31.25-300 pg/ml) for 24 and 48

hours. A) A significant decrease in GSH/GSSG ratio was observed in MRC-5 cells after 24 and 48 hours

exposure to GO and r-GO versus naive. B) After 24 hours, there was an insignificant change on the

GSH/GSSG ratio between cells exposed to GO and r-GO compared to naive. A significant decrease in

GSH/GSSG ratio in A549 cells was observed after 48 hours incubation with GO and r-GO at concentrations

ranging from 125 to 300 pg/ml versus naive. Bars represent mean + SD (n=4). *p < 0.05, **p < 0.002, ***p

< 0.0002 and ****p < (0.0001 versus naive by ANOVA analysis.
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Figure 42. The analysis of phosphor-p38 MAPK and phosphor-HSP27 in A-C) MRC-5 and D-F) A549
cells. Western blot films represent analysis of P-p38 MAPK and P-HSP27 expression in MRC-5 (A) and A549
cells (D). Analysis included untreated cells (naive), cells incubated with 25 pg/ml of anisomycin for 30
minutes, and cells incubated with GO and r-GO at concentration of 300 pg/ml for 24 hours. B and E show
densitometry analysis of P-p38 MAPK in MRC-5 and A549 cells, respectively. C and F show densitometry
analysis of P-HSP27 in MRC-5 and A549 cells, respectively. There was a significant increase in P-p38 MAPK
and P-HSP27 protein expression in MRC-5 cells, but not in A549 cells, incubated with graphene derivatives
compared to naive. The protein expression was normalized to GAPDH (loading control) relative to naive. Bars
represent mean £ SEM (n=3). * = p < 0.05, ** = p < 0.002, *** = p < 0.0002 and **** = p < 0.0001 versus
naive by ANOVA.

127



In summary, both graphene derivatives induced oxidative stress that was evident by an
increased ROS level as well as a reduction in GSH/GSSG ratio. Accordingly, both phospho-
p38 MAP kinase and phospho-HSP27 proteins were increased in MRC-5 cells, but not A549
cells, after 24 hours. The latter observation could be explained by the fact that significant
oxidative stress was observed only after 48 hours in A549 cells.

Investigators have reported that pristine graphene increases ROS levels in the murine RAW
264.7 macrophage cell line at concentrations ranging from 5 to 20 pg/ml that triggered
apoptosis through mitochondrial signalling (Li et al., 2012). R-GO is expected to mimics
pristine graphene effect but in this work r-GO significantly induced ROS levels only at the
higher concentration range (125-300 pg/ml), and apoptosis was not evident. The different
finding could be attributed to the fact that in the Li and colleagues study RAW 264.7
macrophages were used which are able to uptake pristine graphene whereas in the current
work non-phagocytic cells were used and cell uptake data showed negligible uptake of r-
GO. GO moderately increased ROS in dose dependent manner in A549 (Chang et al., 2011),
which is consistent with this work. Also, GO was shown to cause oxidative stress in a human
lung fibroblast (HLF) cell line, leading to cytotoxicity and genotoxicity (Wang et al., 2013).
GO and r-GO were observed to decrease the GSH/GSSG ratio in human liver carcinoma
cells (HepG2). Also, graphene quantum dots at concentration ranges from 10 to 200 pg/ml
for 24 hours, were shown to induce an inflammatory response and autophagy through
induction of phospho-p38 MAP kinase in THP-1 macrophages (Qin et al., 2015). This
finding is similar to what has been observed for MRC-5 cells incubated with GO in this
study. Data from the literature and findings from this study support the view point that
oxidative stress has a critical role in graphene-based nanomaterial’s cytotoxicity.

The significant GO cytotoxicity seen in MRC-5 cells is presumably a consequence of

oxidative stress. On the other hand, the data here demonstrated that r-GO induced oxidative
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stress in MRC-5 cells, but r-GO cytotoxicity was not evident in MRC-5 cells. However, the
effect GO has on GSG/GSSG in MRC-5 cells was more pronounced than r-GO after 24
hours exposure. For A549 cells, the data obtained for cell viability showed that cytotoxicity
was more evident after 48 hours than 24 hours post-exposure to both GO and r-GO, and this
was consistent with GSH/GSSG measurements as the decrease in the ratio was only
significant after 48 hours. These findings indicate that a component of the cytotoxicity
mechanisms of GO and r-GO is the induction of oxidative stress but there are possibly other

causes of cell death.

Furthermore, ROS levels can regulate autophagy induction (Poillet-Perez et al., 2015). The
induction of autophagy requires the formation of hydrogen peroxide (H20:) to oxidise and
inactivate ATG4 enzyme. Inactivation of ATG4 is responsible for the formation of the LC3-
II protein that associates with the autophagosome (Ruth Scherz-Shouval et al., 2007). Also,
ROS can activate the AMPK pathway leading to the inhibition of mTOR and autophagy
induction (Poillet-Perez et al., 2015). Additionally, AMPK can directly activate ULK1 that
triggers PI3K-III and forms a complex with the associated proteins to start autophagy
(Papinski and Kraft, 2014, Klionsky et al., 2016). All of the above suggest that one of the

reasons for GO- induced autophagic cell death is via induction of ROS.
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4.2.3.4 Genotoxicity assessment

Excessive ROS formation could be the initial step in the mechanism of genetic damage by
nanomaterial (Ou et al.,, 2016). Here, it might be the main mechanism as neither
nanomaterial was taken-up by cells. The genotoxicity effect of nanomaterials can relate to
their physiochemical properties. For instance, ROS generation and genotoxicity are
reported to be size dependent. As the size of nanoparticles decrease, the surface area per
unit mass increases and thus a higher surface area could be an important factor in
genotoxicity (Gonzalez et al., 2009, Magdolenova et al., 2014), particularly that a direct
relationship between the surface area of nanoparticles and ROS formation has been reported
(Lietal.,2011). In addition to the size, the surface properties of nanoparticles are another
factor that can affect their cytotoxicity and genotoxicity profile (Ahamed et al., 2008,
Gonzalez et al., 2009, Wang et al., 2015a).

Genotoxicity assessment is essential, since there is a close correlation between genetic
damage and cancer (Klaassen and Watkins, 2008). Due to the direct relation between the
generation of ROS and DNA damage it was essential to assess genotoxicity of GO and 1-
GO particularly both were found to induce ROS in this work. Here the level of DNA strand
breaks in cells incubated with GO and r-GO (125 and 300 pg/ml) for 3 and 24 hours was
assessed by comet assay (single cell gel electrophoresis) and presented as tail length

intensity. A three-hour time point was added to detect possible transient genotoxicity.
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Figure 43, shows the images after staining with SYBR-GOLD solution for DNA migration
through gel electrophoresis, which is referred to as comets in both the negative control
(Naive) and positive control (0.2 pg/ml, 4-Nitroquinoline N-Oxide). Comets obtained from
negative control cells showed an intact nucleus, without any DNA damage, whereas 4-
Nitroquinoline N-Oxide treated cells showed a clear comet-like tail which is an indicator of
DNA damage. Comet analyses for MRC-5 and A549 cells indicated no signs of
genotoxicity, after incubation with GO or r-GO for 3 and 24 hours and in comparison, to

negative and positive control (Figure 44).

A B

Figure 43. Images of comets from single cell gel electrophoresis stained with SYBR-GOLD solution. A)
Shows untreated MRC-5 cells with an intact nucleus. B) Cells treated with 0.2 pg/ml of 4-Nitroquinoline N-
Oxide for 2 hrs showing increasing tail length which indicates DNA damage. Images were taken using an

Axiovert 10 microscope (Zeiss) at 200-fold magnification (n=3).
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Figure 44. Tail intensity percentage in A) MRC-5 and B) A549 cells. Cells were incubated with 125 or 300
pg/ml of GO and r-GO for 3 and 24 hours. Controls in the comet assay included naive (negative control) and
cells incubated with 0.2 ug/ml of 4-Nitroquinoline N-Oxide for 2 hours (positive control. A) Tail intensity in
MRC-5 cells B) Tail intensity analysis in A549 cells. No signs of genotoxicity were observed for both cell
lines after incubation with graphene derivatives at concentrations ranging from 125 to 300 ug/ml for 3 and 24
hours, compared with experimental controls. Data were measured using comet IV software. Data represent
median of 100 scores from two independent experiment (50 scores each). * = p < 0.05, ** = p <0.002, *** =

p <0.0002 and **** =p < (0.0001 versus naive by Kruskal-wallis test.
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Genotoxicity data obtained from this study revealed that both GO and r-GO were non-
genotoxic which is in agreement with Bengtson and colleagues work who used similar
concentrations and time exposure and murine pulmonary epithelial cell line (FEI)
(Bengtson et al., 2016). On the other hand, several studies have reported genotoxic effect of
GO and r-GO nanomaterials. Wang and colleagues (Wang et al., 2013) found that GO
treatment leads to DNA damage in a human lung fibroblast line (HLF) at a dose-range of
1-100 pg/ml and in another study genotoxicity was also evident with GO but not with r-GO
for human umbilical vein endothelial cells (HUVEC) (Das et al., 2013). Additionally,
Chatterjee and colleagues have reported that both GO and r-GO are genotoxic for human
liver carcinoma HepG2 cells (Chatterjee et al., 2014). In all of these studies, ROS generation
was the underlying mechanism of DNA damage. However, in the current study the ROS
generated by GO and r-GO was not sufficient to induce DNA damage, which was similar
to Bengtson and colleagues observations (Bengtson et al., 2016), suggesting that probably
higher ROS levels are required to induce genetic damage in MRC-5 and A549 cells.

In addition, different graphene derivatives including graphene, graphite and r-GO were
found to induce DNA damage in glioblastoma U87 cells, whereas GO was reported as non-
genotoxic for the same cell line (Hinzmann et al., 2014). Moreover, Martinez Paino and
colleagues reported that GO was not genotoxic to mouse fibroblast L929 cells but exhibited
a genotoxic effect against human cervical carcinoma HeLa and human monocyte cells at
24 ng/ml for 24 hours (Martinez Paino et al., 2017). The data provided from the above
studies highlight the influence of the cell type as well as the different surface chemistry of
graphene-based nanomaterials on their genotoxic effect. Hence, further studies on the
genotoxicity of graphene-based nanomaterials are necessary particularly in healthy non-

cancerous cells.
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4.2.3.5 Impacts of GO and r-GO on Wnt/B-catenin and Akt cell
signalling pathways

Recent studies have shown that cellular responses induced by nanoparticle exposure were
due to an effect on certain cell signalling pathways (Kang et al., 2017, Shi et al., 2017,
Wierzbicki et al., 2017). One such important signalling pathway is the Wnt signalling
pathway which plays a crucial role in embryonic development and carcinogenesis
(Goessling et al., 2009, Nusse and Clevers, 2017). The Wnt signalling pathway is divided
into two major components, -catenin dependent and P-catenin independent; the former
controls cell proliferation and cell fate during development.

Wnt/B-catenin signalling initiates when Wnt protein binds to a frizzled receptor (Fz) that
leads to inactivation of the destruction complex (Figure 45). The destruction complex is
composed of adenomatosis polypsis coli (APC), axin and glycogen synthase kinase-3
(GSK-3pB) and targets P-catenin for degradation. Consequently, the inactivation of the
destruction complex leads to the accumulation of B-catenin in the cytosol and then in the
nucleus, where it controls gene expression (MacDonald et al., 2009, Rao and Kuhl, 2010).
-catenin is the central signalling molecule that controls cell fate and when dysregulated is
a major driver of cancer (Nusse and Clevers, 2017). In addition to its role in the Wnt
pathway, GSK-3p is also involved in Akt and AMPK signalling. The inhibition of GSK-3f3
has been related to a variety of diseases such as diabetes, Alzheimer’s disease and cancer
(Metcalfe and Bienz, 2011). GSK-33 was also reported to indirectly inhibit the autophagy
process (Azoulay-Alfaguter et al., 2015, Weikel et al., 2016, Avrahami et al., 2013, Ark et
al., 2014). To assess the impacts of graphene nanomaterials on the Wnt/B-catenin cell
signalling pathway, B-catenin and GSK-3p protein expression was analysed for cells

exposed to graphene derivatives.
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Figure 45. Wnt/B-catenin cell signalling pathway. The Wnt/p-catenin signalling starts when Wnt protein
binds to a frizzled receptor that leads to inactivation of the destruction complex. The destruction complex
proteins components are adenomatosis polypsis coli (APC), axin and glycogen synthase kinase-3 (GSK-3p).
(APC/Axin/GSK-3p)-complex targets -catenin for degradation. The inactivation of (APC/Axin/GSK-3f)-
complex gives rise to accumulation of B-catenin in the cytosol and then its subsequent translocation into the

nucleus. Inside the nucleus the B-catenin induces cellular response through gene transcription.

In the present work, the B-catenin level was analysed for MRC-5 and A549 cells after
incubation with a cytotoxic concentration of GO or r-GO (300 pg/ml) for 24 hours. Only
2% and 10% of B-catenin protein expression was found in MRC-5 and A549 cells,
respectively, after incubation with 300 pg/ml of GO. However, there was not any observed
significant change in B-catenin protein expression after incubation with r-GO (Figure 46).
When lower GO concentrations were tested, a significant reduction (to ca. 4% of the
baseline) was seen at a concentration of 125 pg/ml after 24 hours. Conversely, there was

not a significant reduction in -catenin expression in A549 cells (Figure 47).
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Figure 46. The effect of GO and r-GO on B-catenin protein expression in A-B) MRC-5 and C-D) A549
cells. A and C are representative Western blot analysis of -catenin expression in MRC-5 cells and in A549
cells, respectively. Analysis included untreated cells (naive) and cells treated with 300 pg/ml of GO or r-GO
for 24 hours. Pronounced reduction was observed in both cell lines treated with GO. B and D are densitometry
analysis of B-catenin expression in MRC-5 cells and in A549 cells, respectively. The protein expression was
normalized to GAPDH (loading control) relative to the untreated group (naive). Results are represented as %
compared to untreated group. Bars represent mean £ SEM (n=6). *p < 0.05, **p < 0.002, ***p < 0.0002 and
*F*%p < 0.0001 versus naive by ANOVA analysis.
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Figure 47. The effect of different concentrations range of GO on B-catenin protein expression in A-B)
MRC-5 and C-D) AS549 cells. A and C are representative Western blot analysis of B-catenin expression in
MRC-5 cells and in A549 cells, respectively. Analysis included untreated cells (naive) and cells treated with
GO at concentrations ranging from 31.25 to 125 pg/ml for 24 hours. Significant reduction in -catenin
expression was only seen at concentration of 125 pg/ml in MRC-5. B and D are densitometry analysis of -
catenin expression in MRC-5 cells and in A549 cells, respectively. The protein expression was normalized to
GAPDH (loading control) relative to the untreated group (naive). Results are represented as % compared to
untreated group. Bars represent mean £ SEM (n=6). *p < 0.05, **p < 0.002, ***p < 0.0002 and ****p <
0.0001 versus naive by ANOVA analysis.
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Furthermore, a significant decrease was observed in GSK-3f3 levels (<4% of the baseline)
for MRC-5 and A549 cells incubated with 300 pug/ml of GO for 24 hours. In the case of
cells incubated with r-GO, there was not a significant change in the level of GSK-3f3
expression in both cell lines (Figure 48). Further tests revealed that GSK-33 levels were
significantly reduced following exposure to a low concentration of GO (Figure 49). Indeed,
a ca. 63% reduction in the GSK-3 expression was observed for MRC-5 cells after exposure
to 31.25 pg/ml of GO. For A549 cells, the impact was less visible at this low concentration
(ca. 15% decrease), but GSK-33 expression was decreased by half as compared to naive

cells when A549 were exposed to 125 pg/ml of GO.
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Figure 48. The effect of GO and r-GO on GSK-3p protein expression in A-B) MRC-5 and C-D) A549
cells. A and C are representative Western blot analysis of GSK-3f3 protein expression in MRC-5 cells and in
A549 cells, respectively. Analysis included untreated cells and cells treated with 300 pg/ml of GO or r-GO
for 24 hours. A significant reduction was seen for both cell lines exposed to GO. r-GO showed no effect on
GSK-3p protein expression. B and D are densitometry analysis of GSK-3[3 expression in MRC-5 cells and in
A549 cells, respectively. The protein expression was normalized to GAPDH (loading control) relative to the
untreated group (naive). Results are represented as % compared to untreated group. Bars represent mean +

SEM (n=6). *p < 0.05, **p < 0.002, ***p < 0.0002 and ****p < 0.0001 versus naive by ANOVA analysis.
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Figure 49. The effect of different concentrations range of GO on GSK-3 protein expression in A-b)

MRC-5 and C-D) AS549 cells. A and C are representative Western blot analysis of GSK-33 expression in

MRC-5 cells and in A549 cells, respectively. Analysis included untreated cells (naive) and cells treated with

GO at concentrations ranging from 31.25 to 125 pg/ml for 24 hours. A significant concentration dependent

reduction in GSK-3f protein expression was seen for both cell lines exposed to different concentrations of

GO. B and D are densitometry analysis of GSK-3f expression in MRC-5 cells and in A549 cells, respectively.

The protein expression was normalized to GAPDH (loading control) relative to the untreated group (naive).

Results are represented as % compared to untreated group. Bars represent mean = SEM (n=3). *p < 0.05, **p

< 0.002, *¥**p < (0.0002 and ****p < 0.0001 versus naive by ANOVA analysis.
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These results indicated that GO, but not r-GO, has an effect on Wnt/B-catenin signalling
pathway, because GO downregulated the expression of B-catenin and GSK-3f proteins that
play a major role in this pathway. The dysregulation of Wnt/B-catenin cell signalling
observed in this study agrees with the findings by other investigators who reported that GO
but not r-GO alter Wnt/B-catenin cell signalling pathways in Caenorhabditis elegans
(Chatterjee et al., 2017, Zhi et al., 2017). As the Wnt signalling pathway plays a crucial role
in embryonic development, disruption of this cellular pathway can lead to reproductive
damage. Indeed, GO was reported to induce high reproductive toxicity in Caenorhabditis
elegans through its effect on the Wnt/B-catenin signalling pathway (Chatterjee et al., 2017).
The latter study could explain the weak reproductive capacity observed in Caenorhabditis

elegans exposed to GO by recent studies (Chatterjee et al., 2015, Chatterjee et al., 2014,

Zhao et al., 2016).

GSK-3p was significantly downregulated even at non-cytotoxic concentration of GO (31.25
pg/ml) particularly in MRC-5 cells. These data point to non-lethal cellular responses that
are driven by GO and that should be further evaluated. The observed suppression of
expression of GSK-3f possibly plays a major role in the toxicity of GO, especially
considering that GSK-3 is a vital component of various cell signalling pathways, such as
Wnt, Akt and AMPK. Additionally, GSK-3f inhibition has been related to a variety of
diseases including cancer (Metcalfe and Bienz, 2011). Therefore, the data obtained using
healthy cells in the present work raises concerns regarding the use of GO in biomedical
applications.

As mentioned previously, GSK-3f can indirectly inhibit the autophagy process via different
mechanisms such as decreasing lysosome acidification (Avrahami et al., 2013), inactivation
of AMPK (Ark et al., 2014) or activation of mTOR (Azoulay-Alfaguter et al., 2015, Weikel

et al., 2016). In the present study, GO was found to induce autophagy and downregulate
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mTOR protein, a negative autophagy regulator, that possibly has led to uncontrolled
autophagy. Therefore, a conclusion is that the inhibitory effect of GSK-33 on autophagy
and the activation of mTOR are possibly prevented by GO mediated downregulation of
GSK-3f protein. Though 63% reduction of GSK-3f3 protein was observed in MRC-5 by
31.25 pg/ml of GO, only a 10% reduction of mTOR was detected post-treating cells with
the same concentration of GO for 24 hours.

Akt signalling pathway is another vital signalling cascade that regulates a variety of cellular
functions for instance cell metabolism, protein synthesis, proliferation and survival (Osaki
M and Oshimura M, 2004). The Akt signalling (Figure 50) is initiated by the activation of
surface receptors such as receptor tyrosine kinase (RTK), G protein coupled receptor
(GPCR) and cytokine receptors leading to the formation of phosphatidylinositol
triphosphates (PIP3) at the plasma membrane. The PIP3 recruits Akt to the membrane for
activation through phosphorylation, by kinases such as 3-phosphoinositide-dependent
protein kinase-1 (PDK1) (Manning and Cantley, 2007).

Akt activity is negatively regulated by the tumour suppressor phosphatase and tension
homolog (PTEN), via dephosphorylating PIP3 (Carracedo and Pandolfi, 2008). Impairment
of Akt cell signalling is a mechanism that underlies many different pathologies (Vasudevan
et al., 2004, Salmena et al., 2008). In this study, PDK1 and PTEN protein expression were

investigated for cells treated with graphene nanomaterials.
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Figure 50. Akt signalling pathway. The Akt signalling is initiated by the activation of surface receptors such
as receptor tyrosine kinase (RTK) that induces formation of phosphatidylinositol triphosphates (PIP3) at the
plasma membrane. The PIP3, recruits Akt to the membrane to be activated through phosphorylation by kinases
such as 3-phosphoinositide-dependent protein kinase-1 (PDK1). Akt activity is negatively regulated by the
tumour suppressor phosphatase and tension homolog (PTEN) through dephosphorylating PIP3.

PDK1 protein expression was reduced up to 73% and 41% after incubation of MRC-5 and
A549 cells, respectively, with GO but not r-GO at a concentration of 300 pg/ml (Figure
51). For MRC-5 cells, there was a significant reduction in PDK1 protein for all tested
concentrations, while in A549 cells a significant reduction was only seen at a concentration
of 125 pg/ml (Figure 52). Moreover, the expression of the tumour suppressor PTEN protein
was measured and no significant change was detected for both cell lines incubated with 300

pg/ml of GO or r-GO for 24 hours compared to untreated cells (Figure 53).
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Figure 51. The effect of GO and r-GO on PDKI1 protein expression in A-B) MRC-5 and C-D) A549 cells.
A and C are representative Western blot analysis of PDK Iprotein expression in MRC-5 cells and in A549
cells, respectively. Analysis included untreated cells (naive) and cells treated with 300 pg/ml of GO or r-GO
for 24 hours. A significant reduction in PDK1 protein expression was observed in both cell lines exposed to
GO. B and D are densitometry analysis of PDK1 expression in MRC-5 cells and in A549 cells, respectively.
The protein expression was normalized to GAPDH relative to naive. Results are represented as % compared
to untreated group. Bars represent mean + SEM (n=6). *p < 0.05, **p < 0.002, ***p < 0.0002 and ****p <
0.0001 versus naive by ANOVA analysis.

144



>
o~

150=

GO pg/ml

Naive 31.25 62.5 125

68 kDa PDK1

Relative PDK1 level (%)

35 kDa GAPDH

GO pg/ml 150-
Naive 31.25 62.5 125 &
o
4 *
g s
=
&
0-
& D D D
& 6@}’& %@3& 6@&
Y & \¢

Figure 52. The effect of different concentration ranges of GO on PDKI1 protein expression in A-B) MRC-
5 and C-D) A549 cells. A and C are representative Western blot analysis of PDK 1 protein expression in MRC-
5 cells and in A549 cells, respectively. Analysis included untreated cells (naive) and cells treated with GO at
concentrations ranging from 31.25 to 125 pg/ml for 24 hours. A significant reduction in PDK1 protein
expression was seen at all tested concentration in MRC-5. GO significantly decreased PDKI protein expression
in A549 cells at a concentration of 125ug/ml. B and D are densitometry analysis of PDK1 protein expression
in MRC-5 cells and in A549 cells, respectively. The protein expression was normalized to GAPDH (loading
control) relative to the untreated group (naive). Results are represented as % compared to untreated group.
Bars represent mean £ SEM (n=3). *p < 0.05, **p < 0.002, ***p < 0.0002 and ****p < 0.0001 versus naive
by ANOVA analysis.
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Figure 53. The effect of GO and r-GO on PTEN protein expression in A-B) MRC-5 and C-D) A549 cells.
A and C are representative Western blot analysis of PTEN protein expression in MRC-5 cells and in A549
cells, respectively. Analysis included untreated cells (naive) and cells treated with 300 pg/ml of GO or r-GO
for 24 hours. No significant change in PTEN protein expression was observed in both cell lines exposed to
GO or r-GO. B and D are densitometry analysis of PTEN expression in MRC-5 cells and in A549 cells,
respectively. The protein expression was normalized to GAPDH (loading control) relative to the untreated
group (naive). Results are represented as % compared to untreated group. Bars represent mean = SEM (n=6).

*p <0.05, **p < 0.002, ***p < 0.0002 and ****p < 0.0001 versus naive by ANOVA analysis.
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PDKI1 is a primary regulator of the activation of Akt signalling. In this study, GO, but not
r-GO, was found to inhibit the Akt cell signalling pathway via downregulation of PDK1
protein. GO showed no effect on the level of PTEN. In addition, mTOR is downstream of
Akt cell signalling in autophagy and therfore Akt inhibition can lead to inactivation of
mTOR which is in agreement with the current research findings.

In cancer, Akt is most often constitutively active and this can lead to unregulated cell
proliferation (Hers et al., 2011). Also, overexpression of Akt is associated with resistance
to chemotherapy (West et al., 2002). Therefore, Akt signalling has been an attractive target
for new cancer treatments and other targets includes PIP3, PDK1and mTOR as a focus of
research (Nitulescu et al., 2016, Cheng et al., 2005, Yang et al., 2017a). Here, GO exhibited
an inhibitory effect on PDK1, mTOR and GSK-3f protein expression. Together, these
findings may suggest that GO may present a novel strategy for targeting cancer cells.
However, further studies are still required to probe upstream and downstream signalling
cascades to understand the underlying molecular mechanisms of the action of GO in
dysregulating signalling pathways. In addition, specific targeting of GO nano-sheets to
cancer cells is also essential to eliminate any deleterious effect on healthy cells.

On the other hand, r-GO nanoparticles did not have an effect on Wnt/B-catenin or Akt cell
signalling pathways in the case of both cell lines. This finding might indicate limited
interaction between r-GO nanoparticles and cells as compared to GO nano-sheets, although
data showed negligible cellular uptake of both graphene derivatives. However, cell uptake
was not quantified in the current work and further investigation is required. The RBCs
hemolysis data indicated that both GO and r-GO can physically interact with cell membrane,
as evidenced by provoked cell lysis. Indeed, this could explain the subtle cytotoxic effect
induced by r-GO in A549 cells and ROS generation in both cell lines after 48 hours. These

effects may be a result of physical damage upon contact of cells with the nanoparticles. In
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the case of GO, physical interaction with cells seemed to be more pronounced than r-GO
which is reflected by a significant effect on cell signalling proteins for both cell lines.
Nanoparticles have the ability to interact with membrane receptors and can, therefore,
modulate signal transduction pathways (Marano et al., 2011, Rauch et al., 2013). Therefore,
the dysregulation of signalling events by GO nano-sheets might be attributed to their
association with the cell membrane receptors. The passive capacity of GO to translocate
inside cells is a possible trigger to the observed cellular events, but further work is needed
to confirm this. Chang and colleagues have suggested that the shape of GO (sheet-like
structure) possibly blocks tunnels at the cell surface, thereby interfering with substance
exchange by A549 cells (Chang et al., 2011). The latter study also showed that GO has a
poor capacity to enter A549 cells. Therefore, blockade of substance exchange by the cell
membrane might be an indirect effect of GO leading to dysregulation of different cell
signalling pathways. Another possibility regarding indirect actions of GO nano-sheets is
that they absorb nutrients from the culture medium, causing oxidative stress and cellular
starvation which can induce autophagy. This phenomenon has been reported by many
investigators (Martinez Paino et al., 2017, Fatisson et al., 2012, Qin et al., 2010).

The different cellular response exhibited by GO in comparison to r-GO is definitely
attributed to the different physicochemical properties including surface chemistry, shape
and size (as described in chapter 3). The surface chemistry influences the dispersion of GO
and r-GO in culture media, though both particles are negatively charged, r-GO was
aggregated and precipitated. Aggregation of nanoparticles have an impact on their
physicochemical properties which then can further influence their biological properties
(Sanchez et al., 2012, Liu et al., 2011, Liao et al., 2011, Chatterjee et al., 2014). TEM
analysis has shown that r-GO nanoparticles are in aggregates less than 200 nm, but r-GO

particles incubated with cells in tissue culture medium is expected to form larger aggregates

148



possibly of a micron size. Accordingly, the biocompatibility of r-GO nanoparticle is
possibly related to its high tendency to aggregate and the formation of larger particles than
those formed by GO. In addition to size, the shape of r-GO was that of aggregated crumbled
nanoparticles and differed from the 2D nano-sheet structure of GO. This is possibly another
factor that leads to different biological responses for r-GO and GO.

Taken together, findings have revealed that GO but not r-GO can dysregulate cell signalling
pathways in pulmonary cell lines. This ability maybe of clinical interest as well as may shine

the light on the mechanisms related to the toxicological effects of GO.
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Chapter 5

Conclusion and future work
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5.1 Conclusion

Graphene-based nanomaterials have many potential biomedical applications. As
investigators identify more applications of GBNs, the demand for different forms of
graphene will increase. To ensure the safe use of GBNs, assessment of the potential risks is
mandatory. There has been increasing number of reports regarding the safety profile of
GBNss, especially for GO. However, the data are contradictory and this is most likely due to
the differences in the methods used to produce the GBNs and insufficient characterisation
of the material.

In this research:

e Highly purified GO and its reduced form (r-GO) were synthesized and their

surface chemistry and size were characterised.

In this study, highly purified few-layered GO nano-sheets, with an average lateral dimension
of less than 50 nm (1-3 nm thick), were synthesised and this material exhibited good
colloidal stability. R-GO nanoparticles were obtained following non-toxic hydrothermal
reduction of GO. R-GO nanoparticles were highly hydrophobic with poor aqueous
dispersion and they aggregate into clusters (<200 nm). GO and r-GO have distinct surface
chemistry and morphology of, which  significantly influence their interaction with
biological systems.

e GO is more toxic towards normal lung fibroblasts than cancerous epithelial

lung cells and both GO and r-GO are hemolytic.

Graphene nanoparticles interfere with the techniques that investigators use commonly to
investigate cell toxicity, which limits investigations. Findings from this study indicate
interference between GBNs and luminescence-based assays. In this regard, some assays
required modification to overcome any possible interference by graphene nanoparticles and

gain reliable data. Findings revealed that the cytotoxicity of graphene is dependent on its
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surface chemistry. The cell type, concentration used and time of exposure are also
important. GO had little effect on the cancerous epithelial lung cells, compared to healthy
lung fibroblast. Cytotoxicity data obtained for A549 cells in this work agrees with other
studies that showed that these cells are resistant to GO toxicity, at concentrations up to 125
pg/ml.
R-GO was biocompatible to healthy MRC-5 cells, rendering it a potential candidate for
biomedical application such as tissue engineering. However, there is the need to improve
the stability of r-GO in aqueous solution, particularly if the potential use is in drug delivery.
Moreover, both nanoparticles were moderately hemolytic at a concentration of 125 pg/ml
and highly hemolytic at a concentration of 300 pg/ml at 37 C°. Poor cellular uptake,
cytotoxicity and the hemolytic properties of graphene derivatives will limit their potential
use in biomedical applications. Despite these undesirable effects, the unique properties of
GBN:ss still warrant further development to progress their use in biomedical applications. A
focus on the chemistry to introduce effective modifications to the graphene sheet, to achieve
minimum side effects, should lead to successful biomedical applications.

e GO, but not r-GO, induced autophagy of both cell lines and ROS was generated

post exposure of cells to graphene derivatives with no genotoxicity.

Investigations of the mode(s) of action of GO in inducing cell death have revealed this is
most likely through unrestrained autophagy in both cell lines. However, to confirm that
autophagy is stimulating rather than inhibiting cell death, further investigations are required.
GO-induced autophagy is possible via inhibition of the PIP3-Akt/mTOR pathway and
possibly activation of the AMPK cascade in MRC-5 and A549 cells. Oxidative stress was
also involved in the toxicity of GO and r-GO. Despite the generation of ROS by GO and 1-

GO, genotoxicity in MRC-5 and A549 cells was not observed.
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e GO, but not r-GO, dysregulated the Wnt/B-catenin and Akt cell signalling
pathways in MRC-5 and A549 cells.

GO at non-cytotoxic concentrations downregulated expression of GSK-3f protein for both
cell lines. Inhibition of GSK-3f protein is known to be associated with a variety of diseases,
and therefore the effect on GSK-3f protein requires further investigation to shine further
light on the mechanisms that underly the toxicological effects of GO. The dysregulation of
critical proteins in Wnt/B-catenin and Akt cellular signalling pathways by GO suggests a
potential applicability in cancer therapy. However, caution is required regarding the
undesired effects on healthy cells.

5.2 Future works

Further studies are required to determine the precise influence of the size of GO nano-sheets
on its cytotoxicity profile. In this research, sonication had a major influence on the average
size of GO, and different size ranges of GO nano-sheet are achievable by applying different
sonication times or strengths. In this case, the surface chemistry will remain the same. The
surface chemistry of graphene derivatives influenced the response of cells to this agent.
Worthwhile modifications would include the surface coating of both GO and r-GO, to
improve the interaction with cancerous cell lines and minimise the impact on RBCs. More
detailed investigation is required to understand how GO alters the Wnt/p-catenin and Akt
cell signalling pathways. In this case, investigation of upstream and downstream proteins

involved in these cellular cascades is necessary.

Taking all of the findings from this study into consideration, pristine GO and r-GO both
have displayed cytotoxicity in cell culture models and further studies are needed before
these materials can be safely introduced into the clinic. A better understanding of their
mode(s) of interaction with cells, and the events provoked is still of critical importance to

any potential biomedical applications.
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