Blocking Endocytosis:
A Novel Cancer Treatment

Elham Bidram

Submitted in total fulfilment of the requirements of the degree of

Doctor of Philosophy

September 2016

Department of Chemical & Biomolecular Engineering

The University of Melbourne



Dedicated to

My lovely husband
Rouhollah

And

My dearest family
My parents and brothers



Abstract

The ultimate purpose of current cancer research is to develop a comprehensive
series of personalised treatments for different cancers. One approach involves
investigating the capacity of delivery systems and pharmaceutical conjugations for
cancer treatment with the purpose of limiting adverse effects and toxicity. To this end,
targeted delivery has been widely investigated for tumour therapy, as it has the potential
to improve therapeutic efficiency and reduce adverse effects. However, these therapies
can still cause adverse effects if the transported anti-cancer drugs interact with the non-
tumour cells. Consequently, this thesis develops a novel therapeutic system utilising
graphene oxide (GO) polymer and ligands for certain receptors known to be over-
expressed on tumour cells. These reagents are designed to block endocytosis in tumour

cells, resulting in cell metabolic deprivation and death.

To develop a selectively cytotoxic therapeutic system, modified GO networks
were synthesised and tested. Folic acid (FA) and arginylglycylaspartic acid (RGD)
ligands on the polymeric networks target and capture tumour cells, blocking the targeted

over-expressed receptors, resulting in cell metabolic deprivation and death.

Due to the importance of particle size in therapeutics, a facile separation
method, glycerol gradient density, was developed to discretely separate the GO
polymers into appropriate sizes. This method successfully fractionated and separated the

GO sheets into a wide range of sizes from 150 nm to 850 nm.

To develop a simple surface functionalisation, polyethylene glycol (PEG) was
employed to modify the GO polymer and provide a bifunctional polymeric linker PEG
serves to reduce the steric hindrance between the ligand and receptor, and so allows the
attached ligand greater freedom of movement.

To understand the impact of the modified GO networks on cellular function,
confocal live imaging was performed, exploiting the fluorescence properties of GO and
its derivatives. Upon incubation of these networks with tumour cells, varied behaviour
was observed depending on the surface chemistry of the attached ligand. FA-modified
GO was taken up by the treated cells, whereas the RGD and FARGD-modified GO



behaved differently and associated to the cell membrane, without showing any evidence

of internalisation.

The cytotoxicity of modified GO networks on three different cell lines, tumour
(KB) and non-tumour (BEAS-2B, fibroblast) cells was also examined using a cell
proliferation/toxicity assay (WST assay). Using modified GO networks resulted in a
35% reduction in tumour cell viability, whereas the viability of the non-tumour cells
was decreased by only 20% and 10%, respectively. This latter effect was attributed to
diminished cell proliferation rate: BEAS-2B cells, transformed non-tumorigenic
epithelial cells, are able to highly proliferate, while the lung fibroblast is a non-tumour

connective tissue cell with a normal proliferation rate.

To investigate the potential for synergy, a combination of modified GO with
two common anti-cancer drugs, methotrexate (MTX) and doxorubicin (DOX), was
studied. This combination showed cytotoxicity of up to 80%, compared to a 35% and
50% toxicity for modified GO, and MTX and DOX, respectively.

Combinations of modified GO polymeric networks provide a promising

therapeutic system for cancer therapy and imaging applications.
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1 Introduction and Literature Review

1.1 Introduction

Following cardiovascular diseases, cancer is the second biggest cause of death
worldwide [1]. Given the seriousness of the issue, it is worthwhile defining cancer.
Carcinogenesis is a multistep process in which changes in tissue architecture and in cell
phenotype can induce local regions of hypoxia [2-4]. Hypoxia can induce epithelial—
mesenchymal transitions (EMT) which is involved in regulating cellular plasticity in
carcinomas [5]. This promotes the survival and growth of tissue stem cells and the
formation of precancerous and cancerous lesions [6, 7]. The most fundamental traits of
tumour cells are their ability to survive beyond their normal life span and to sustain
chronic proliferation, whereas the growth of normal tissue is tightly regulated [8-10].
The lack of normal growth control is operative in both early tumour genesis and
metastasis [11, 12]. In order to grow exponentially, tumour cells must circumvent
pathways that negatively control cell proliferation by evading growth suppressors and
resisting programmed cell death (apoptosis) [10, 13]. Apoptotic evasion is one of the
hallmarks of cancer and appears to play a key role in inducing resistance to both
chemotherapy and radiotherapy [7, 14].

Remarkable progress has been made towards a better understanding of cancer
development, which has led to remarkable advances in cancer treatment [15-18].
However, cancer is an aggressive disease that is difficult to treat due to several reasons,
including major inter- and intra-tumour heterogeneity, and mutations in hundreds of
different genes contributing to cancer [19, 20]. Further, cancer can affect a wide range
of cells (e.g., epithelial, stromal, blood-based) and organs in the body [2, 21]. In
addition, cancer is generally not a static disease but evolves and progresses over time
accumulating new mutations [22]. Traditional cancer treatment modalities comprise
radiation therapy, surgery, chemotherapy and proton therapy (Table 1). Radiation
therapy, despite causing side effects, remains an important component of cancer
treatment for at least 50% of all cancer patients [23]. Chemotherapy, which utilises
cytotoxic drugs, likewise inevitably damages normal tissue surrounding the tumour [24,
25]. Chemotherapeutic agents target cells with a high basal level of proliferation and

regeneration, including tumour cells and non-tumour rapidly proliferating cells found in



the skin, hair, bone marrow and epithelium of the gastrointestinal tract [26-28]. This
causes the high level of cytotoxicity associated with such treatments [26, 27].
Furthermore, a variety of long-term complications often follow conventional cancer
therapies, such as cardiotoxicity, neurotoxicity, infertility, and chronic liver damage
[28].

Table 1. Summary of major traditional cancer therapies looking at their positive and negative
aspects.

Strategy Definition Positive points Negative points References

Invasion of cancer cells into

other tissues, high risk of

Removing a .
Removal of ] recurrence, location
Surgery . clearly localised [29-32]
cancerous tissue dependent, permanent
tumour

disfigurement, complications
due to surgery (during or after)

Using cancer drugs  High rate of )

) ) Many side effects because of
Chemotherapy  (anti-neoplastic tumour cells . [29, 32-37]
. the lack of targeting

agents) killing

Damage to healthy tissues by

Killing cancer cells Cancer-fighting 5 ngesirable pattern of

Radiation ) in situ ) [29, 30, 32,
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In order to minimise the side effects of common cancer therapies, this project
aims to develop a novel cancer therapeutic system using over-expressed receptors to
explore new strategies to fight cancer in a selectively toxic way. Modified polymeric

networks using graphene oxide (GO) and two different ligands, i.e. folic acid (FA) and



arginylglycylaspartic acid (RGD) peptide, have been developed for cancer therapy and

imaging purposes.

Different aspects of cancer, various cancer therapies, particularly targeted
delivery systems, and GO as a recent candidate for cancer therapy and its related
applications are described in the following sections.

1.2 Cancer is a Multiple Disease

Unlike apoptotic evasion which was described in section 1.1, tumour
angiogenesis, the process of growth and formation of new blood vessels (i.e.
neovascularisation), is an essential pathological feature of cancer [43, 44]. To be able to
promote neovascularisation, tumour cells have to acquire an angiogenic phenotype,
which is believed to occur in the early stages of tumour development [44].
Angiogenesis is crucial for the growth and spread of tumour cells [45, 46]. Although
tumour blood vessels are often described as structurally and functionally abnormal, they
are functional enough to provide nutrients and oxygen to growing tumours and to

support tumour cell dissemination and metastasis [47, 48].

Metastasis is another critical aspect of tumour genesis and the primary reason
for the high mortality rate of cancer, being responsible for the majority of cancer-
associated deaths [49]. Metastasis is a complex process that requires close collaboration
between cancer, immune, inflammatory, and stromal cells [50]. It is generally divided
into a number of steps including the detachment of tumour cells from the primary
tumour, invasion, migration, survival in the vasculature, and colonisation of the
secondary site [51]. Table 2 summarises the main differences between normal and

tumour cells.



Table 2. Tumour cells compared to non-tumour cells.

Size Smaller and rounded shape [52, 53]

Nuclei Much bigger than normal cells [52-54]
Genome Lack of genomic integrity with different mutations [65-57]

Cell function Lose some or all differentiated functions of their parents [52, 56, 58, 59]
Blood vessels Disorganised, leaky and irregular blood flow [53, 57, 60]

Cell membrane Loss of polarity, over-expression of some proteins and [56, 61-68]
composition receptors

The rate of Self-renewable (non-controllable) [29, 32, 55, 56, 59]
proliferation

1.3 Novel Cancer Treatments

The traditional treatments of surgery, radiation therapy, chemotherapy and
proton therapy for cancer were described in section 1.1. However, new treatments based
on nanoparticles, utilisation of specific ligands and the delivery of macromolecular
therapeutics, are being potentially developed to provide more effective treatment of
cancer [69-71].

1.3.1 Nanotechnology in Cancer Treatment

Nanoparticle-drug therapy (NDT) is a newer type of cancer treatment that
utilises drugs along with nanoparticles to more precisely identify tumour cells, and
operates as a drug delivery system (DDS) [71, 72]. Nanoparticles can more specifically
approach tumour cells due to their size, special properties and the attached targeting
ligands [73]. It is hoped this method will improve the pharmacological properties of free
drugs and specifically treat tumours with minimal effects on normal tissues [74, 75].
Table 3 illustrates some instances of problems caused by free chemotherapeutic drugs,
which are improved by NDT. This treatment can be designed either by directly
conjugating the desired drug to a suitable ligand [75], which is then used to target the
specific affected area, or by using a macromolecular conjugate to carry both drug and
targeting ligand to the tumour [75]. The large capacity of these conjugates allows a

higher loading of drugs compared to ligand-drug systems carrying just one molecule of



the drug [75-77]. Tumour accumulation of NDT depends on the size and circulation
time of the targeting system as well as on the tumour type and grade [70, 73, 78-82].

In summary, NDT is designed to increase the efficacy of drugs and improve
their bioavailability at the target site [83]. It also improves the stability of drugs while
minimising the exposure of noncancerous tissues, which can reduce the common side

effects associated with cancer chemotherapies [84].

Table 3. Non- Perfect characteristics of free drugs and improvement of their clinical functions in a
DDS [82, 85].

Problem of free drugs The effect of DDS

Poor solubility and distribution  Providing hydrophilic or hydrophobic
environments to increasing solubility and
distribution, such as liposomal vincristine [86].

Rapid breakdown and Protecting drugs from degradation and enabling

unfavourable pharmacokinetics  slow release, thus decreasing the number of doses
administered, such as liposomal amphotericin B
[87, 88] and liposomal topotecan [82].

Lack of selectivity and severe Improve drug selectivity by targeting ligands and
side effect concentrating the drug in the affected tissue

Nanoconjugates with distinctive natural and structural properties have been
widely investigated for tumour targeted delivery of various compounds (e.g.
chemotherapeutic drugs, photosensitizer (PS) molecules, photothermal agents and
genetic materials) in order to improve their therapeutic efficiency and reduce negative
features [89]. Suitable nanoconjugates (Figure 1-1) include linear polymeric conjugates
[90, 91], dendrimers [92, 93], liposomes, micelles, and non-polymer nanoparticles [70,
90, 94, 95].
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Figure 1-1. Various delivery strategies for drug and chemical agents.

These vehicles are the polymeric structures formed differently based on the specific delivery purposes.

On the other hand, the enhanced permeability and retention (EPR) effect is
another parameter to consider in cancer therapy systems. The EPR effect allows certain
sizes of therapeutic molecules accumulate in solid tumours [89, 96]. Notably, EPR is
not universally present in all tumour types or even in all areas of a tumour, and is often
limited by the degree of tumour vascularisation [97]. This means the EPR effect is quite
heterogeneous and may exist for only a few types of tumours, or small size cancers [98].
Therefore, the localisation of passive targeted nanoparticles within the tumour can be
inconsistent [99]. This heterogeneity also causes higher concentrations of nanoparticles
in one part of the tumour, which do not exist in other parts [75]. Consequently, EPR
effect enriches the required drugs in the tumour interstitial space, with the higher
osmotic pressure leading to drug leakage from the affected tissue [100, 101]. As a
result, fewer NDT nanoparticles are accumulated in proangiogenic or necrotic tumours
[102, 103].

Overall, the accumulation of the designed nanoparticles in specific tumours
depends on their size, chemical characteristics, and circulation time [104]. This
accumulation is improved by choosing the appropriate targeting ligands (active

targeting strategies) and and the degree and intactness of the vasculature [59, 97].



1.3.2 Ideal Ligands in Cancer Therapy

The first significant point in cancer targeted therapy is that the ideal markers to
be targeted need to be uniquely highly expressed on tumour cells with a lower
expression on non-tumour cells [105]. Table 4 lists tumour markers for various tumour
types. Another important criterion in the selection of appropriate targeting ligands is
whether the targeted nanoconjugates can be internalised into the directed cells [59, 106].
Further, the targeted marker needs to be easily accessible to the designed conjugates
[105]. Over-expressed markers/receptors on the cell surface are better candidates for
targeted therapy compared to some intracellular ones, such as steroid or retinoic acid
receptors [100]. When an ideal marker is identified for targeting purposes, a ligand with
appropriate specificity, binding affinity, proper size and functional group availability
must be chosen for receptor-targeted delivery [105]. Different types of ligands have
been used for delivery of nanoconjugates to the targeted tumour cells [107]. The most
commonly utilised ligands include antibodies, oligosaccharides, cationic and short
peptides/motifs (e.g. RGD) and some vitamins such as FA or biotin [108-110]. These
molecules interact with higher expressed receptors or proteoglycans, promoting cellular
uptake via endocytosis [38-45]. In the wide range of the appropriate targeting
compounds, antibody-based delivery systems are one of the most successful molecules
in drug delivery purposes [111]. However, these systems face some hitches such as

immunogenicity, unreasonable cost, and complex conjugation chemistry [112].



Table 4. Tumour markers by tumour type.

Marker Cancerous tissue References

CD98hc (SLC3A2) Renal cancer [113]

CD133/AC133 cell surface markers Variety of cancers, especially brain, [39, 55, 61, 62]
ovary and colon cancer

CD44 cell surface markers Variety of cancers [61, 114]

CXCL12 and its receptor Brain cancer [115]

CXCR4 Brain cancer [115, 116]

CD34+/CD38—cell population Acute myeloid leukaemia and skin [56, 57]
tumour

CD44+/CD24—/lineage—cells Breast cancer [56, 114, 117]

Epidermal growth factor receptor Majority of cancers [33, 118]

(EGFR)

Fibroblast growth factor receptor Prostate [33]

(FGFR),

Folate receptor (FR) Majority of cancers [119-123]

Insulin-like growth factor (IGF1) Thyroid, brain, intestine, kidney, breast [124]

and prostate

In general, affinity and density, which are the two essential properties of
ligands, play a crucial role in the effective targeting of delivery systems to the affected
tumour area [125]. For instance, higher ligand density does not necessarily lead to
higher intracellular accumulation [126]. The higher densities affect the surface
characteristics (i.e. charge ratio), thus influencing the cellular uptake [78]. Given this,
the best ligand density and charge ratio on the nanocarrier surface must be considered.
Moreover, the method by which the ligands are attached to the nanoparticles can also

affect the optimal ratio of the targeting ligand [126].

Two methods are involved in the preparation of targeted nano-systems: “post-
coupling” and “pre-coupling” techniques [127]. The first method is bioconjugation of
the targeting ligands to the prepared nanoparticle surface [128]. This technique does not
allow the optimal efficiency for ligand-nanoparticle surface density [129]. On the other
hand, the most efficient chemical technique is “pre-coupling”, which involves pre-

conjugation of a targeting ligand to the base carrier with nano-formulation. This method



provides more homogenously targeted nanosystems capable of controlling
ligand/nanoparticle ratios [130]. Clearly, a combination of factors influences the
efficiency of nanosystem—tumour cell association, which in turn affects the biological
behaviour [78, 95, 131]. These factors include the targeting ligand as well as the size,
shape and structure of the applied nanoconjugate [78, 132]. The balance of the
ligand/nanoparticle surface ratio also affects the association of nanocarriers and targeted

cells which need to be investigated in developing NDT therapies [95].

1.3.3 Folate-Mediated Delivery of Macromolecular Therapeutics

Folate receptor (FR) is considered an attractive targeting site for tumour—
specific therapeutics as it is over-expressed in the majority of tumour cells [34, 70, 133-
156]. This receptor not only assists ligand association of the therapeutic conjugates on
the cell surface, but also acts as a carrier for transferring extracellular drugs/nanocarriers
inside of the cells [123, 157].

FR is present on some special non-tumour cells in particular tissues which
raises concerns about using this receptor in therapeutic applications [31]. Notably, FR
expression is restricted to the apical sides (the side toward the lumen) of polarised
epithelial cells (face to body cavities) and would be unapproachable to intravenous
drugs [100]. In the kidney, for instance, FR is detectable only on the apical/luminal side
(the inside space of a tubular structure) of the proximal tubule polarised cells. This
possibly helps in re-absorption of the small amount of FA from urine [158]. In the brain,
FR is expressed on the brain side of the blood-brain barrier where it might collect FA
inside the cerebrospinal fluid [159]. While FR is also expressed on activated
macrophages [37, 160], this is not a major concern, because activated macrophages are
replaced by resting macrophages, which cannot bind to FA and its conjugates [161].
Therefore, the transport of some FA-conjugates into the activated macrophages is
probably not a serious threat. Upon malignant transformation, however, this apically
regulated receptor spreads over the whole cell surface and is consequently available to
administered drugs and nanocarriers [100]. Moreover, FA (FR ligand) with the
molecular weight of 441 g mol™ is one of the large numbers of small molecules being
considered as potential targeting ligands [162]. These molecules are organic molecules

with a molecular weight as low as 500 g mol™ and considered as a promising class of
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targeting ligands due to their size, high stability, simple coupling chemical procedure

and low production cost [95]. The possible modulation of their densities contributes to

the stability, size, morphology and targeting efficiency of the designed nanosystems

[95]. Several types of folate-therapeutic systems have been developed for in vivo

delivery of drugs or diagnostic molecules to FR-over-expressed tumour cells (Table 5).

Table 5. Summary of various cancer treatments using folate as a targeting ligand.

Treatment

Delivery strategy Type of carrier method Therapeutic agent Reference
Polyamidoamine Gene therapy SiRNA [163]
Dendrimer i
Polyamidoamine NDT Arltlsense . [164]
oligonucleotides
Thermosensitive NDT/
. Photodynamic Doxorubicin/ IR780 [165]
bubble-generating h
Liposome therapy
Phosphatidylcholine-
cholesterol Gene therapy HSV-TK [166]
Polyethylene glycol-b-
poly-L-lactide-co- NDT Paclitaxel [167]
carbonate
Micelle
Poly-2-ethyl-2- Photodynamic ~ Meta - tetra
oxazoline-b-poly-d,I- . [168]
. therapy (hydroxyphenyl)chlorin
lactide
Iron Oxide NDT Unknown [169]
nanoparticles upconversion Photodynamic Zinc (1) phthalocyanine  [170]

fluorescent
nanoparticles

therapy

1.3.4 RGD-Mediated Delivery of Macromolecular Therapeutics

Integrin is a kind of heterodimer membrane molecule (with two different

subunits: a and ) that mediates cell adhesion to the nearby extra cellular matrix (ECM)

[171, 172]. The combination of o and B subunits (integrin classes) determines the

specificity of integrin-ligand binding and therefore the intracellular signalling [173].
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Different integrin classes are expressed on different cell types, such as epithelial,
endothelial, fibroblast, and immune cells as well as the different types of tumours [173,
174]. The configuration of ECM around the tumour site and the expression profile of
integrin molecules on tumour cells, play a critical role in cancer development,
metastasis and treatment difficulties [173, 175]. Tumour cells express many different
types of integrins, but aVP3 and aVB5 are specifically over-expressed on angiogenic
epithelium and in some primary and metastatic tumours [176]. Integrins are targeted by
RGD, the short peptide motif consists of three amino acids: arginine (Arg), glycine
(Gly) and aspartic acid (Asp) [97, 177]. RGD is one of the most attractive ligands for
delivery purposes due to its better cellular uptake and ease of synthesis [95]. It is also
sufficiently small with lower immunogenicity and higher stability [178]. As a result,
aVP3 and aVP5 are considered as the crucial therapeutic targets in integrin targeted

cancer therapy [174, 175, 179].

Several studies have investigated a variety of nanosystems containing
chemotherapeutic drugs, imaging compounds, chemicals and gene motifs targeting
integrins [180, 181] . These nanosystems have shown promising clinical responses in
cell association, proliferation and also the circulation time of the designed
nanoconjugates in cancer treatments [182, 183] (Table 6). Despite these results, there
are some limitations which can restrict using RGD or other oligopeptides in targeting
systems. The first issue is that integrins are not cancer specific, being expressed on
almost all epithelial cells increases their probable side effects [184]. Since efficient
receptor binding depends on the structural features of the targeted ligand [70], even
nanoscale spacing alterations through mimicking the native peptide ligand can cause
conflict [185, 186] . Further, the RGD density needs to be considered as an important
parameter which strongly affects the biological responses, such as binding to the
receptor, focal adhesion assembly, migration, and cell proliferation/ differentiation [186,
187]. Nevertheless, there are some recent studies that select intense peptide sequences
as targeting molecules with higher affinity to cancer-specific over-expressed classes
[184]. Other methods were developed in peptide synthesis to mimic native
configurations to overcome the usual small differences which cause cell response

variations [186]. Integrin-targeted nanocarriers have recently proven more attractive in
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tumour vasculature-targeted therapy, another promising approach to cancer therapy
[188].

Table 6. Summary of various treatments using RGD as a targeting ligand.

Delivery Tvpe of carrier Treatment Therapeutic Refer
strategy yp method agent ence
Polyamidoamine Photothermal Gold [189]
therapy
Dendrimer Polyamidoamine Gene therapy Plasmid [190]
DNA
PEGylated polyamide amine NDT Doxorubicin  [191]
Cationic liposome Gene therapy  DNA [192]
distearoylphosphatldylethanolamin I |
Liposome Fluorouraci
e (DSPE), NDT [193]

distearoylphosphatidylcholine
(DSPC), cholesterol and PEG

Photodynamic

Tetra-tail amphiphilic peptide therapy

Porphyrin [194]
Micelle Antagonists

Polyethylene glycol-poly lactic acid lglrino&e;r:;cle— to MDM2 [195]
gIeTaY and MDMX

Nanoparticle-

Non-polymer - 4 drug / Methotrexate  [196]
nanoparticles Photothermal
therapy

1.4 Cancer Therapies and Their Challenges

In general, there are two important aspects, which must be considered in cancer
therapy: targeted destruction of tumour cells with less impact on non-tumour cells, and
more operative retention time in the blood circulation while a reticulo-endothelial
system (RES) response is limited [73, 197]. The EPR effect and blocked lymphatic
draining in tumour tissues both play a critical role in tumour cell devastation [84, 106,
198]. The multi- functionalized Nano systems showed high delivery efficiency into

tumour cells [199]. However, molecules larger than 100 nm cannot access the centre of
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a cancer or the inside of tumour cells [198, 200]. The circulation retention time, kidney
clearance threshold and RES responsible range all need to be considered when
nanoparticles are being designed. Plasma proteins (=10 nm) usually do not pass the
kidney filtration barriers, except in the presence of nephritic disease or other kidney
defects [201]. Therefore, chemical conjugations or drugs smaller than the clearance
threshold can pass the glomerular filtration barrier and leave the blood stream [202,
203].

RES, on the other hand, recognises any particular system regardless of its size,
except for molecules covered with biodegradable shields to disguise them as native
macromolecules [204]. Consequently, the appropriate size of the conjugates needs to be
considered for delivery purposes [82]. Designed conjugates should be small enough to
get through tumour cells without being recognised by the RES [205], but still are
sufficiently large to remain in the blood circulation with minimal impact on non-tumour
cells [197].

Hydrophilic biodegradable polymers are especially valuable in addressing
these issues with passive targeting. Passive targeting takes advantage of the unique
pathophysiological characteristics of tumour (EPR effect), assisting nanosystems to
accumulate in tumour tissues [206]. For example, polyethene glycol (PEG) is
commonly used in DDS due to the wide range of available molecular weights and its
hydrophilicity [68, 207]. This biopolymer entraps the conjugation as a hydrophilic cloud
repelling the plasma proteins in blood and evading the RES. As a result, the circulation
time increases and these particles have the opportunity to slowly accumulate in targeted
tissues [68, 208]. Furthermore, PEG is an exceptional linker between the ligand and
therapeutic drug (inactive targeting) reducing the stereo-physical inhibition in ligand-
receptor association [36, 123, 134, 140, 209-212].

Synthesising appropriate nano-conjugates, based on their size and efficient
activity, is the most complex part of DDS design. This requires a high degree of
understanding of the physiological and pathological aspects of cancer [95]. To obtain an
effective delivery system in cancer therapy, unique combinations of targeting ligands
[70, 213, 214] and appropriate polymeric formulations must be considered for each
individual type of tumour [71].
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1.5 Graphene, a Multi-Disciplinary Polymer

Graphene polymer consists of layers of hexagonal rings in a honeycombed
network making up a planar macromolecule [215]. The particular chemical structure of
this polymer allows it to be used as a basic building block for other types of carbon
molecules from 0D fullerenes, and 1D carbon nanotubes, to 3D graphite (Figure 1-2).

Figure 1-2. Graphene is a 2D molecule for carbon materials that

can be wrapped up into 0D buckminsterfullerene, rolled into 1D nanotubes, or stacked into 3D molecules
[216].

Graphene was first prepared in 2004, by peeling a single layer of graphene
using sticky tape and a pencil [217]. Over several years, a number of physical and
chemical methods have been developed to produce graphene and its derivatised
molecules, including exfoliation and chemical synthesis [216, 218].

Chemical modification improves graphene biocompatibility, solubility and
selectivity [219]. Graphene Oxide (GO) is a two-dimensional, hydrophilic network
made of oxygenated graphene. The wide range of functional groups present allows the
surface chemistry to be modified for a number of potential applications in drug delivery
and cellular and/or organ targeting [220-223] (Figure 1-3). The combination of the wide
range of multifunctional groups with the auto-fluorescence exhibited by this polymer
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makes GO attractive for theranostic (combining diagnostic and therapeutic capabilities
into a single agent) delivery systems and signalling materials [222, 224, 225]. Hence, a
vast amount of research has been directed towards exploring the chemical and physical
properties of this unique material for optoelectronic and biomedical applications [226-
229].

— COOH COOH OH

QG

Figure 1-3. The chemical structure of GO exhibiting a variety of functional groups [230] .

1.5.1 GO, an ideal nanomaterial for biological application

The efficacy of existing drug carriers is largely inhibited by their inability to
reach appropriate accumulation concentrations in a tumour which is mainly due to
partial loading valency and low level of functionalisation [231]. GO is considered a
favourable polymer in biomedical studies due to its amphiphilicity, large surface area,
an enormous array of functional groups giving a higher degree of functionalisation
(through physical adsorption or chemical bonding) and photoluminescence properties
[216, 232]. The large 2D aromatic surface of this polymeric network makes it a suitable
substrate for adsorption of particular biomolecules [216].

As a result of GO surface functional groups and its secondary structure, GO
has also been tethered with various proteins, peptides and enzymes, particularly as
biosensors [233]. In 2008 and 2009, DNA-bio components utilising graphene
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derivatives was demonstrated. Single-strand DNA (ssDNA) can strongly interface onto
both sides of graphene and particularly wrinkled surfaces of chemically modified
graphene through a self-assembly process by n—n stacking [234, 235].

As mentioned, the unique abilities of GO (the large planar surface and
multifunctional groups), makes it an ideal nanomaterial in biotechnology [216], and a
novel candidate to be utilised in biomedical investigations such as in vivo targeting,
drug delivery purposes, and cell imaging [236] (Figure 1-4).

DNA/RND/Genes proteins °

Figure 1-4. GO can be a carrier for various therapeutic conjugates in drug delivery systems [216].

1.5.2 GO, a Potential Carrier in Cancer Therapy

Over the past decade, GO has been also widely applied as a valuable drug
nanocarrier for various compounds, including anti-cancer drugs and imaging
compounds [231, 237, 238].

Application of GO in targeting DDSs was first demonstrated by Sun et al. who
demonstrated doxorubicin conjugated GO for in vitro selective drug delivery [239].
Then, it was shown that GO can also be used for loading (via m- m stacking) and
delivery of two anti-cancer drugs [240]. Zhang et al. modified GO with sulfonic acid

groups rendering it stable in physiological solution. This modification was followed by
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using FA to specifically target tumour cells overexpressing FR (Figure 1-5).
Doxorubicin (DOX) and camptothecin (CPT) were two chemotherapeutic drugs that
were loaded onto the folate-conjugated GO sheets, which showed promising results
compared to non-targeted GO-DOX/CPT [241].

A
Z =

HO5S

Figure 1-5. Modified GO with sulfonic acid and FA.

Schematic image showing the loading of doxorubicin (DOX) and camptothecin (CPT) onto FA-modified
GO which is functionalized with sulfonic acid groups increasing its stability in physiological solution
[216].

Moreover, modifying GO with PEG (denoted GO-PEG) enabled higher
solubility and stability in biological solutions, resulting in higher cellular uptake and
therapeutic efficacy in cancer studies [240, 242, 243]. In 2010, Liu et al. examined in
vivo tumour uptake of PEGylated GO in mouse model tumours for the first time. Their
results showed high tumour uptake of the PEG-modified GO due to efficient tumour
passive targeting of GO caused by EPR effect. GO-PEG also reduced RES recognition
and remarkably increased tumour targeting in in vivo studies [242].

In this study, we used GO-polymer as an appropriate carrier to develop a
selectively cytotoxic therapeutic system utilising over-expressed receptor blockage. The
introduced GO sheet modified with PEG and suitable targeting ligands can form an
impermeable shield around the targeted tumour cells to block endocytosis, resulting

from metabolic deprivation (Figure 1-6).
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Figure 1-6. Modified GO network for over-expressed receptor blockage.

The GO network binds to the number of receptors (FR and integrins) from a number of rafts to inactivate
endocytosis.

1.6 Scope of the Thesis

This thesis focuses on the evaluation and determination of strategies to
synthesise engineered polymeric GO networks able to block over-expressed receptors

on tumour cells for treatment purposes in a selectively toxic way.

Over-expressed receptors in targeting cancer therapy have been thoroughly
studied over past decades to increase the efficiency of cancer treatments and reduce
unwanted side effects. This has led to some receptors being considered as potential
candidates for targeting drug delivery, particularly cancer targeting therapy. The work
presented in this thesis studied the efficiency of two common targeting receptors (FR
and integrin) for advanced cancer therapy to decrease cytotoxic and other adverse

effects on non-tumour cells.
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Overview of chapters 2 to 6:

» Chapter 2 explains the various techniques and methods used in this thesis.

» Chapter 3 describes the separation and fractionation of the GO sheets and its
macromolecular functionalisation. This modification is based on the covalent
attachment of PEG-amine on the GO surface via amide bonds to form GO-PEG.

» Chapter 4 describes the fluorescence properties of the modified GO sheets. The
effect of various factors on the observed fluorescence emission is also discussed.

» Chapter 5 discusses the potential of ligand-modified GO sheets (GO-PEGFA
and GO-PEGRGD) for cancer therapy. The cytotoxicity effects of single ligand
(FA or RGD) or dual ligand (FARGD) modified GO are discussed. The
interaction of modified GO sheets with selected tumour cells is also studied.
Synergistic/additive effects of the GO networks with methotrexate (MTX) and
doxorubicin (DOX) are also examined.

» Chapter 6 concludes the thesis findings and discusses the possible future aspects

of the proposed therapeutic system.
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Chapter 2

Instrumentation
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2 Instrumentation

2.1 Introduction

This chapter describes the techniques employed throughout this thesis to
produce and investigate the experimental data. The techniques including spectroscopy
and microscopy were fundamental in chemical and biological studies. The details of

each technique along with its theory and applications are discussed.

2.2 Spectroscopy Techniques

Spectroscopy, in general, is the study of the interaction of light with a material
[244]. Depending on the wavelengths of light employed, different types of spectroscopy
are possible, including ultraviolet—visible spectroscopy [245] (ultraviolet and visible
ranges of light), fluorescence spectroscopy [246] (particular emission and excitation
wavelengths in the UV and visible range), infrared spectroscopy [247] (infrared light)

and nuclear magnetic resonance spectroscopy [245, 248] (light of radio frequencies).

2.2.1 Ultraviolet-Visible (UV-Vis) Spectroscopy

Ultraviolet-visible spectroscopy is absorption spectrophotometry commonly
applied to measure the absorbance of particular chemicals in the UV-Vis spectral region
[249]. Functional groups, chemical double and triple bonds, and even 7 electrons in
aromatic structures (chromophores) allow molecules to absorb UV-visible light [250].
Such absorption enables structural and dynamical studies of compounds using UV-Vis

spectroscopy.

While light passes through a solution of the sample, a certain amount of that
will be absorbed by structural chromophores in the solution. The absorbed radiation is
proportional to the sample concentration. This phenomenon is stated by the Beer-
Lambert law [250] written as Eq1;

A=elc Q)
where A is absorption, ¢ is the molar absorptivity (L mol™*em™), | is the path

length through the solution (cm), and c is the molar concentration of the solution.
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Through the use of Eql, a UV-Vis spectroscopy is a convenient technique to
investigate the chemical and/or physical characteristics of chemicals [250]. However,
this method does not precisely identify unknown samples. In this case, the measured
absorbance is compared to a reference spectrum as a standard to identify the substrate
[250].

In this study, a Varian Cary 3E UV-Vis spectrophotometer was used to
determine the chemical structure of graphene oxide (GO) and its modified derivatives.
UV-Vis spectroscopy was also used to determine the concentration of modified GO
samples using a standard curve. The absorbance of GO over the range of 200 nm to
600 nm peaked at 230 nm and 250 nm, while the modified GO showed different
absorption spectra. Specific details of each experiment and set-up are described in

chapters 4 and 5.

2.2.2 Fluorescence Spectroscopy

Fluorescence is the emission of light at a higher level of energy by a substrate
as a result of absorbing light at a different wavelength of a lower level of energy [246].
The presence of a fluorophore, an atomic group with an excited molecule that emits
photons giving rise to fluorescence, makes some compounds fluorescent [251]. This
property is measurable with a fluorescence spectrophotometer to study
photoluminescent characteristics of macromolecules [252]. Through excitation, an
electron in the fluorophore will be excited from the ground state to a higher energy
level. The excited electron returns to a lower state due to vibrational reduction which
produces heat. This electron then returns to the basic state giving rise to a fluorescence
emission [251, 253]. This emission can also be measured with a fluorescence

spectrophotometer to study the photoluminescence of macromolecules [252].

In this study a Varian Cary Eclipse fluorescence spectrophotometer was used
to study the fluorescence properties of GO and its modified derivatives. This instrument
was set to scan mode for data collection of the excitation or emission (Ex/Em) spectra
over the range of EX/Em wavelengths. Scan mode permits the desired wavelength to be
set at any particular value. Details of the experimental conditions are described in
chapters 3 and 4.
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2.2.3 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared spectroscopy is one of the primary analytical
methods to study molecular structures, particularly in polymer science [254]. FTIR is
mostly available for any kind of sample, including solutions, powders and even gases
[255, 256]. Infrared (IR) radiation energy is lower than visible and ultraviolet radiations.
Absorption of IR radiation produces a small energy variance between the rotational and
vibrational states for each individual molecule [254]. IR spectroscopy is one the fastest
and most sensitive techniques to determine the molecular structure of a sample based on
the relationship between the structural molecules and detected IR spectra. Each
observed absorbance peak corresponds to one specific functional group or chemical
bond within a molecule [254].

In this study a Varian 7000 FTIR Spectrophotometer was used to determine
whether chemical reactions of GO went to completion through the modification process.
This instrument was set to scan mode for data collection of the IR absorbance spectrum

over the range of 4000-400 cm™. For each spectrum, 32 scans were obtained.

2.2.4 Nuclear Magnetic Resonance (NMR) Spectroscopy

Similar to other types of spectroscopy, NMR also uses light to make a
transition between molecular energy levels [248]. This technique uses the NMR of the
nuclei of specific atoms to determine their chemical, physical and even biological
characteristics. The most commonly used nuclei in NMR are carbon-13 (**C) and
hydrogen-1 (*H) [257]. NMR spectroscopy is one of the most important techniques used
in chemical studies to investigate the chemical structure and dynamics of molecules
[258, 259].

In this study a Varian NMR300 was used to determine the structural foundation
of the prepared PEGylated molecules. The instrument was set at resonance frequencies
of 75 MHz for **C and 300 MHz for *H. *C NMR spectra were observed under cross-

polarisation and magic angle spinning.
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2.3 Microscopy Techniques

Microscopy describes the operation of a microscope providing a magnified
image of a specimen [260]. Apart from objective classification, there are different types
of microscopes based on their application, e.g. bright field and fluorescence
microscopy, or the source of energy that illuminates the specimen with either photons or

electrons, e.g. optical and electron microscopy, respectively.

2.3.1 Optical Microscopy

Optical microscopes utilise light, either visible (e.g. bright field microscopy) or
ultraviolet (e.g. fluorescence and confocal laser scanning microscopy), to magnify the
examined samples [261]. Schematics of typical fluorescence and confocal microscopes

are shown in Figure 2-1.
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Figure 2-1. Schematic diagrams of fluorescence and confocal optical microscopes [262].

The use of a pinhole is the main difference between these two microscopes and allows the confocal
microscope to focus on a single plane (so called Z stack) as discussed later.
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2.3.1.1  Fluorescence Microscopy

Fluorescence microscopy is an important technique in biomedical studies to
observe living biological specimens or chemical samples [263, 264]. This technique is
particularly valuable to detect the subcellular location of fluorescently labelled special

proteins and other cellular components as they travel through a cell [264].

In this study a Leica STP6000 fluorescence microscope was used to study the
auto-photoluminescence of GO and its functionalised derivatives, particularly in cell

media. Details are discussed in the chapters 3 and 4.

2.3.1.2 Confocal Laser Scanning Microscopy (CLSM)

Confocal microscopy is another type of optical microscopy that increases the
resolution and contrast of the magnified bio-images by applying a special pinhole [265]
(Figure 2-1). The pinhole excludes all out-of-focus light to generate only one single spot
of focused light [266]. This technique is used to study samples in depth by taking a
series of slices (known as Z-stacks) through the varying focus levels, which generates
either 2D or 3D images [266, 267]. Confocal microscopy is also valuable in the life and
material sciences to study molecular structures, interactions and behaviours [268]. In
this study, a TCS SP5 from Leica Microsystems was used for live cell imaging and
taking Z-stacks of associated GO sheets with treated tumour cells in in-vitro

experiments.

2.3.2 Electron Microscopy

Electron microscopes are the most complex and innovative instruments in
modern science. They utilise a beam of electrons as an alternative to light and an
electromagnetic field as a replacement for glass lenses to magnify the specimen [269].
These microscopes have much higher magnifications than optical microscopes, which
are limited by the wavelength of light, and so are suitable for studying much smaller
entities [270]. Based on the type of detected electrons (primary or secondary electrons),
electron microscopy is sub-divided into two main classes: transmission electron

microscopy (TEM) and scanning electron microscopy (SEM) [271], with instruments
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for each class having a different setup (Figure 2-2). TEM and SEM are described in the

following sections.

Scanning Electron Transmission
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Figure 2-2. Schematic diagrams of SEM and TEM instruments [272].

In comparison with TEM, SEM has a lower magnification and provides a 3D image of the surface
morphology.

2.3.2.1 Transmission Electron Microscopy (TEM)

TEM is the original form of electron microscopy in which the primary electron
beams were emitted by a cathode in a magnetic field, and transmitted through tiny slices
of the sample. The sample is pre-stained with palladium or gold and placed onto a
specific TEM grid [270]. Acceleration of electrons under vacuum consequently
produces higher energy, which enhances the resolution of TEM images [269](down to
0.2 nm, which is smaller than many atoms). Therefore, TEM is a good technique to

investigate the structural arrangement of atoms in a sample.

In this work, GO sheets and derivatives were dried onto coated TEM grids and

viewed in an FEI Tecnai Spirit transmission electron microscope at 120 kV to study
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their physical structures. Images were captured with a Gatan Eagle digital camera at a
resolution of 2048 x 2048 pixels.

2.3.2.2 Scanning Electron Microscopy (SEM)

SEM detects the secondary electrons emitted by the surface of a sample, which
was previously excited by the primary electrons [273, 274]. The interaction of primary
electrons with the sample produces signals, including secondary electrons, back-
scattered electrons, photons, visible light, and heat [275]. The signals correlated to the
secondary electrons are collected by an appropriate detector to map the morphological
surface of the examined sample. In comparison with TEM, SEM has a lower

magnification and provides a 3D image of the surface morphology [270].

In this study GO samples were coated with gold using a Xenosput sputter
coater (Dynavac) and imaged with a Philips XL30 field-emission SEM at a voltage of
2.0 kV and spot size of 2. The morphological appearance of the modified GO sheets and

their cellular interactions were then studied.

2.4 Atomic Force Microscopy (AFM)

AFM, or scanning force microscopy as it is also known, is a type of scanning
probe microscopy that utilises electrical flow to construct a very high resolution image
of the sample surface [276]. This type of microscope is designed to measure the
superficial properties of the sample using a small and sharp probe that scans a small

area of the sample.

AFM is a useful technique to study the morphological properties,
nanomechanical characterisation, surface roughness [277, 278], and even thermal
conductivity of samples [279]. During this project an Asylum Cypher AFM was used in
contact mode with a drive frequency of 75-80 kHz, and a typical scan rate of 1.00 Hz.
This technique was used to study the morphological and physical features, and thickness

of GO and its modified derivatives.
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2.5 Thermal Gravimetric Analysis (TGA)

TGA is one of several thermal analysis methods for material characterisation.
TGA monitors the mass changes of materials as a function of time (at constant
temperature) or temperature (at constant heating rate), while the atmosphere is
controlled [280]. By increasing the temperature, many components of a sample are
decomposed and the percentage of mass change is measured [281]. In this study TGA
was used to determine the physical stability of the GO sheets and its modified
derivatives. This technique was also used to investigate the vyield of GO
functionalisation. The measurements were conducted on a Mettler Toledo
TGA/SDTAB851e thermogravimetric analyser with a heating ramp of 10°C/min under an

oxygen or nitrogen flow of 30 ml/min. Samples were heated up to 800°C.
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Separation and Macromolecular
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3 Separation and Macromolecular Functionalisation of
Graphene Oxide Networks

3.1. Introduction
Graphene Oxide (GO) is a two dimensional hydrophilic network made of

oxygenated graphene [220]. GO nano-sheets accept a wide range of functional groups
that allow the surface chemistry to be modified for a number of potential applications in
drug delivery and cellular/organ targeting [221-223]. The combination of these
properties with the observed auto-fluorescence makes GO sheets attractive for
theranostic delivery systems and signalling materials [222, 224, 225]. A major body of
related literature has been directed towards exploring the chemical and physical
properties of this unique material for optoelectronic and biomedical applications [226-
229].

A mixture of sheets with different morphologies, sizes and thicknesses are
produced when GO is fabricated by a defined chemical oxidation procedure [282, 283].
The chemical modification of pure graphene (source material of GO) introduces a
number of oxygenated functional groups to render the graphene surface hydrophilic
[284] and also makes the GO more chemically reactive [285-287]. The GO is then a two
dimensional (2D) structure with hydrophilic edges and both hydrophobic and
hydrophilic regions on the faces due to the presence of carboxylic acid groups on the
edges and hydroxyl and graphene groups on the surface [288].

For a given chemical modification, the proportion of hydrophilic functional
groups to hydrophobic regions of the GO structure varies with the sheet size [288, 289].
The effective “amphiphilicity” of the GO sheets and interfacial activity is found to be a
function of the sheet size. Smaller GO sheets possess higher so called “edge-to-centre”
ratios which result in more stable colloidal dispersions due to higher hydrophilicity
[290]. However, the interfacial functional groups in the interstitial spaces between GO
layers are less accessible for chemical interactions due to steric inhibition [291]. As a
result, graphene oxide single sheets with thicknesses of ~1 nm are more reactive to
compounds such as polyethylene glycol (PEG), a FDA-approved vehicle, which
functionalises GO into a material that is potentially suitable candidate for clinical
applications [292-294].
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Different methods have been introduced to fractionate GO single sheets such as
sonication for mechanical exfoliation [295], dispersion in organic solvents as a liquid
exfoliation, organic solvent or surfactant assisted sonication [296], thermal exfoliation
[297], and exfoliation by polymer/dye functionalisation [298]. These methods are based
on mechanically separating the sheets by overcoming the van der Waals interactions and
inter-sheet n-n stacking to enable solubilisation [299]. Mechanical methods have been
shown to have detrimental and varied effects on the sizes of the GO sheets and
furthermore on the physical and chemical characteristics of the sheets produced [300,
301]. These effects change the interaction of GO and its functional derivatives in
important size-dependent applications, such as the interactions with cells in clinical
studies [302, 303].

The strong inter-sheet n-7 stacking of GO sheets also decreases the solubility
leading to aggregation in solution. Therefore, the proper selection of solvent with
suitable repulsive solvation force is required, as many solvents are difficult to remove in
the post-processing stage due to their high boiling points (>150 °C) [304]. Association
of GO sheets with surfactants, polymers or organic molecules has been used as
strategies for the dispersion of GO sheets. These methods rely on induced repulsive
electric double layers and/or repulsive steric forces between exfoliated GO sheets to
render the sheets soluble [296]. However, removing the associated molecules of
surfactants/solvent from GO sheets for biological applications remains problematic.

The first density gradient separation of functionalised GO nano-sheets using
sucrose density gradient and an centrifugal (50k rpm) was reported in 2008 [243]. This
method was later applied to the separation of pure GO [305]. The gradient density
separation method uses a solution containing solvents of different density over a range
of compositions to generate the density gradient [306]. The sample solution is placed on
the top of the tube and then centrifuged in order to separate the nano-particles by
density once the height is equilibrated. The gradient media in this method must be a
solvent for the particles to be separated [307]. As a result, the fractionated particles are
immersed in a solution in which the gradient molecules are adsorbed to the GO sheets
and must be removed prior to further modification using another solvent. This clean-up
stage is crucial for GO preparation, as the presence of adsorbed molecules on the

separated sheets can render a number of sites inactive for further chemical modification.
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In the previously reported separation method however, there has not been a clear
strategy of purification to remove the adsorbed solvent from the fractionated GO sheets
[308].

Another size separation method was introduced in 2011 by Xiluan Wang et al.
based on the pH-dependent amphiphilicity of GO molecule [309]. GO has the capacity
to buffer the solution due to the structural acid and base groups rendering the pH
adjustment difficult [310]. Recently, a polar solvent-selective sedimentation method has
been reported [311]. This technique is challenging due to the narrow size distribution,
the use of large volumes of organic solvent, and a long standing fractionation time
[310]. More recently, Wang et al. presented an alternative size-fractionation method
based on filtration [312]. This technique avoids some of the complexities of the
previous methods. However, it is both time consuming and not readily applicable in the
nanometer size range.

In the current work, a simple and robust gradient centrifugation method is
proposed for the separation and fractionisation of GO single nano-sheets using water-
glycerol media (Figure 3-1). This procedure eliminates the use of sonication and
ultracentrifugation making the separation more controlled and simple. Furthermore, the
adsorbed gradient molecules are more readily removed from the separated fractions
using dimethylformamide (DMF). Here we report the chemical, optical, auto-
fluorescence and cytotoxic properties of the fractionised GO nano-sheets using the

water-glycerol gradient method.
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Figure 3-1. Schematic representation of GO fractionation in water-glycerol solutions using gradient

centrifugation.

The GO solution contains multiple GO sheets were diluted several times to get the GO sheets entirely

exfoliated in water at concentrations below ~107 mg.ml™. Water-glycerol mixtures were used to

fractionate the GO single sheets in a centrifugation process separating different fractions from smaller to

larger sizes of GO sheets. Mobility measurements were then carried out for the fractionated layers to

determine the effective surface charge of the GO nano-sheets.
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3.2. Materials and methods

3.2.1. Separation procedure

GO (4 mgml?) (777676-50 ml) and all other chemical reagents were
purchased from Sigma-Aldrich, Australia. Glycerol was mixed with water to obtain the
density gradient (5-50%). Each density fraction (2 ml) was transferred to a 50-
ml centrifuge tube respectively with the higher density portion (50%) at the bottom and
the least dense one (5%) on the top. 500 ul of GO solution (0.01 mg.ml™) was distilled
onto the multilayer gradient. The resultant solution was centrifuged for 3 hours at 8,000
g using a Beckman Avanti 30 centrifuge. Each fraction (GOF;-GOF,) was removed
using a 1000 pl pipette. The GO fractions were then washed with DMF followed by
dialysis against distilled water for 72 hours removing glycerol and DMF from the
separated sheets. The final solutions were collected and concentrated by a 10 kDa
molecular weight cut-off (MWCQO) Amicon filter at 5,000 g. This was followed by a dry

freezing process to obtain each fraction in a lyophilised powder.

3.2.2. GO Characterisation
Dynamic Light Scattering (DLS) was measured by a Zeta Sizer Nano ZS

Malvern, in customised 1 cm Zeta Sizer cuvette at room temperature. Glycerol was
chosen as the solvent with a viscosity of 1.261 m?/s and Refraction Index (RI) of 1.4746
containing GO with RI of 2.44. The average conductivity of the solutions was 0.03
mS/cm. Zeta potential was also determined by the same device for GO with RI of 2.44
in water. Atomic force microscopy (Asylum Research Cypher AFM) was used to
determine the size and thickness of GO sheets. A proper size of mica (1 cm?) was
prepared and washed with ethanol and water, then dried under a laminar flow to
minimise contamination. The mica surface was pre-coated with the positively
charged Polyethyleneimine (PEI) for 30 minutes. After rinsing with distilled water and
drying under laminar flow, the product was polished by nitrogen gas before adding 10
ul of each GO fraction. Further, the morphology of the different concentrations of GO
sheets was investigated using a transmission electron microscope (TEM), FEI Tecnai
Spirit, with an accelerating voltage of 120 kV. The oxidation of the oxygen-containing
groups in GO was confirmed by UV-Vis spectroscopy (UV-visible
spectrophotometer/Varian 3E) and Fourier transform infrared spectroscopy (Fourier
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transform infrared spectroscopy (FTIR) Spectrometer/VVarian 7000). Spectra were
obtained in an optical range of 500-5000cm ™' by averaging 32 scans at a resolution of
2cm~! with one min interval to minimise the effects of dynamic scanning. The optical
properties of GO and its derivatives were characterised using a UV-Vis
spectrophotometer (UV-visible Varian 3E), a fluorescence spectrophotometer
(Fluorescence Varian) at an excitation wavelength of 200 nm and Leica fluorescence
microscopy (Leica STP6000).

3.2.3. Cell experiments

MDA-MB-231 and KB cells were cultured at a density of 5x10* /ml (13x10°
cells/cm?) in 75-cm? culture flasks containing 20 ml Dulbecco's Modified Eagle's
Medium (DMEM) (supplemented with 10% heat-inactivated fetal calf serum, L-
glutamine and antibiotics) at 37°C in a humidified atmosphere (contains 5% CO5). Cells
were incubated for 24 hours and were then seeded into 96 well plates (10x10° cells/cm?)
to form sub-confluent monolayers overnight. Then they were serum-deprived for
another 24 hours prior to treatment. Each experimental condition was carried out in

triplicate and each treatment was repeated on three separate occasions.

3.2.4. Fluorescence microscopy imaging

Cells were seeded at a density of 5x10* /ml (13x10% cells/cm?) in 96 well
plates containing 100 ul DMEM media (supplemented with 10% heat-inactivated fetal
calf serum, L-glutamine and antibiotics). Plates were incubated at 37 °C in a humidified
atmosphere (contains 5% CO,) to form sub-confluent monolayers overnight. After
serum-deprivation for another 24 hours, cells were incubated with the PEGylated GO
sheets (260 pg.ml™) for 48 hours. Cells were imaged using fluorescence microscopy
under bright field and fluorescence mode; L5 red- excitation filter band pass (BP)
564/12- emission filter BP 600/40, A4 blue-excitation filter BP 360/40- emission filter
BP 470/40 and N3 green-excitation filter band pass (BP) 480/40- emission filter BP
527/30.
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3.2.5. Confocal microscopy imaging

Cells were plated at a density of 3x10* /ml at 37 °C into the “8-well Nunc™
Lab-Tek™ II chambered cover glass slides” (Thermo Fisher Scientific) to form sub-
confluent monolayers overnight. After serum-deprivation for 24 hours, cells were
incubated with the GO-PEG material overnight and fixed with 3% paraformaldehyde in
Phosphate-buffered saline (PBS). Cells were then incubated for 20 min with cell mask
deep red to stain cell membrane and then examined using a Leica SP2 Confocal Laser

Scanning Microscope.

3.3. Results and discussion

3.3.1. Fractionisation and separation of GO nano-sheets

In aqueous solution the state of aggregation of GO is determined by the
concentration [313]. Hydrogenated functional groups present on the GO sheet surface
give the GO charge in solution rendering it soluble in aqueous media. In the presence of
charge, the water molecules can cover both sides of the GO sheets. The reason for the
concentration dependent aggregation of the nano-sheets is not fully understood [314].
The measured sedimentation rates of graphene and GO flakes depend on their
thicknesses and 2D sizes [315]. Thin flakes are found to have lower densities than the
aggregated stacks of sheets [316]. We found that the GO sheets were entirely exfoliated
in water at concentrations below ~102 mg.ml™* (Figure 3-2). For low concentrations
single sheets are the dominant form and the gradient separation is governed by the two

dimensional sizes of the dispersed nano-sheets [317].
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Figure 3-2. GO sheets are entirely exfoliated in water at concentrations below ~102 mg.ml™*

TEM images (left column), contact mode AFM images (center column) and height profiles along the
indicated lines (right column) for GO nano-sheets at concentrations of A-C) 0.1, D-F) 0.01 and G-I) 0.001
mg.ml™.

In the present study, water-glycerol mixtures (5-50%) were used to fractionate
the GO sheets in a centrifugation process using a fixed angle- rotor. Sucrose is a
common medium for fractionation with ultracentrifugation, and is generally used for
isopycnic mixtures (with uniform sample and density gradient [48]). Glycerol however,
is widely used for the separation of components by rate-zonal sedimentation, which is
the main focus in this research [49, 50]. Figure 3-3A shows the GO sheets mixed in a
water-glycerol media in a centrifuge falcon tube before the separation process. The dark
brown layer on top of the tube shows the GO solution (102 mg.ml™) to be separated. By
using a fixed angle rotor system (Figure 3-3B), a few light brown layers of GO nano-
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sheets (diluted solution compares to the primitive sample) migrated to their respective

buoyant densities (Figure 3-3C).
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Figure 3-3. Separation of GO nano sheets using glycerol density gradient

A) The appearance of the “loaded” centrifuge tube before the separation process, B) The applied fixed
angle rotor as a part of the Beckman Avanti centrifuge, and C) the centrifuge tube showing the

fractionated layers of GO nano-sheets after glycerol gradient centrifugation for 3 hours at 8,000 x g.

In this figure, GOF;-GOF, represents different fraction zones from smaller to
larger sizes of GO nano-sheets. These fractions (GOF;-GOF,) were then washed with
DMF to remove any adsorbed glycerol molecules attached to the GO sheets via the
hydrogenated functional groups. The washed fractions were dialysed against distilled
water for 72 hours (water was changed each 12 hours) to remove DMF and glycerol.

To determine the concentration of the separated fractions, a GO standard curve
was used (Figure 3-4), for which an equation relating absorbance and the known
concentrations of GO standard solutions was derived. The correlation coefficient (R?)
was 0.9878. The unknown concentrations were determined by reference to the

absorbance of GO solutions at 230 nm.
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Figure 3-4. Standard curve of GO solutions at 230 nm.

Absorbance versus concentration curve showing a linear relationship between Abs and concentration over
the ranged measured.

3.3.2. Size distribution analysis of the fractionated GO sheets

The separated GO sheets were then imaged using AFM. A sample of each
fraction was placed on a freshly cleaved mica surface and dried under laminar flow to
minimise contamination. The average thickness of the single sheets was measured to be

~1.1 £ 0.2 nm on average (Figure 3-5).
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Figure 3-5. AFM image of GO single sheet.

A) Contact mode AFM image of GO single sheets on an atomically flat mica substrate, B) Height profile
of the individual GO sheet calculated by AFM device. The Go sheet thickness is found to be 1.1 £ 0.2 nm

in accord with previous reports [318].
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DLS measures the hydrodynamic diameter of GO sheets in solution. The lateral
dimension of the sheets absorbed on mica measured by AFM would be expected to be
larger than the hydrodynamic size.

Lotya et al. reported that the hydrodynamic radius in non-spherical particles is
often approximated as the radius of a sphere with the same volume as the particle [51].
Other researchers have also measured a correlation between the hydrodynamic DLS
radius and measured AFM sizes [52]. Models for interpreting the correlation between
actual size and hydrodynamic diameter in irregular and platelet-like particles have been
developed [53, 54]. Our experimental results show a linear correlation between the
measured hydrodynamic radii measured using DLS and the AFM flat sheet sizes as
shown in Figure 3-6 in which the reported hydrodynamic diameter represents the
average size of GO sheets [55] in the range of 150 to 850 nm diameter.
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Figure 3-6. DLS measurements and AFM imaging of separated GO sheets.

A, C, E, G) show the hydrodynamic size distribution of the fractionated GO nano-sheets (GOF;-GOF,)
using DLS (Polydispersity index: 0.33 + 0.18). B, D, F, H) Contact mode AFM images of GOF,-GOF,.
A, B) GOF;-150 nm, C, D) GOF,-350 nm, E, F) GOF;-600 nm, and G, H) GOF4-850 nm. The size
obtained from DLS are in agreement with the sizes found using AFM (see text for discussion).

3.3.3. Electrokinetic measurements on GO sheets

The DLS measurements of the hydrodynamic radii were very close to the
average radii measured for the flat sheets using AFM. Some orientation of the sheets in
the electric field of the mobility measurements was expected depending on the charge
distribution. In the experimental conditions used (very small velocities compared to
Brownian effects), the drag force on the non-spherical particles can be expressed as an
effective hydrodynamic size and the drag calculated using Stokes’s law [56]. The
electrophoresis measurements were performed in distilled water of pH 6.5 and
conductivity of 0.03 mS/cm. We assume that the electrolyte is therefore provided by
CO, to form bi-carbonate at 0.5 x 10° M. The Debye length in solution is therefore 420

nm. Assuming that the discs move in electrophoretic motion as flat discs drawn along
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their edges, and therefore for these conditions the dimensionless parameter, ka, is likely
far less than one (ka << 1). Henry Theory has been shown to be applicable for species
with a curvature radius that is less the thickness (k-1) of the electric double-layer (EDL)
[319-321]. The electrokinetic potential, {, is calculated from the measured mobility
using Eqg. 1 which represents the steady state force balance where the electric force
equals the hydrodynamic force;

Ug =Y/g= q/6m]r (1)

where Ug is the electrophoretic mobility (umcm/V-sec, V is voltage), q
the total charge on the particle, E the electric field, 1 is the liquid viscosity and r is the
effective hydrodynamic radius of the particle.

The GO negative charge arises from COO" and other functional groups
distributed non-homogeneously on the GO surface as well as COO™ groups around the
edges [59]. The total charge “q” arises from both edges and charges on the flat surfaces.
Quantitatively, our observations show that the electrophoretic mobility of GO sheets is
linearly dependent on the radius of sheets. Thus the use of q~mr? which fits the
measured data indicates that the dominant charge is located on the flat surfaces of the

sheets. Substituting into equation one yield:

1 -
UE“’gm 1 2)

Equation two suggests that the measured mobility should be a linear
function of the GO radius. Mobility measurements were carried out for the aqueous
solution of the separated fractions (GOF;-GOF,) to determine the effective surface
charge of the GO nano-sheets (Figure 3-7A). Results show that the negative charge of
the GO fractions ranges from -3 mV to -17 mV ,giving rise to the electrophoretic
mobilities that range from -0.2 to -1.4 pumcm/V-sec as the size of GO sheets increases.
Figure 3-7A also compares the separated GO fractions (GOF;-GOF,;) with
functionalised GO sheets using carboxylic acid and PEG. GO surface charge is
decreased to -36 mV after GO carboxylation (GO-COOH) due to the new superficial
carboxylic groups. The surface charge of GO PEGylated sheets (GO-PEG) however,
increased to 11 mV as PEG molecules are attached to the exposed negative carboxylic

43



groups. Figure 3-7B shows that the electrophoretic mobility is linearly proportional to
the GO radius.
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Figure 3-7. Electro-mobility measurements of separated GO sheets

A) Zeta potential and electrical mobility of as-separated GO fractions (GOF,-GOF,) compared to GO,
GO PEGylated sheets (GO-PEG) and GO carboxylated sheets (GO-COOH) as two common
functionalized GO derivatives. B) The electrophoretic mobility of GO fractions (GOF;-GOF,4) which are

linearly proportional to the GO dimensional sizes (see section 3.1.3 for detailed discussion).

3.1.4 Modification of GO

3.1.4.1 Carboxylation of GO
To modify the GO sheets with PEG, plentiful carboxylic acid groups are first

required to be present on the GO so as to make a proper attachment (i.e. an amide bond)
between the polymer and PEG-amine. In addition to the carboxylic acids decorating the
edges of the GO nano-sheets, the platelets contain chemically reactive epoxy groups on
their basal planes. These epoxy groups can be easily modified to COOH groups through

ring-opening reactions under various conditions (Figure 3-8).
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Figure 3-8. GO activation.

The OH and epoxy groups present on GO is converted to COOH groups via conjugation of acetic acid
moieties. This reaction is done in strong basic condition (see text).

For GO carboxylation, chloroacetic acid was used under strong basic
conditions (LM NaOH). The GO solution was sonicated for 1-3 h to convert the OH and
epoxy groups present to COOH groups via conjugation of acetic acid moieties. The
resulting GO-COOH solution was then neutralised and purified by repeated rinsing.

The UV-Vis absorption spectrum of GO shows a peak at approximately 230
nm due to the n—n* of the C = C plasmon, and a shoulder around 298 nm that is often
attributed to n—z* transitions of carbonyl groups (Figure 3-9) [322, 323]. Activation of
GO led to a shift to 250 nm and a reduction in UV-Vis absorbance. This decrease was
due to the reduction of free electrons in carbonyl, hydroxyl and epoxide groups, which

are now involved in converted carboxylic bonds.

45



GO

GO-COOH
A

Absorbance

\_\—

A 1 A 1 A 1 A
200 300 400 500 600

wavelength (nm)

Figure 3-9. UV-Vis absorbance spectra of GO and GO-COOH.

Activation of GO lead to a shift to 250 nm and a reduction in the absorbance due to the reduction of free
electrons in the functional groups, which are now involved in converted carboxylic bonds (see section
3.1.4).

Typical FTIR spectra of GO and GO-COOH are shown in Figure 3-10. GO had
a broad peak over the range of 2200-3600 cm*, which corresponded to O—H stretching,
and a peak at 1610 cm™* that was attributed to skeletal vibrations due to planar aromatic
C=C bonds and absorbed H,0 [324, 325]. Although the same peaks were found in the
GO-COOH spectrum, a new peak at 1395-1440 cm * indicated the combination of C-O
stretching, O-H deformation, and C=0 stretching, while a second new peak at 480-680
cm ! corresponded to C-O out of plane deformation. As a result of carboxylation, the
carboxylic acid C=0O stretching at 1690-1760 cm* had predictably increased [326].
Moreover, the two small peaks at 2925 and 2855 cm ' were assigned to methylene
stretching and represented the existence of CH, or CH groups in the GO-COOH
structure [327]. Based on the identified peaks and relevant increase in intensity that the
GO sheets were heavily carboxylated while the fraction of other oxygen functional

groups was greatly reduced. Therefore, GO-COOH was successfully prepared.
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Figure 3-10. FTIR spectra of GO and GO-COOH. The IR absorption bands are labelled.

Thermogravimetric analysis (TGA) was applied to investigate the difference in
physical stability of GO and GO-COOH at elevated temperatures (Figure 3-11). This

data was based on the degradation of superficial oxygen functional groups (e.g.

hydroxide, epoxide and carboxyl).
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Figure 3-11. TGA curves of GO and GO-COOH networks showing that the GO begins to
decompose at 200 °C.

The residual 20% mass of GO-COOH is thermally stable compared to GO which is completely
decomposed at 800 °C.

From the TGA results in figure 3-11, the initial approximately 10% mass loss
from both GO and GO-COOH to 120 °C could be due to evaporation of water
molecules trapped between sample layers [328]. Nearing 200 °C, GO-COOH lost a
further 10% mass, whereas GO had around a 20% reduction. From 210 °C to around
400 °C GO-COOH was relatively stable, which contrasted with GO that slowly lost
another 20% mass. The stability of GO-COOH followed by significant decomposition
over the range of 420 °C to 800 °C was due to the loss of ‘oxygen functional’ species
[329]. At 800 °C, GO was completely decomposed, while the residual 20% mass of
GO-COOH was thermally stable.

3.1.4.2 PEGylation of GO
To prepare GO-PEG, a solution of PEG-amine was added to the GO-COOH
polymer  suspension and mixed with  3-(ethyliminomethyleneamino)-N,N-

dimethylpropan-1-amine for 2 h. The mixture was then sonicated and allowed to react
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overnight. The final product, GO-PEG, was dialysed against distilled water for 72 h to
stop the reaction and remove all unreacted molecules. A likely mechanism for this
reaction involves nucleophilic attack by the amine group on the a-carbon of GO. UV-
Vis spectra of GO and GO-PEG is shown in Figure 3-12. The absorbance spectrum of
GO was discussed in section 3.4.1. By contrast, GO-PEG features a broad new peak at
around 280 nm indicating the successful amidation process. A small shift also occurred
from 230 nm in the GO to 210 nm in the PEGylated GO.
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Figure 3-12. UV-Vis absorbance spectra of GO and GO-PEG.

GO-PEG features a broad new peak at around 280 nm indicating the successful amidation process [243].
See text for discussion.

As seen in Figure 3-12, GO-PEG had a higher UV-Vis absorption than GO,
despite the polymers having the same concentration of 0.5 mg.ml™. The increased
absorbance may be credited to opening of the epoxide group rings and hydrolysis of
esters on GO under the basic conditions used during PEGylation [243]. The presence of
functional groups in the GO-PEG nano-sheets was further investigated by FTIR
spectrophotometry (Figure 3-13). The IR spectrum of GO was previously discussed in

section 3.4.1.
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Figure 3-13. FTIR spectra of GO and GO-PEG. The IR absorption bands are labelled.

The spectra for the PEG shows the peaks at 2990 cm™ corresponded to the C-H stretching vibration.

The IR spectrum of GO-PEG supported the existence of an amide bond in the
polymer by the C-H stretching vibration at 2990 cm™ that was due to PEG molecules.
The strong C=0 peaks of carbonyl groups at 1210-1320 cm™, the characteristic C=0O
stretching vibration around 1640 cm™, and the CO.NH.CHg stretching at 2855-2945 cm’
! are all representative of amide bonds between GO-COOH and PEG [330].

3.1.5 Optical properties of the fractionated GO sheets

GO is a two dimensional network of benzene rings which consists of a large
number of 7t- electrons [290, 331]. These localised sp? clusters within an sp® matrix can
lead to an internment of 7- electrons in the structure of GO giving rise to fluorescent
properties [332]. Smaller sp? clusters in GO molecules possess larger gaps and,
therefore, have fluorescence properties in the ultraviolet—visible region. In contrast,
auto-fluorescence in the near infrared (NIR) is displayed with the larger sp clusters
which hold a smaller energy gaps [285]. The photoluminescence of GO and its
application in photodynamic therapy has been reported [62, 63]. The quenching effect

of GO on absorbed fluorescent molecules, such as dyes has also been studied [64-67].
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To the best of our knowledge, the auto-photoluminescence of individual GO sheets has
not been previously reported nor has the ability of the derivatised GO to emit in three
main fluorescence regions (blue, green and red) been shown. In addition, we used this
unique spectral property as one of the applied methods to confirm the effectiveness of
the separation and purification steps of individual layers. The authors have shown that
GO sheets typically have several fluorescence emissions (350-750 nm) peaking at 480
nm, 540 nm, and exhibiting a broad peak at 580 to 640 nm, depending on the applied
excitation wavelength over the range of 200-650 nm [333]. The typical patterns of the
emission for each particular excitation wavelength can be used to confirm the
effectiveness of the separation, and determine the efficiency of the glycerol clean-up
step (using DMF) [334]. The typical emission spectra of the separated fractions (GOF;
to GOF,) at an excitation wavelength of 200 nm is exhibited in Figure 3-14. The
microscopic fluorescence images inside the graph, exhibit the “auto-fluorescence” of

the GO sheets in three different sets of Ex/Em conditions (as described above).
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Figure 3-14. The emission spectra of the separated GO sheets (GOF1-GOF4) at 200 nm.

The wide emission spectrum of the fractionated GO nano-sheets (GOF;-GOF,) excited at a wavelength of
200 nm. The depictions inside the graph exhibit “auto-fluorescence” of the GO sheets in three main

emission filters based on the normal fluorescence microscopy (Scale bar: 200 pm).
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3.1.5.1 Fluorescence property of functionalised GO sheets in cell media

The efficiency and brightness of fluorescence of GO-PEG was examined using
two different tumour cell lines; KB (cervix carcinoma cell line) and MDA-MB-231
(breast cancer cell line). When cells are exposed to GO-PEG (260 pg.ml™) for 48 hours,
they were visualised under two different sets of Ex/Em conditions (Figure 3-15).
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Figure 3-15. Fluorescence microscopy images of incubated tumor cells with PEGylated GO.

A-D) MDA-MB-231 and E-H) KB cells were incubated with GO PEGylated sheets (260 ug.ml™) for 48
hours and imaged using fluorescence microscopy. Cells were imaged under bright field (A, E) and
fluorescence mode (B,C, F,G). B,F: Filter cube L5 red, excitation filter band pass (BP) 564/12, emission
filter BP 600/40. C,G: Filter cube A4 blue, excitation filter BP 360/40, emission filter BP 470/40 - D and
H represents a merge of two different channels. Arrows indicate cells and circles show non-fluoresce

aggregated GO sheets.

Using a fluorescence microscope equipped with an N3 filter cube (green),
emission in the green region was only observed for GO-PEG sheets associated with the
cell surface (Figure 3-16); internalised sheets did not fluoresce (using higher
magnification images can show this in detail). This difference in fluorescence might be
due to the effect of membrane association or the particular pH in the local area (outside
versus inside the cell). It seems that the observed auto-fluorescence in the intracellular
compartment was quenched. The factors that moderate this quenching require further

investigation.
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Figure 3-16. Fluorescence microscopy images of incubated tumor cells with PEGylated GO.

A) MDA-MB-231 and B) KB cells when incubated with GO-PEG (260 pg.ml™) for 48 h and imaged
using a green N3 filter cube N3. Arrows indicate cells and fluorescence-associated GO sheets. The

images show that the GO sheets are associated with both types of cells.

3.1.5.2 Confocal microscopy studies

The cellular uptake of the GO-PEG with a concentration of 260 pg.ml™ was
imaged using confocal microscopy. The series of different focal planes (Figure 3-17)
acquired through the sample (Z-stack) shows that the GO-PEG sheets were taken up by
the KB cells. This confirms the fluorescence data (Figure 3-16) shown above. Cell
membrane excited at 564 nm and measured at 600 nm shows a deep red fluorescence.
The GO-PEG when excited at 480 nm and measured at 527 nm shows a bright green
fluorescence. As mentioned earlier, green fluorescence was quenched in 48 h (toxicity)
studies, while it is detectable in 12h confocal imaging. This probably shows the
importance of incubation time in observed optical properties. It seems by the passage of
time the intracellular particles’ fluorescence is quenched possibly due to some

intracellular functions. More investigation is required to study this assumption.
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Figure 3-17. Confocal images of the KB cell incubated with the GO-PEG for 12 hours (Overnight).

The series of different focal planes (1-21) acquired through the sample (Z-stack) shows that the GO
sheets (green spots/white arrows) are internalized into the KB cell (deep red staining). White scale bar is
125 pm.

3.1.6 Cytoxicity assay of the single GO nano-sheets

Looking at literature, there are inconsistent observations for graphene oxide
cytotoxicity [70, 71]; there are several studies reported GO as non-toxic carbon polymer
and totally safe for clinical application [72], while others have reported the opposite [52,
73-75]. Further, based on previous studies, the toxicity of the GO and even the GO-PEG
is concentration dependent [52, 71, 75-77].

Cytotoxicity of the GO-PEG in this study was determined by utilising the
highly water-soluble WST-8 tetrazolium (CCK-8, sigma) and the M TS tetrazolium
(CellTiter 96 aqueous one solution assay, Promega) for KB and MDA-MB-231
(tumour) cells (Figure 3-19).

WST-8 and MTS are two enzyme-based methods, which rely on the
dehydrogenases in a viable cell. They receive the necessary electrons to generate the
coloured formazan compounds from viable cells utilising NADP (H) and NAD (H) [78].

WST-8 reagent is not cell permeable, and must receive the required electron(s)
for the reductive process at the level of the cell membrane. The colour change reflects
cell mitochondrial activity and membrane integrity due to transferred electrons via
plasma/membrane electron transporter. This reduction is also inhibited by low levels of

superoxide, which indirectly shows the produced levels of superoxide inside the cell

54



[78]. MTS as a weakly permeable molecule however, reduces intra-cellularly. This
reduction process involves several dehydrogenases providing more direct information
on the cellular metabolic activity [78].

Cytotoxicity study of GO-PEG on tumour cells would be the first step. The
result (toxic or nontoxic effects) determines the subsequent steps:

- Toxicity of PEG-GO: Studying the non-tumour cells is required. Non-toxicity
in non-tumour cells, confirms the effectiveness of PEG-GO in cancer treatment.

- Non-toxicity of PEG-GO: Cytotoxicity study on tumour cells after more
modification (attaching ligands), confirms the toxic effects of GO-PEG-ligand and the
result should compare to non-tumour cells.

To determine cell viability with a colorimetric method cells were treated with
different concentrations of GO-PEG (0-260 pg.ml™®) for 48 hours (Figure 3-18).
Functionalised GO sheets have no detectable impact on cell viability at concentrations
up to 90 pg.ml™ for both assays. The cell viability was 97+2 % (A) and 99+1 % (B) at
30 pg/ml, 95+2% (A) and 98+2% (B) at 90 pug.ml™ and decreased marginally to 88+3%
(A) and 88+2% (B) at 260 pg.ml™. This lack of cytotoxicity is an important observation
as GO sheets are being developed for drug delivery for cancer treatments, where size
scale plays a critical role in the distribution and selectivity of these engineered

materials.
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Figure 3-18. Effect of GO-PEG on viability of KB and MDA-MB-231 cells

Cells were treated with increasing concentrations of GO PEGylated sheets for 48 hours; A) Cell viability

was determined using WST cell toxicity reagent. B) Cell viability was determined using MTS reagent. All

data is expressed as mean £ SD (n=3).
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3.4 Conclusions

This paper presents a water-glycerol gradient centrifugation method for the
separation and fractionation of GO single sheets in the size range of 150 to 850 nm. As
the sheet size increases, the measured electrophoretic mobility of the separated sheets
increases from -0.2 to -1.4 um.cm/V-sec where the interpreted zeta potentials range
from -3 mV to -17 mV. Spectroscopic measurements on the single sheets indicate the
same pattern of auto-fluorescence in 200 nm excitation wavelength for all the separated
fractions (GOF;-GOF,), suggesting that the emission intensity is size independent. The
observed auto-fluorescence of GO PEGylated sheets (GO-PEG) is shown to be
evidently bright and strongly affected by some undetermined environmental factors,
which are under investigation. Furthermore, GO-PEG is shown to be non-cytotoxic at
increasing concentrations up to 90 pg.ml™. Small reduced cell viability is observed at
the concentration of 260 pg.ml™. It is concluded that the GO PEGylated sheets have
potential applications in cell signalling and tracking in clinical studies. The proposed
separation and fractionation method is relatively simple and easy to use in biomedical
studies where the proper nano-sizes of GO is desired (from 100 nm to less than 800
nm), depends on the intended application. Furthermore, the solvents used are not
cytotoxic rendering the GO sheets less cytotoxic.
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Chapter 4

Graphene Oxide as a

Photoluminated Carrier
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4 Graphene Oxide as a Photoluminated Carrier

4.1 Introduction
The photoluminescence of carbon polymers is a consequence of the

recombination of localised m electrons in sp® clusters, which basically behave as
chromophores [335]. The photoluminescent transition depends on the size, symmetry
and shape of the involved sp? sites, as well as the topology of other sp? domains and the
surrounding sp® matrix. Therefore, controlling the size of sp? clusters and superficially
oxidised carbons can directly affect the observed photoluminescence [335, 336]. The
optoelectrical property of graphene oxide (GO) as a carbon polymer is always
determined by the 7 states of these sp? clusters. The w and ©* electronic states of the sp’
sites are situated within the levels of the o and o* gaps in the sp> matrix [336]. The
fundamental electronic transition in GO sheets during fluorescence phenomena is
shown in Figure 4-1 [336]. The size of sp? clusters defines the local energy slit and
hence the wavelength of the observed emission [95]. The combined emission structure
has no signature feature, due to the presence of different sizes of sp® clusters in GO.
Emission in the ultraviolet—visible region mostly occurs from the smallest sp? clusters
(from as few as 20 aromatic rings, but less than 1 nm). On the other hand, the larger sp?
domains (more than 2 nm) hold smaller gaps which result in emissions in the red to
near-infrared (NIR) regions.
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Figure 4-1. The schematic band structure of GO.

A) The energy levels are quantised with small fragments showing large energy gaps due to confinement
(red and grey represent transmission and valence bands, respectively). Smaller sp? domains have a larger
energy slit (grey arrows) due to a stronger internment effect. Photo-generation of an electron—hole pair on
the absorption of light (E.) is followed by non-radiative relaxation and radiative recombination, resulting
in fluorescence (Ep.). DOS represents the total electronic density of transmitted states. B) Typical
electronic transitions of triple carbenes at zigzag sites observed in the optical spectrum showing the
difference at energy gaps assigned to the size of sp? clusters represented in part A. The triplet ground state

(TGS) is related to the energy difference between the ¢ and m molecular orbitals.
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In fact, the transitions from the highest occupied molecular orbitals (HOMOs)
for 6 and 7 states to the lowest unoccupied molecular orbitals (LUMOS) resulted in
fluorescence as presented in figure 4-2 [337]. Note, the photoluminescence of GO
originates from the recombination of electronic transitions between the non-oxidised
carbons (i.e. C=C) and oxidised regions, rather than just band-edge transitions as in
typical semiconductors [336, 338].
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A) The molecular orbital energy levels of GO. B) The structurally related orbitals of GO [338].

Figure 4-2. Orbital energies of GO

The photoluminescence of GO and its fluorescence quenching effect on various
attached fluorescents has been widely studied [336, 339, 340]. It has been shown that
the quenching effect arises from either fluorescence energy transmission from sp?
domains to the attached fluorescent molecules or non-fluorescent dipole—dipole
coupling between the fluorescent reagent and GO [243, 336, 338, 341]. There currently
exist no reports of research into the auto-fluorescence of individual GO sheets using
fluorescence microscopy. In this chapter, the wide spectrum of fluorescence emission
(400-700 nm) of GO single sheets was studied using excitation in the range of 200 nm
to 600 nm. GO shows the ability to emit in almost three main fluorescence regions
(blue, green and red). Furthermore, the impacts of various factors on the observed
emission spectra and the measured intensity were also investigated. As a result, GO
sheets have the potential to be used as a carrier for drug delivery purposes [216, 240,
342]. They also have their own fluorescence making them visible in in vivo

experiments, which could be very valuable in biomedical studies.
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4.2 Materials and Methods

4.2.1 Materials

GO solution (4 mg.mI™) and Dulbecco's Modified Eagle's Medium (DMEM)
were purchased from Sigma-Aldrich. For this study a diluted aqueous solution of GO
(0.2 mg.ml™) was prepared. Hydrochloric acid (HCI) 37% was purchased from Merck.
Sodium hydroxide (NaOH), chloroacetic acid (CICH,CO,H) and salts to prepare
phosphate buffered saline (PBS), including sodium chloride (NaCl), potassium chloride
(KCI), sodium hydrogen phosphate (Na,HPO,) and potassium dihydrogen phosphate
(KH,PQO,) were purchased from Chem-Supply.

The optical properties of GO were characterised by UV-Vis spectroscopy
(Varian 3E UV-visible spectrophotometer) and fluorescence spectrophotometry (Varian
fluorescence spectrophotometer) in which excitation occurred over the range of
different wavelengths. A fluorescence microscope (Leica DMI 6000 B) was used to
observe the auto-fluorescence of GO sheets using three filters: FITC (green), DAPI
(blue) and N3 (red). These are the most common excitation filter cubes in biological
studies.

4.2.2 Methods

PBS buffer was made by dissolving 8 g of NaCl, 0.2 g of KCI, 1.44 g of
Na;HPO, and 0.24 g of KH,PO, in 800 ml distilled water. The pH was first adjusted to
7.4 with HCI, followed by the addition of distilled water to adjust the volume to 1 L.
The solution was finally sterilised using an autoclave.

Cell imaging study was performed using KB and MDA-MB231 cell lines,
which were previously described in chapter 3. Each cell line was grown to confluence in
80 cm flasks in DMEM medium (supplemented with 10% foetal bovine serum (FBS),
1% L-glutamine and 1% penicillin-streptomycin (Pen-Strep); all from Sigma) at 37 °C
in a 5% CO, atmosphere with 95-100% humidity. On the day of the experiment, cells
were trypsinised off the T-flask using 0.05% Trypsin-EDTA (Sigma). The trypsinated
cells were counted manually using trypan blue as the live/dead stain (Sigma). The cells
were then diluted with fresh medium to reach a density of 5x10%/ml in 96 well plates
(NUNC) at a seeding volume of 100 pl/well. 6 wells were left unseeded to serve as cell-

blank controls.
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After 24 h of incubation, the cells were starved by replacing the complete
media containing FBS by incomplete media (media without serum) for another 24 h.
The polymer test solution, which consisted of PEGylated GO solution sterilised by UV
for 10 min and then diluted to 10 mg.mI™ using PBS, was then added as a 10 pl aliquot
to each of three wells in the 96 well plate, and gently mixed by orbital movement of the
plates. The plates were then returned to the incubator for a further 48 h.

4.3 Results and Discussion

4.3.1 UV-Visible Absorbance Study

The optical properties of GO single sheets were monitored using UV-Vis
spectrophotometry (Figure 4-3). The UV-Vis spectrum of the GO solution showed two
absorption peaks: one at 230 nm, which corresponds to the 1 — w* transition of
aromatic C=C bonds, and a second small shoulder at around 298 nm that was attributed
to the 0 — m* transition (the excitation of an electron from one of the non-bonding pairs
to the * orbital) of C=0 bonds in the carboxylic groups [343, 344].

- 230nm GO
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Figure 4-3. UV-Vis absorbance spectrum of dilute aqueous GO.

This figure show two absorption peaks: one at 230 nm corresponded to the m — n* transition of aromatic
C=C bonds, and a second small shoulder at 298 nm attributed to the ¢ — ©* transition.
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Carboxylated GO (GO-COOH) and PEGylated GO (GO-PEG, where PEG is
polyethylene glycol) showed slightly different absorbance spectra, as discussed in

chapter 3 (Figure 3-9 and Figure 3-13, respectively).

4.3.2 Fluorescence Absorbance Study

The fluorescence emission (400-700 nm) when dilute aqueous GO was excited
at three different excitation wavelengths of 200, 230 and 250 nm is shown in Figure 4-4.
The observed spectra reveal the interesting photophysics of GO. The emission
magnitude, however, does not follow the excitation trend observed in the UV-Vis
absorbance spectrum, and this should be further investigated. The fluorescence spectra
indicate the capability of GO to emit in a wide range of wavelengths including the three
main fluorescence regions of blue, green and red. The observed emission intensity was

higher in the blue and green regions.

Exi 230 nm
Exi 250 nm

Absorbance

300 400 500 600 700 800
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Figure 4-4. Emission spectra of GO at 200, 230 and 250 nm excitation wavelengths.

The inset shows the 230 nm and 250 nm excitation peaks in the same position as the 200 nm excitation.
The observed intensities are not proportional to the measured absorbance intensities.
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Evidently, there is a distinguishable pattern of fluorescence emission in all
three excitation wavelengths; however, the emission pattern appeared to be independent
of the excitation wavelength. Interesting emission patterns can also be observed at
longer wavelengths. The spectrum of the fluorescence emission (400-700 nm) of
solutions of GO is shown in Figure 4-5, when excitation occurs over the visible range of
400 to 600 nm. This figure shows the reflection of the excitation wavelengths.
However, there are some emission peaks at 480 and 540 nm, and broad peaks between
580 and 640 nm. The observed spectrum varies widely and shows the capability of GO
to emit in the three main fluorescence regions of blue, green and red, depending on the
excitation wavelengths. Excitation at 400 nm showed a wide emission pattern that
almost covers the three main fluorescence regions. The emission peaks over the range of
500 nm to 550 nm wavelengths (green region) were observed when GO was excited at
400 nm to 500 nm. An excitation wavelength of 550 nm produced less intense green
fluorescence than 500 nm. Emission at only red region was observed when the
excitation occurred at 600 nm. In general, the features of the observed spectra were

mostly the observed reflections of the applied excitation wavelengths in some regions.

Exi 400 nm
Exi 450 nm
Exi 500 nm

Exi 600 nm

Absorbance
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Figure 4-5. Fluorescence emission spectra of dilute aqueous GO over the range of 400 nm to 600 nm
excitation wavelengths.

This figure shows the reflection of the excitation wavelengths. However, there are some
emission peaks at 480 and 540 nm, and broad peaks between 580 and 640 nm.
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The following sections discuss the photoluminescence of GO and its
functionalised derivatives at different conditions in order to better understand this
phenomenon. Unless stated otherwise, the aqueous GO solutions were excited at 200

nm.

4.3.2.1 The effects of chemical functionalisation on fluorescence spectra
Remarkably, GO and its functionalised derivatives, e.g. GO-COOH, GO-PEG
and folic acid-PEGylated GO (GO-PEG-FA) have significantly different emission
spectra at 200 nm excitation wavelength. The surface chemical structure can have a
large effect on the observed emission patterns, particularly when GO was
functionalised, probably because of the role of oxidised regions in the origin of
fluorescence (Figure 4-6). This result demonstrated that the functionalised groups
and/or oxidised carbons, along with non-oxidised domains, were absolutely involved in
causing the observed emission spectra of GO [338]. Apart from the intensity, which was
increased by PEGylation, the spectral patterns were also slightly different for the
various GO derivatives. The common emission in all types of GO materials peaked at
around 430, 490 and 530 nm, which corresponded to blue and green emission regions.
Emission in the red fluorescent region was not as intense as the green or blue bands;

however, with chemical modification, i.e. PEGylation, it became more intense.
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Figure 4-6. Fluorescence emission spectra of GO and functionalised derivatives at 200 nm
excitation wavelength.

The common emission in all types of GO materials peaked at around 430, 490 and 530 nm, which
corresponded to blue and green emission regions. Emission in the red fluorescent region is not as intense
as the green or blue bands.

4.3.2.2 The influence of solution pH on fluorescence intensity

One major difference between many tumours and surrounding non-tumour
tissues is the metabolic environment. The vasculature of tumours is often inadequate to
supply the nutritional needs of tumour cells. Production of lactic acid under these
anaerobic conditions contributes to the acidic microenvironment as an inherent property
in many types of tumour [13, 14]. This needs to be considered when designing
therapeutical conjugates for imaging or tracking purposes, either inside of the cells as

endosomes or outside in the tumour area.

The fluorescence intensity of GO sheets is pH-dependent. This fluorescence
was studied at three different pH conditions, moderately acidic (pH=4), physiological
(pH=7.4) and basic (pH=10), at 200 nm excitation wavelength (Figure 4-7). The
intensity of the observed emission appeared to be higher at basic and natural conditions,
while it decreased in the acidic solution. This change in intensity was fundamentally

related to electron transitions at the GO planar surface, with a corresponding transfer of
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protons (H") between GO sheets and the surrounding solution. This phenomenon is

presented schematically in Figure 4-8 [345].
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Figure 4-7. Fluorescence emission spectra of GO excited at 200nm wavelength.

Under acidic, natural and basic pH conditions, which were pH 4, 7.4 and 10, respectively.

Figure 4-8.Schematic representation of GO sheets.
In basic (left) and acidic (right) solutions. The filled circles represent ¢ electrons and the empty circles

correspond to 7 electrons [337, 345].

The literature suggests that the photoluminescence of GO-polymer may initiate
from its free zigzag domains and the triplet ground state (TGS). This mechanism, based
on the emissive free zigzag spots, is supported by the observed pH-dependent

fluorescence in Figure 7. Additionally, the intensity of fluorescence should vary
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reversibly based on the proposed model in Figure 4-8 [345]. Thus, in acidic conditions,
the free zigzag domains of GO will be protonated, forming a reversible compound
between the free and protonated zigzags. Therefore, the TGS will be broken and
becomes inactive, resulting in less fluorescence. On the other hand, under basic
conditions, the free zigzag sites will be restored, leading to the restoration of
fluorescence and giving rise to higher intensities. This also might be due to the
protonation and deprotonation effects in acidic and basic conditions, respectively,

depending on the chemistry of the molecules (i.e. oxidised groups and the adjacent sp?

domains) [338, 346].
Interestingly, the same effect was observed for functionalised GO, as shown in
Figure 4-9. PEGylated GO (i.e. GO-PEG) exhibited more intense emission at basic
conditions, while acidic pH reduced the intensity. This phenomenon may partially
explain the reduction in fluorescence of GO sheets in the acidic environment around

tumour cells. The observed fluorescence in cellular imaging will be discussed in chapter

5.
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Figure 4-9. Fluorescence emission spectra of GO-PEG excited at 200 nm wavelength.

Under acidic, natural and basic pH conditions, which were pH 4, 7.4 and 10, respectively.
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4.3.2.3 The influence of concentration on fluorescence intensity

Finding non-fluorescent, aggregated GO sheets around tumour cells prompted
a study of the effect of concentration on the observed fluorescence, which revealed that
the photoluminescence of GO was concentration dependent, consistent with previous
reports [335]. Therefore, GO solutions were prepared at different concentrations of 0.2,
0.5 and 1.0 mg.ml™ to study the effect of GO aggregation on the observed emission
spectra at 200 nm excitation wavelength. As is shown in Figure 4-10 with increasing
GO concentration the fluorescence, intensity of the sheets significantly decreases, while
the intensity of the most concentrated solution being just 1/5 of the dilute solution. This
explains the observation of non-fluorescent aggregated sheets in cell media during

cellular imaging which will be discussed in the following sections.

GO 0.2 mg.ml*

] GO 0.5 mg.ml”

- GO 1 mg.ml*
~
.
y
8 :. "
% . L1
£ H IR
2 it i
' . L]
< ;" ﬂ' \ n :.
P/ J 3

300 400 500 600 700
Wavelength (nm)

Figure 4-10. Fluorescence emission spectra of GO sheets at different concentrations.

The fluorescence intensity of the sheets significantly decreases with increasing GO concentration.

4.3.2.4 The effect of media on fluorescence property

GO, and particularly derivatised GO, must be dissolved in PBS (a common
biological buffer) or cell media for biomedical applications. Therefore, the emission
spectra of GO sheets were obtained in two different physiological Solutions: PBS and
cell media (DMEM). This study showed the effect of the underlying media on the

measured intensity and pattern of the observed fluorescence.

69



Figure 4-11 presents the emission patterns of GO at four different excitation
wavelengths in each solution. Evidently, the medium has an impact on both the spectral
features and the intensity of fluorescence at the four examined excitation wavelengths.
In addition, the emissions patterns for GO in PBS and DMEM were quite different from
each other, as well as in aqueous solution (Figure 4-4). Apart from the different spectra
of GO in PBS and DMEM when excited at 200 nm, there was no measurable emission
intensity for 350 nm excitation wavelength when GO was dissolved in PBS. However,
at this wavelength moderate peaks in the blue and green regions were detected. At 400
nm excitation, the pattern was almost the same as at 350 nm, apart from a small
difference in the observed intensity, which can be ignored. The emission pattern at 488
nm showed much more variance in the measured intensity. Significantly, GO emits
more intensely at around 530 nm in PBS, compared to the excitation at 488 nm for
DMEM.
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Figure 4-11. Fluorescence emission spectra of GO in PBS and DMEM cell media.

The medium has an impact on both the spectral features and the intensity of fluorescence at the four
examined excitation wavelengths.

4.3.3 Fluorescence Microscopy of the Individual GO Sheets

Fluorescence microscopy also confirmed the photoluminescence of individual
GO sheets in the blue, green and red bands. In Figure 4-12, the same sample of GO
sheets suspended in PBS can be seen fluorescing under different filter cubes, including
DAPI for blue, FITC for green and N3 for red fluorescence.

GO sheets

P
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Figure 4-12. Fluorescence microscopy photographs of the same sample of GO dissolved in PBS
using different excitation filters.

A) Bright field. B) Blue auto-fluorescence using DAPI filter. C) Green auto-fluorescence using FITC
filter. D) Red fluorescence using N3 filter. (Scale bar: 100 um.) In A) the white arrows indicate the GO
sheets.

The same sample of GO was also examined in vitro in DMEM media. As
shown in Figure 4-13, GO sheets showed the fluorescent property at all three previously
observed regions while they were floating on top of cells. In Figure 4-13A cells can be

seen on the bottom of the well.

Figure 4-13. Fluorescence microscopy photographs of the same sample of GO dissolved in cell
media using different excitation filters.

A) Bright field. B) Blue auto-fluorescence using DAPI filter. C) Green auto-fluorescence using FITC
filter. D) Red fluorescence of GO using N3 filter. (Scale bar: 100 um.) In A) the solid white arrows

indicate the cells on the bottom of well (out of focus), and the dashed arrows show the GO sheets.

4.3.4 PEGylated GO Sheets for Cell Imaging
The KB and MDA-MB231 cells treated with modified GO-PEG networks were
imaged using fluorescence microscopy, as shown in Figure 4-14. Red and blue auto-

fluorescence of internalised GO-PEG sheets was observed after 48 h of incubation,
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while green fluorescence was not detected using an FITC filter cube. This might be due
to the quenching effect of the acidic environment around the cells (Section 4.3.2.2), as
individual sheets were observed to fluoresce brightly green when GO was dissolved in
PBS or DMEM media (Section 4.3.3). Notably, the aggregated GO sheets (Figure 14a
and d) did not show any fluorescence, as explained in section 4.3.3. Although the details
of the chemical and physical aspects of the observed fluorescence phenomenon need
more investigation, these results suggest GO may have potential in imaging

applications.
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Figure 4-14. Fluorescence microscopy photographs of incubated tumor cells with PEGylated GO.

A-C) MDA-MB231 cells, and D-F) KB cells when incubated with GO-PEG sheets for 48 h. (Scale bar:

100 pum.) The black arrows in a) and d) indicate non-fluorescing aggregated GO sheets.



4.4 Conclusions

The fluorescence of GO in water, PBS and cell media was studied under
various conditions. Spectroscopic measurements showed that single GO sheets can
auto-fluoresce over the range of 400 nm to 700 nm when excitement occurs at the range
of 200 nm to 250 nm. The wide emission spectrum covers the main fluorescence
regions. However, emission spectra of GO in other ranges of excitation wavelengths
(400 nm to 600 nm) indicated that GO was possibly reflecting the excitation
wavelengths. Furthermore, there were detected emission peaks at 480 and 540 nm, and
broad peaks over 580 nm to 640 nm. This fluorescence could also be used to trace GO
sheets in solution. GO and derivatised GO have stronger fluorescence at higher pH,
while lowering the pH reduces the measured intensity. This might be due to the
protonation and deprotonation effects in acidic and basic conditions, respectively,
depending on the chemistry of the molecules (i.e. oxidised groups and the adjacent sp?
domains). The data also indicated that functionalised groups make an important
contribution to the fluorescence. Fluorescence microscopy demonstrated the
photoluminescence of individual GO sheets in the blue, green and red regions. The lack
of fluorescence of some GO sheets in cell media might be due to aggregation of the
sheets. Based on the observations in this chapter, GO auto-fluorescence seems to be
complicated and is dependent on various chemical and physical factors, and further
work will be required to understand the influence of the environmental and aggregation
effects on the fluorescence of GO. Nevertheless, GO sheets have the potential to act as
tracers in biological systems, and may also be used as a carrier in drug delivery

applications.
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5 Functionalised GO Networks as a Potential Nano-
Carrier/Treatment for Cancer

5.1 Introduction
Tumour cells often over-express certain receptors concerned with nutrient uptake

to support the metabolic demands of rapid growth [347, 348]. For example, folate
receptors are found on the surface of tumour cells, while they are not generally
expressed on non-tumour cells [71, 122, 349-353]. This receptor has been considered as
one of the best candidates for selective targeting by a variety of folate receptor binding
therapeutic conjugates [70, 354], some of which have shown positive results in clinical
cancer studies [355, 356]. This receptor not only assists ligand association of the
therapeutic conjugates on the cell surface, but also acts as a carrier for transferring

extracellular drugs/nanocarriers inside of the cells [123, 157].

To date, the folate receptor has been mostly utilised as a targeting molecule to
deliver drugs or diagnostic compounds to tumour cells [123, 161, 162]. In 2015,
however, Wen et al. examined the ability of monoclonal antibodies to target and block
folate receptors. This approach showed detectable antitumor activity in ovarian cancer
models (in which there is known to be a high level of folate receptor expression on
tumour cells) [357].

The tripeptide Arg-Gly-Asp (RGD) is also one of the most attractive ligands
for delivery purposes due to its better cellular uptake and ease of synthesis [95]. It is
sufficiently small with lower immunogenicity and higher stability [178]. RGD targets a
number of different integrins, the essential heterodimer membrane receptors that are
required for cell adhesion to the extra cellular matrix (ECM) [358]. Certain types of
these integrin receptors are upregulated in tumour cells, and play key roles in initiation
and evolution of tumour angiogenesis and metastasis [173, 175, 358]. RGD as a
targeting agent has improved the capacity to deliver anti-cancer or imaging molecules in
different tumour models [71, 358]. This targeting ligand can be also used to inhibit
tumour cell spread and migration [173]. However, this ligand can also bind to non-
tumour classes of integrin (a5f1 and 04p1) causing adverse effects [71] and therefore is

not specific for tumour cell targeting.
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Despite remarkable successes in experimental targeted drug delivery systems,
few strategies are available for clinical use and cancer therapy is still limited by adverse
effects and resistance to chemotherapeutic drugs [71, 359]. Therefore, the combination
of two distinct ligands enhances the efficacy and the safety of the applied conjugates
[213, 214].

In the present study, the PEG molecule was employed to modify the GO
polymer to provide a bifunctional polymeric linker [240, 242, 243], introducing two
different GO conjugates (FA or RGD-PEGylated GO as a single ligand and FARGD-
PEGylated GO as dual ligand GO) to develop a simple surface functionalisation. It was
proposed that the folate receptors and integrins can be blocked by these derivatised
PEG-GO sheets. Blocking these receptors may prevent endocytosis of FA/FR
complexes and clustering of integrins thereby rendering the tumour cells incapable of
replication [136, 360, 361] and proper adhesion [362-364] (Figure 5-1). The
cytotoxicity of the modified GO networks on three different cell lines, tumour (KB) and
non-tumour cells (BEAS-2B, fibroblast), was examined using the well-established WST
toxicity/proliferation assay. The combination of the modified polymeric networks with
two common anti-cancer drugs, methotrexate (MTX) and doxorubicin (DOX) was
investigated to establish the potential for synergistic effects. To understand the impact
of the modified GO on cellular function, confocal live imaging was performed utilising

the fluorescence properties of GO and its derivatives.
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Figure 5-1. Blocking endocytosis on tumour cells by modified GO.

A novel engineered therapeutic system utilizing over-expressed receptors and net-like GO molecule is
able to block endocytosis on a tumor cell resulting in metabolic deprivation and death. Individual folate
molecules are internalized to the cells while those attached to the GO sheet are blocked by the multiple

connections of FR rafts.
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5.2 Materials and methods

5.2.1 Materials

GO (4 mg.ml™Y), FA, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
4-Dimethylaminopyridine (DMAP), sodium hydroxide (NaOH), N-hydroxysuccinimide
(NHS) and Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) were purchased
from Sigma Aldrich. Polyethylene glycol-amine (PEG-amine 5000), and maleimide-
polyethylene glycol-amine (Mal-PEG-amine 5000) were purchased from Nanocs.
Cyclic RGD was purchased from Peptides International Inc. Fetal calf serum (FCS), 1%
L-glutamine, and 1% Penicillin-Streptomycin (Pen-Strep), 1X PBS, Cell Mask Deep
red, DMEM (Dulbecco's Modified Eagle Medium) and LHC-9 (Light Hydrocarbon 9)
media were purchased from Life Technologies Australia. RPMI-1640 medium, cell
counting Kit-8 (WST-8), methotrexate (MTX) and doxorubicin (DOX) were purchased

from Sigma Aldrich. PBS solution was used as a vehicle for the materials.

5.2.2 Methods
5.2.2.1 Activation of GO

Specific ligands were covalently coupled to GO polymer via heterobifunctional
polyethylene glycol (PEG) linkers using the amine-carboxyl coupling protocol [365].
This linker reduces the steric hindrance between the ligand and receptor [366], and so
allows the attached ligand greater freedom of movement and improves the

hydrophobicity of the modified polymeric networks.

The functional groups on the GO surface, particularly epoxides can be easily
modified to carboxylic acids through ring-opening reactions under strong basic
conditions [243]. The carboxylic acids decorating the edges of GO and those newly
formed on the planar surface react with the amine group of PEG molecules through an
amidation process [365] (Figure 5-2).
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Figure 5-2. Schematic of amidation process.

[atatatyl

Amidation involves nucleophilic attack of a primary amine at the a-carbon producing an amide bond.

5.2.2.2 Preparation of PEG-FA

The activated FA (NHS-FA) solution [367] was diluted to 5 mg.mI™ in 20 ml
water and mixed with an equimolar quantity of PEG-amine (9.06x10* M; 112.5 mg).
Then, equimolar quantities of EDC and 1-2 drops DMAP were added to the mixture of
NHS-FA/PEG-amine and was stirred overnight for overnight stirred reaction in the
dark. The primary amine group of PEG-amine chemically reacted with the NHS esters
(FA-NHS) as shown in Figure 5-3.

0
0 p 0 .
N NH2  pH 79 p
0 A ®/ PE @ N + HO
0 0
NHS Ester folic acid PEG-amine PEG-FA (amide bond) NHS

Figure 5-3. . Scheme of NHS reaction with PEG (P)-amine primary amine.
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5.2.2.3 Preparation of PEG-RGD

A stock solution of cyclo (Arg-Gly-Asp-D-Phe-Cys) peptide (cyclic RGD)
containing Cys amino acid (CRGD-SH) as the reactive functional residue was prepared
at 10 mM in PBS. A 0.1 M stock solution of Tris (2-carboxyethyl) phosphine
hydrochloride (TCEP, Sigma-Aldrich) was prepared in PBS and neutralised to pH 7.4
with 1M sodium hydroxide. The appropriate amount of this solution (80 nmol) was then
mixed with Mal-PEG-amine 5000 using 20 mM TCEP in PBS to reduce any naturally
occurring disulphide for 4 hours at 4°C.

UV-visible spectroscopy (UV-Vis) and Fourier transform infrared
spectroscopy (FTIR) spectra were used to confirm the accuracy of the chemical reaction
by detecting the thioether bond in the prepared RGD-PEG-amine (Figure 5-4).

Dﬁ Oqs\

N _SH N
@ @O
Maleimide PEG Thiol-RGD PEG-RGD (thioether bond)

Figure 5-4. Scheme of maleimide reaction with a thiol group producing a thioether bond in the
PEG-RGD product.

5.2.2.4 PEGylation and surface functionalisation of GO polymer

To prepare the three GO conjugates, solutions of 2 mg.ml™ FA-PEG-amine
(section 5.2.2.2), 2 mg.ml™* RGD-PEG-amine (Section 5.2.2.3), or 1:1 FA-PEG-amine
and RGD-PEG-amine (1 mg.ml® each) were added to separate suspensions of
carboxylated GO (GO-COOH, 0.1 mg.ml™; see section 3.4.1 in chapter 3). These
mixtures were sonicated for 5 min followed by addition of EDC (0.9 mmol) in the
presence of DMAP (0.01 M), sonicated for a further 2 h, then left to react overnight.
The final GO networks were denoted as GO-PEGFA, GO-PEGRGD and GO-
PEGFARGD. The high concentration of PEG-amine likely increased the degree of
PEGylation on the planar GO surface. GO sheets were effectively modified utilising

PEG-FA and PEG-RGD to make three different reagents, including two single ligand
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(GO-PEGFA, GO-PEGRGD) networks and a dual ligand network (GO-PEGFARGD)
(Figure 5-5).
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Figure 5-5. Modified GO preparation: GO, GO-COOH, GO-PEGFA and GO-PEGFARGD.

GO sheets were effectively modified utilising PEG-FA and PEG-RGD to make three different reagents,
including GO-PEGFA, GO-PEGRGD and GO-PEGFARGD.

The final solutions were then centrifuged using a Beckman Avanti 30
centrifuge at 10,000 g for 30 min to separate the supernatant containing the single
PEGylated sheets. The pellet was then suspended in double phosphate buffer saline
(PBS; 0.8% NaCl, 0.02% KCI and 0.02 M Na,HPO,, pH 7.4) and centrifuged at 10,000
g for 3 h to remove any aggregates or multilayered GO sheets. The resulting
supernatants from the two centrifugal steps were then dialyzed against 5 L of distilled
water over 72 h to stop the PEGylation reaction and remove unreacted molecules (5
times exchange). The solutions were collected after dialysis, washed several times and
filtered each time through a 3 kDa MWCO centrifuge filter (Millipore) at 5000 g for 25
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min. The resulting filtrate was lyophilised using freeze dryer (Alpha 1-2 LD plus Freeze
Dryer- John Morris) and kept at -20 °C for future use.

PEGylation and surface functionalisation was confirmed by UV-Vis and FTIR
(see section 5.3.1) spectra for all three conjugates. The physical and structural properties
of the modified GO networks were determined using atomic force microscopy (AFM)
and scanning electron microscopy (SEM) imaging, respectively.

5.2.3 Characterization of the modified GO

The modification of the carboxylated GO was confirmed by UV-Vis
spectroscopy (UV-visible spectrophotometer/Varian 3E) and Fourier transform infrared
spectroscopy (Fourier transform infrared spectroscopy (FTIR) Spectrometer/Varian
7000). Spectra were obtained in an optical range of 400-4000 cm™' by averaging 32
scans at a resolution of 2cm™" with one min interval to minimise the effects of dynamic
scanning. Atomic force microscopy (Asylum Research Cypher AFM) was used to
determine the size and thickness of the modified GO sheets. A proper size of mica (1
cm?) was prepared and washed with ethanol and water, then dried under a laminar flow
to minimise contamination. The mica surface was pre-coated with the positively
charged Polyethyleneimine (PEI) for 30 minutes. After rinsing with distilled water and
drying under laminar flow, the product was polished by nitrogen gas before adding 10
ul of each sample. Further, to study the morphology of the modified GO sheets dry
samples were mounted onto 12mm aluminium stubs with double-sided carbon tabs. The
samples were then coated with gold using a Xenosput sputter coater (Dynavac,
Wantirna South, Australia) and imaged with the Philips XL30 field-emission scanning
electron microscope (Philips, Eindhoven, Netherlands) at a voltage of 2.0 kV and spot
size of 2. Thermogravimetric analysis (TGA) measurements were conducted on a
Mettler Toledo TGA/SDTA 851e Thermal Gravimetric Analyzer with a heating ramp of
10 °C/min under oxygen and nitrogen flow of 30 mL/min. The interaction of the
modified GO sheets with the tumor cells was studied using a TCS SP5 Laser Scanning
Microscope (Leica Microsystems) at the Biological Optical Microscopy Platform,
University of Melbourne. The microscope imaging chamber was set for standard
conditions at 37 °C, 95% humidity and 5% CO, for overnight live imaging.
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5.2.4 Cell Culture

KB cells (cervix tumour cell line), BEAS-2B cells (transformed epithelial cell
line) and human lung fibroblasts were grown to confluence in 75 cm? flasks in RPMI-
1640, LHC-9 and DMEM media, respectively (each supplemented with 5% FCS, 1% L-
glutamine, and 1% Pen-Strep; all from Sigma) at 37 °C in 5% CO, atmosphere at 95-
100% humidity. The cells were then plated at a density of 0.5x10°ml™ in 96 well plates
(NUNC) at a seeding volume of 100 ul/well, whereby some wells were left blank to
serve as cell-blank controls. Methotrexate (MTX), a commonly used anti-cancer drug,
served as a positive control. After 24 hours of incubation, cells were incubated in
incomplete media (media without FCS) for another 24 hours prior to the addition of the
GO reagents prepared as described hereafter. The stock solution of modified GO
networks was sterilised by UV light exposure for 10 min and diluted to the appropriate
concentrations using PBS. Each treatment was added in 10pl to each of triplicate wells
in 96 wall plates. After gently mixing the reagent by orbital movement of the plates

incubation continued for a further 48 hours.

5.2.4.1 Cytotoxicity studies: the effect of modified GO on various cell lines

Considering the optical properties of GO and its possible light absorption at the
same wavelength as the formazan product of the WST reagent (cell counting kit-from
Sigma), the toxicity assay was performed by replacing the old media (the cell media that
contains the modified GO during 48h incubation) with the fresh media. WST reagent
then was added to the plates (10ul/well), with gentle rocking to facilitate mixing
followed by a further 3h incubation. The UV-Vis absorbance of the plates was then
determined using a microplate reader (Thermo Fisher Scientific). The absorbance of
samples was measured at 450 nm (absorbance of the formazan metabolic product of
WST produced by viable cells).

5.2.4.2 Synergistic effects
To study the additive/synergistic effects of the modified GO and common
chemotherapeutic drugs (MTX and DOX- Figure 5-6), KB cells were incubated with the

combination of both modified GO and an anti-cancer drug for 48 h. Toxicity was
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assessed using the WST assay. Toxicity was assessed using the WST assay and
absorbance measurements as described in section 5.3.4.2.

Figure 5-6. Chemical structure of doxorubicin (A) and methotrexate (B).

5.2.4.3 Imaging studies: interactions of modified GO sheets with tumor cells

In order to image cells using confocal microscopy, cells were plated at a
density of 3x10* mI™ at 37°C into the “8-well Nunc™ Lab-Tek™ I chambered cover
glass slides” (Thermo Fisher Scientific) to form sub-confluent monolayers during an
overnight incubation. After serum-deprivation for 24 hours, cells were incubated with
the modified GO sheets overnight. The treated cells were then imaged using a TCS SP5
Laser Scanning Microscope (Leica Microsystems, North Ryde, Australia). Fluorescence
signals were excited with 488 nm laser and collected between 498 nm - 574 nm using
photomuliplier tube (PMT) detector and the transmitted light was simultaneously
collected using transmitted PMT. Signals were collected using 40x magnification lens
(oil immersion, 1.25 numerical aperture) with digital zoom (2x) and images were taken
as 512 x 512 pixels/frame (380nm/pixel). Z-stack images were taken with the same
detection settings with higher pixel resolution (108 nm/pixel) and sufficient overlap
between frames (690 nm interval) for 3D visualization.

The series of images from sequential focal planes acquired through the samples
(Z-stack) were reconstructed as 3D images using Imaris software (Imaris 8.1, Bitplane)
[368, 369]. Reconstructing the fluorescence signal to 3 dimensional object is widely
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used technique in image quantification [368, 369]. To reconstruct the cells from the
background signal, the fluorescence intensity of duplicated channel was inverted and 3D
surface was created from inverted channel by automatically thresholding the intensity.
3D surface of sheets were created from the original channel using the intensity threshold

and further filtered by volume/intensity.

5.3 Results and Discussion

Modified polymeric networks using GO in a size consistent with diffusion into
the tumour, and two different ligands (FA and RGD peptide) have been designed. Upon
binding, the reagent would provide a potentially non-permeable shield around the
targeted cell by ligand-receptor association with membrane receptors. The resulting
large surface area of cellular interaction may also be expected to impede endocytosis
and thus limit the availability of the folate and possibly other nutrients to the tumour
cells considering the functional role for endocytosis in uptake and rapid translocation of
nutrients [370-373].

Indeed, it was investigated whether the combination of the modified GO
networks and conventional cytotoxic drugs, such as methotrexate (MTX) and
doxorubicin (DOX), shows an additive or synergistic effect [374]. This combination of
agents has the potential to reduce the required concentrations of the individual
components to achieve the same or higher levels of tumour cell cytotoxicity, thereby
reducing the potential for toxic effects related to high doses of the components used
individually [375, 376]. Importantly, the combination of various drugs in cancer therapy
may delay or prevent the emergence of drug resistance [377]. Using multiple drugs also
affects multiple targets and cellular populations, potentially further improving treatment
outcomes [374]. Although there are many investigations of polymeric conjugates
carrying drugs or previously approved anti-cancer drugs [375, 378-381], to the best
knowledge of the thesis author, there is as yet no report on the additive effects of
polymeric conjugates with common anti-cancer agents. Study of the application of the
modified GO sheets with conventional anti-cancer drugs may reveal new directions for

cancer therapy.
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5.3.1 Characterization of modified GO

5.3.1.1 Characterisation of GO-PEGFA
5.3.1.1.1 Chemistry

UV-Vis spectroscopy was used to confirm that PEG-FA was conjugated to
GO-COOH (Figure 5-7). The peaks at around 280 nm and 350 nm in the spectrum of
PEG-FA were attributed to the specific absorbance peak of FA [382]. However, GO-
PEG-FA showed a strong peak at 275 nm. This shift for the FA derivatives after GO
conjugation may be due to the chemical interaction of the GO and PEG-FA components
[383]. Moreover, the observed small shoulder around 225 nm in PEG-FA transferred to

around 230 nm after GO conjugation due to the chemical attachment of the two

molecules.
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Figure 5-7. UV-Vis spectra of GO-COOH, PEG-FA and GO-PEGFA.

The peaks at around 280 nm and 350 nm in the spectrum of PEG-FA are attributed to the specific
absorbance peak of FA. However, GO-PEG-FA showed a strong peak at 275 nm due to the chemical
interaction of the GO and PEG-FA components.

The conjugation of PEG-FA on carboxylated GO was further characterised by
FTIR spectroscopy (Figure 5-8) The peaks at 1400 to 1700 cm™ corresponded to NH-
CO stretching of the amide bonds in PEG-FA and GO-PEGFA [384] , while the region

1100 to 1200 cm™ represented CO stretching in all three structures. The peaks around
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2900 and 1100 cm™ corresponded to the C—H out of-plane bending vibrations of PEG
[385], whereas the broad peak from 3000cm™ to 3600 cm™ was attributed to O-H
stretching in GO polymer [385, 386]. All of the peaks for the C-H of PEG and the
characteristic peaks of FA were slightly shifted after the PEG-FA and GO conjugation,
which suggested that PEG-FA was successfully conjugated to GO, and agreed with the
UV-Vis results.
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Figure 5-8. FTIR spectra of GO-COOH, PEG-FA and GO-PEG-FA.

All of the peaks for the C—H of PEG and the characteristic peaks of FA are slightly shifted after the PEG-
FA and GO conjugation, which suggested that PEG-FA was successfully conjugated to GO.

5.3.1.1.2 Size and thickness

The effective grafting of PEG-FA molecules to GO-COOH was also
confirmed by visualising the physical features of the functionalised GO sheets using
AFM ( Figure 5-9) As shown in this figure, the GO-COOH sheets were approximately
1.2 nm thick (Figure 5-9B), compared to the GO-PEGFA sheets with an average
thickness of 5.0 nm after PEG-FA conjugation (Figure 5-9D). Together, the measured
thickness and its rough surface confirmed the existence of PEG-FA chains across the
GO-COOH sheet [387, 388]. Additionally, the size of GO-PEGFA sheets ranged from
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200 to 600 nm (Figure 9C and D). Sheet size could be affected by the chemical

functionalisation process and the following sonication steps [389].
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Figure 5-9. AFM images of CO-COOH and GO-PEGFA.

Tapping mode AFM images (left column) with section analysis (right column) of (A, B) GO-COOH and
(C, D) GO-PEGFA. GO-COOH sheets are approximately 1.2 nm thick compared to the GO-PEGFA

sheets with an average thickness of 5.0 nm after PEG-FA conjugation. (Scale bar: 500 nm)

The functionalised GO sheets were also imaged under SEM to see their 3D

physical features (Figure 5-10). The particles had a plate-like shape with a flaky,

layered microstructure, which resulted from thick multilayer stacks formed when

lyophilised.
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Figure 5-10. SEM images of GO-PEGFA.

(A) Very low and (B) low magnification of the region marked in (A) show a plate-like shape with a flaky,

layered microstructure.

5.3.1.1.3 PEGylation yield

The thermal stability of GO-COOH, PEG-FA and GO-PEGFA was analysed
by TGA (Figure 5-11). As shown by arrows, three main degradation temperatures were
observed for GO-COOH, around 50 °C, 200 °C, and 430 °C. The approximately 20%
loss of mass from ambient temperature to almost 170 °C could be due to evaporation of
trapped water molecules between the carboxylated GO layers [328]. Thereafter, GO-
COOH was almost stable to 420 °C and only began to degrade in the range of 420 °C to
800 °C with 80 % mass loss [329]. By contrast, the decomposition of PEGylated
molecules, i.e. GO-PEGFA and PEG-FA, initiated from 380 °C (approximately 10%
mass loss) and 550 °C (approximately 30% mass loss), respectively, due to the thermal
decomposition of the PEG fragment. PEGylated GO showed more thermal stability
without any significant further mass loss. Hence, the thermal stability of GO-COOH
was improved with PEGylation. The T10 (as measured at the point of 10% mass 10ss)
has increased from 170 to 380 °C by PEGylation [390]. According to this result, a 70%
increase in thermal stability of GO-COOH by PEGylation indicates a nearly 70%
PEGylation yield in the GO-COOH networks.
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Figure 5-11. TGA curves of GO-COOH, PEG-FA and GO-PEGFA.

Three main degradation temperatures were observed for GO-COOH, around 50 °C, 200 °C, and 430 °C,
while the decomposition of PEGylated molecules, initiated from 380 °C (approximately 10% mass loss)
and 550 °C (approximately 30% mass 10ss).

5.3.2 Characterisation of GO-PEGRGD network
5.3.2.1 Chemistry

As in section 5.3.1.1, UV-Vis spectroscopy was used to confirm that PEG-
RGD was conjugated to GO-COOH (Figure 5-12). The peaks at around 275 nm in the
spectrum of PEG-RGD were attributed to the specific absorbance peak of RGD, which
manifested as a strong peak at 280 nm for GO-PEGRGD [391]. This shift may be due to
the chemical interaction of GO and PEG-RGD. The observed peak at around 230 nm in
GO [392] was also transferred a bit, forming a peak at 225 nm after PEG-RGD
conjugation due to the chemical attachment of the two molecules.
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Figure 5-12. UV-Vis spectra of GO-COOH, PEG-RGD and GO-PEGRGD.

The peaks at around 275 nm in the spectrum of PEG-RGD are attributed to the specific absorbance peak
of RGD, which manifested as a strong peak at 280 nm for GO-PEGRGD.

The presence of different types of oxygen-containing groups in GO was
previously confirmed by FTIR (Figure 3-10), by the broad peak at the range of 3000-
3600 cm* (O-H stretching vibrations), 1750 cm™ (stretching vibrations from C=0),
1250 cm™* (C-OH stretching vibrations) and 1070-1100 cm* (C-O stretching
vibrations), as reported earlier [324, 325]. O-H stretching (2400-3400 cm %) [393], C=0
stretching (1700-1730 cm ™) [394] were assigned to COOH groups, which was further
confirmed by the CH,-stretching vibrations at 2850 and 2920 cm™* (lower peaks) [395].
After functionalisation of GO-COOH by PEG-RGD, the intensities of the absorption
peaks corresponding to oxygen functional groups decreased. This clearly confirmed the
removal of oxygen-containing groups by formation of amide bonds during the
functionalisation [396]. The existence of an amide bond was shown by detecting N-H
stretching (2800-3600 cm ™), N-H bending (1500-1650 cm™), C-N (alkyl) stretching
(1025-1200 cm ), NH-CO stretching (1500-1700 cm ™), and CO-O stretching (1700-
1750 cm ™) in the final GO-PEGRGD product [395] (Figure 5-13).
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Figure 5-13. FTIR spectra of GO-COOH, PEG-RGD and GO-PEGRGD.

After functionalisation of GO-COOH by PEG-RGD, the intensities of the absorption peaks corresponding
to oxygen functional groups decreased. This clearly confirms the removal of oxygen-containing groups
by formation of amide bonds during the modification.

5.3.2.2 Size and Thickness

The effective grafting of PEG-RGD molecules on GO-COOH was also
confirmed using AFM. Figure 5-14 indicates that the GO-PEGRGD networks had an
average thickness of 6.0 nm after PEG-RGD conjugation, which was much higher than
for GO-COOH at approximately 1.2 nm (Figure 5-9B). The measured thickness and
rough surface confirmed the existence of PEG-RGD chains across the GO-COOH
sheets [387, 388], which ranged in size from 200 to 500 nm.
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Figure 5-14. AFM image of GO-PEGRGD.

Tapping mode AFM image (A) and section analysis of GO-PEGRGD (B). The GO-PEGRGD networks have an
average thickness of 6.0 nm after PEG-RGD conjugation, which is much higher than for GO-COOH at
approximately 1.2 nm. (Scale bar: 500 nm.)

SEM observation of GO-PEGRGD showed a flexible, 3D sheet-like structure
(Figure 5-15), different to GO-PEGFA (Figure 5-9). SEM also revealed the layered
microstructure of the modified GO sheets, which contained dense multilayer stacks

produced when the product was freeze-dried as powder.

Figure 5-15. SEM images of GO-PEGRGD.

(A) Very low and (B) low magnification of the region marked in (A) show a flexible, 3D sheet-like
structure different to GO-PEGFA (Figure 5-9).
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5.3.2.3 PEGylation yield

The thermal stability of PEG-RGD and GO-PEGRGD was analysed by TGA
technique (Figure 5-16). The decomposition of GO-COOH was explained in section
5.3.1.1.3. In common with PEG-FA, the PEG-RGD molecule seems to be more stable
as its decomposition only starts at 380 °C. It was evident that T10 (as measured at the
point of 10% mass loss) of GO-PEGRGD was higher than for GO-COOH but lower
compared to PEG-RGD. This may be due to the chemical reduction effect of PEG on
the GO-COOH, and the oxidation effect of GO-COOH on RGD-PEG once they are
conjugated. The decomposition temperature T50 (as measured at the point of 50%
weight loss) was higher in PEG-RGD, which made GO-COOH much more stable after
PEGylation, and without any further mass loss when temperature increased to 380 °C.
Compared with the thermal decomposition behaviour of neat GO-COOH, GO-
PEGRGD had a higher T10 temperature, with the delay in decomposition indicating the
higher thermal stability of the PEGylated polymer; T10 was increased from 170 °C to
380 °C by PEGylation. According to this result, the 60% increase in thermal stability of
the GO-COOH by PEGylation indicates around a 60% PEGylation yield in the GO-
COOH networks. The GO-PEGRGD composite was thermally stable below 380 °C and
had only reduced in mass by 30% when heated to 600 °C.
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Figure 5-16. TGA curves of GO-COOH, PEG-RGD and GO-PEGRGD.

Three main degradation temperatures are observed for GO-COOH, around 50 °C, 200 °C, and 430 °C,
while the decomposition of PEGylated molecules started at 380 °C. It is evident that T10 (as measured at
the point of 10% mass loss) of GO-PEGRGD was higher than for GO-COOH but lower compared to
PEG-RGD.
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5.3.3 Characterisation of GO-PEGFARGD network
5.3.3.1 Chemistry

UV-Vis spectroscopy was used to confirm that both PEG-RGD and PEG-FA
were conjugated to GO-COOH (Figure 5-17). The peak around 280 nm in GO-
PEGFARGD is the common absorbance peak of PEG-RGD [391], while the peak at
370 nm was assigned to PEG-FA [382]. The shift from 280 nm to 275 nm after GO
conjugation may be due to the chemical interaction of GO and the PEG-FA and
PEG/RGD components. Given that, the spectrum of GO-PEG-FARGD had common
elements of the spectra of GO-PEGFA and GO-PEGRGD and yet was distinct,

confirmed that the final product had dual ligands.
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Figure 5-17. UV-Vis spectra of GO-PEGFA, GO-PEGRGD and GO-PEGFARGD.

The peak around 280 nm in GO-PEGFARGD is the common absorbance peak of PEG-RGD, while the
peak at 370 nm is assigned to PEG-FA. The shift from 280 nm to 275 nm after GO conjugation is due to
the chemical interaction of GO and the PEG-FA and PEG/RGD.

The existence of an amide bond in GO-PEG-FARGD was indicated by N-H
stretching (2800 cm ™), N-H bending (1500-1650 cm ™), C-N (alkyl) stretching (1025-
1200 cmY) and NH-CO stretching (1600 cm™) [395] , that together confirmed the
successful conjugation of PEG-FA and PEG-RGD to GO-COOH (Figure 5-18).
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Figure 5-18. FTIR spectra of GO-COOH and GO-PEGFARGD.

The existence of an amide bond in GO-PEG-FARGD is indicated by N-H stretching (2800 cm ™), N-H
bending (1500-1650 cm ™), C-N (alkyl) stretching (1025-1200 cm %), NH-CO stretching (1600 cm%).

5.3.3.2 Size and thickness

The effective grafting of PEG-FA and PEG-RGD molecules for dual ligand
modified GO (GO-PEGFARGD) was assessed by visualizing the physical features of
the functionalised GO sheets using AFM (Figure 5-19). GO-PEGFARGD had an
average thickness of 6.0 nm, similar to GO-PEGRGD (Figure 5-14B). The measured
thickness, compared with that of GO (1.2 nm, Figure 5-9B), and the rough surface were
evidence of the existence of PEG chains across the GO sheets. Figure 5-19B also shows
that the longest axis of the modified GO sheets ranged from 200 nm to 600 nm. The size

could be induced by the surface modification and sonication steps [389].
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Figure 5-19. Tapping mode AFM images.

(A) low magnification and (B) higher magnification of the region marked in (A), and (C) height profile of the
GO-PEGFARGD shows the average thickness of 6.0 nm, similar to GO-PEGRGD. (Scale bar: 500 nm)

GO-PEGFARGD was also visualised by SEM (Figure 5-20). This network
appeared to be porous, and at low magnification somewhat fluffy, compared to GO-
PEGFA and GO-PEGRGD which showed a flexible, plate-like shape with a flaky,
layered microstructure (Figures 5-10B and 5-15B, respectively). Considering the
spongy structure of this dual ligand modified GO, it might be potentially suitable for the
loading and targeted delivery of anticancer drugs [397], e.g. DOX or MTX, or a

diagnostic compound.

¢ R
Figure 5-20. SEM images of GO-PEGFARGD.
(A) low, (B) moderate and (C) high magnifications of selected areas shows the porous and fluffy structure,
compared to GO-PEGFA and GO-PEGRGD with a flexible, plate-like and layered microstructure (Figures 5-10B
and 5-15B, respectively).
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5.3.4 Cell studies
5.3.4.1 Toxicity effects

To study the cytotoxicity of modified GO sheets, specifically GO-PEGFA, the
concentration-dependence of KB cell responses was examined after 48 h of exposure
(Figure 5-21). Based on the formation of the WST formazan reaction product, the cell
viability reduced by 30% when the concentration of the modified GO sheets was
increased up to 1.3 mg.ml™. However, at higher concentrations (up to 10 mg.ml™) the
less cytotoxicity was observed. This bell-shaped concentration response curve may be
due to the aggregation of GO sheets at higher concentration, effectively hampering the

ligand-receptor interaction with cell surface.
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Figure 5-21. Viability of KB cells after 48 hours exposure to increasing concentrations of the
modified GO sheets.

The vertical axis represents the cell viability measured by the absorbance of WST reagent at 450 nm;
MTX (1x10™* M) was used as the positive control, whereas NC shows the negative control which has not
exposed to the reagents. Values are mean + sem from four independent experiments. Triplicate
incubations for each treatment were conducted in each independent experiment. P values were calculated
using one-way ANOVA test (***P < 0.0001).
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The cytotoxicity of the modified GO networks (GO-PEG-RGD, GO-PEG-FA
and GO-PEG-FARGD) was measured after 48 hours incubation (Figure 5-22).

BEAS-2B cells (transformed primary cell line) are considered suitable to
screen chemical and biological agents for differentiation and/or carcinogenesis effects
[398]). This non- tumorigenic transformed cell line was used to examine the
cytotoxicity of the modified GO sheets after 48 hours incubation (Figure 5-22A). The
viability of BEAS-2B cells was decreased by 20%, while the positive control (MTX)
decreased cell viability by 45%. The constitutive proliferation of BEAS-2B cell line,
which makes its behaviour similar to tumour cells, may be reduced by exposure to the
modified GO networks resulting in a decrease of the WST reaction product. The FA-
modified GO reduced KB cell viability as a tumour cell line by 30%, with RGD and
FARGD-modified GO showing similar reductions (35%) in cell viability (Figure 5-
22B). Compared to the maximum effect of MTX (50% reduction in cell viability), the
level of observed cytotoxicity for the modified GO networks provided encouragement
for further investigation.

Lung fibroblasts were used as a primary human cell line to provide some initial
insight into the potential for selective cytotoxicity of the modified GO sheets (Figure 5-
22C). The modified GO did not significantly affect WST product formation in this non-
tumour primary cell line. Notably, due to the time restriction, fibroblasts (a non-

tumorigenic cell line) were studied for a fewer number of experiments.
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Figure 5-22. Viability of KB cells, BEAS-2B cells and Fibroblasts.

Viability of (A) BEAS-2B cells, (B) KB cells and (C) Fiboblastsr after 48 h exposure to 1.3 mg.ml™* of
GO-PEGRGD, GO-PEGFA and GO-PEGFARGD. The vertical axis represents the cell viability measured
by the absorbance of WST reagent at 450 nm; MTX (1x10™ M) was used as the positive control, whereas
NC shows the negative control which has not exposed to the reagents. Values are mean + sem from three
independent experiments. Triplicate incubations for each treatment were conducted in each independent
experiment. P values were calculated using one-way ANOVA test (***P < 0.0001, NS: Not significant).
Due to the time restriction, fibroblasts (a non-turmeric cell line) were studied for a fewer number of

experiments.
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The differential effect of MTX and the modified GO on the three different cell
lines may be due to differences in proliferation rates. Tumour and transformed cell lines
typically show a higher fraction of cells in cell cycle due to their higher proliferation
rate, which increases their sensitivity to the MTX, as well as to the ligand modified GO.
Less proliferative cell types are relatively resistant to the MTX and modified GO sheets,
since a lower fraction of cells are cycling reducing the requirement for cellular

metabolism and nucleic acid synthesis [399, 400].

To better understand the cell responses over the incubation time, the KB cell
growth was monitored up to 48 h after treatment by single ligand modified GO sheets.
The viability of the KB cells was examined using the WST reagent (Figure 5-23). The
toxicity effects of modified GO sheets compared to non-treated cells (NC) is evident.
The highest cytotoxicity effect was observed within the first 7 h of exposure whereby
the cell viability was decreased by 50 %. As ongoing cell proliferation is slow, the WST
reagent showed only 20% reduction in negative control for the first 20 h, while the
incubated GO sheets reduced cell viability to around 50% for the same period. Indeed,
for the first 20 h the treated KB cell viability tracked the anticancer MTX for both single
ligand GO conjugates. Then in just 8 h the cells roughly stabilised at around 60%

viability for the remainder of the experiment.
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Figure 5-23. Viability of KB cells with time up to 48 h exposure to 1.3 mg.ml™ of GO-PEG-FA and
GO-PEGRGD.

Vertical axis represents the cell viability measured by the absorbance of WST reagent at 450 nm (%);
MTX (1x10™* M) was used as the positive control; in the negative control (NC) the cells were not exposed
to modified GO. The vertical axis and error bars represent means = sem of cell viability from 4
independent experiments. Triplicate incubations for each treatment were conducted in each independent
experiment.

5.3.4.2 Synergistic effects

The combinations of single ligand modified GO with anti-cancer agents MTX
or DOX appeared to be more effective than individual toxic drugs or GO sample
(Figure 5-24). Looking at the literature, the maximum cytotoxicity of MTX and DOX
(50% reduction in cell viability) was observed at the particular concentrations of 10° M
[401] and 107" M [402, 403] respectively and the concentration response relationship for
both MTX and DOX were similar across the different tumor cell lines [401, 404, 405].
Our results confirmed that the viability of KB cells was reduced by 50% at the optimum
concentration of 10 M of MTX [406] and 10°M of DOX [407]. However, when MTX
(10" M) was co-incubated with modified GO-PEGFA or GO-PEGRGD sheets ( 1.3 mg
ml™), the cytotoxicity towards the KB cancer cell lines improved markedly to 80%
(Figure 5-24A). The combinations of GO-PEGFA or GO-PEGRGD with DOX (10°°M)

also showed higher cytotoxicity towards the KB cancer cell lines 65% compared to each
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individual component (Figure 5-24B). Given these observations, there is a considerable
synergy between the modified GO sheets and the examined anti-cancer drugs in which

the cytotoxic effect was significantly increased by using GO sheets and drugs in

combination.
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Figure 5-24. The combinations of single ligand modified GO with anti-cancer agents MTX or DOX.

Viability of KB cells after 48 h exposure to 1.3 mg.ml™ of GO-PEGFA or GO-PEGRGD and their
combination with (A) MTX (1x10™ M) and (B) DOX (1x10™ M). Straight MTX and DOX were used as
positive controls, whereas NC stands for negative control with no reagent. (n=4) Values are mean + sem
from four independent experiments. Triplicate incubations for each treatment were conducted in each

independent experiment.

5.3.4.3 Confocal microscopy imaging

In order to understand this synergistic effects between the modified GO and
DOX/MTX, the cellular interaction between the modified GO and the cancer lines was
investigated using confocal life imaging at 10-minute intervals. GO and its derivatives

exhibit auto-fluorescence over a wide range of emission wavelengths [336, 408]. This
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fluorescence enables the cellular interactions and potential biological effects to be
studied without staining the cells [409].

The series of images from sequential focal planes acquired through the samples
(Z-stack) interpreted using Imaris software (Imaris 8.1, Bitplane) [368, 369], show the
location of GO sheets either at the cell membrane or intracellular. In order to ascertain
whether or not the FA-modified GO sheets were located in the intracellular
compartment, sequential focal planes were acquired through the selected area and
converted into a Z-stack. Following 16 h incubation of KB cells with different reagents
(GO-PEGFA, GO-PEGRGD and GO-PEG-FARGD), GO-PEGFA sheets were observed
to be inside the cells (Figure 5-25A). The series of images from different focal planes
(Z-stack) was acquired through the selected area to determine the location of GO sheets

within cellular structure in 3 dimension (Figure 5-25B).

Figure 5-25. Confocal images of individual planes from Z-stack of KB cells after 16 h incubation
with GO-PEGFA.

A) The series of time-lapse images from sequential focal planes acquired through the samples were taken
at 10 min intervals and interpreted using Imaris software (refer to experimental section 5.2.4.3). Green
spots in A2-4 (marked with arrowhead in A4) represent the auto-fluorescence of modified GO sheets
inside the cells. Al shows the middle plane of the cell where the GO sheet is not located. B) 3D
reconstruction of a composite Z-stack. Surface of the cells (purple) were rendered as partially transparent
in order to show the internalized GO-PEGFA sheets (green). (n=3) Z-stack images were acquired on three

occasions.
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The interaction of KB cells with RGD-modified GO was also examined under
the same conditions (Figure 5-26). Due to the low background fluorescence contrast, the
cell area was identified from bright field image. In contrast to the FA-modified GO,
RGD-modified GO sheets associated with the cell membrane, no evidence of endocytic

uptake was expected.

10um

Figure 5-26. Confocal images of individual planes from Z-stack of the KB cells after 16 h
incubation with GO-PEGRGD.

A) The series of time-lapse images from sequential focal planes acquired through the samples were taken
at 10 min intervals and interpreted using Imaris software (refer to experimental section 5.2.4.3). Green
spots (arrowhead in A4) represent the auto-fluorescence of modified GO sheets. B) 3D visualisation of
the Z-stack representing the cells (grey) with their associated GO-PEGRGD sheets (green). (n=3) Z-stack

images were acquired on three occasions.

The dual ligand modified GO showed the same behaviour as RGD-modified
GO which associated to the cell membrane without internalisation (Figure 5-27). After
their association with the dual ligand, KB cells partially detached from the culture
plates, possibly as a result of integrin binding limiting interaction with nascent ECM
deposited onto the plastic culture dish [410].
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Figure 5-27. Confocal images of individual planes from Z-stack of KB cells after 16 h incubation
with GO-PEGFARGD.

A) The series of time-lapse images from sequential focal planes acquired through the samples were taken
at 10 min intervals and interpreted using Imaris software (refer to experimental section 5.2.4.3). Green
spots (arrowhead in Al) represent the auto-fluorescence of modified GO sheets. B) 3D visualisation of
the Z-stack representing the cells (grey) with their associated GO-PEGFARGD sheets (green). (n=3) Z-

stack images were acquired on three occasions.

The results from the confocal imaging suggest that the chemistry of the
functionalised PEG ligand used to modify GO networks promoted different cell
interaction mechanisms. FA-modified GO probably caused an internal change which
slowed down the proliferation of the KB cells and activated mechanisms mediating cell
death. Conversely, the RGD conjugate might block the integrin receptors to prevent
their clustering, which disturbs the cell-matrix adhesion and increases cell death [411,
412].

It can be postulated that the synergistic effects of MTX/DOX with single ligand
modified GO to Kill cancer cells was due to the ability of the modified GO to increase
the proportion of drug accumulation in cell surface or internalisation [82]. The confocal
images showed that FA-modified GO appears to be taken up by the treated cells.
Considering the possibility of physical adsorption of anti-cancer agents [240] due to
their particular structure [413, 414], this type of conjugate may facilitate the
transmission of the combined drugs into the tumour cells. However, RGD-modified
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networks that associate on the cells surface may facilitate the accumulation of
MTX/DOX at the cell membrane, and thus increasing their cytotoxicity effects.
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5.4 Conclusions

The modified net-like conjugate utilising graphene oxide, folate and RGD
peptide was developed to target certain over-expressed receptors to block endocytosis
and impede cell proliferation. The effective surface modification was assessed using
spectroscopic characterisation. The PEGylation chemistry was found to be effective and
upon TGA analysis up to 50% (w/w) of the superficial carboxyl groups was found to
have reacted. The appropriate dimensional size over the range of 200-600 nm and the
thickness of 6 nm were also determined using AFM. The reagents showed a 35%
reduction in KB cell viability compared to 50% reduction caused by methotrexate, a
commonly used anti-cancer agent. Minimal cytotoxicity was evident for BEAS-2B or

lung fibroblasts exposed to the reagent.

The cellular interaction of these modified GO networks was observed to be
dependent on surface chemistry. FA-modified GO was taken up by tumour cells,
whereas, RGD and FARGD-modified GO were only associated with cell membrane.
Although the modified GO sheets caused similar levels of cytotoxicity, the mechanisms
may differ, as the RGD conjugate and the mixed RGD/FA conjugate are excluded from

the intracellular compartment, limiting targets to those on the cell surface.

The combination of the modified GO sheets (FA/RGD-PEGylated GO) with
MTX or DOX showed greater maximum toxicity of around 80% reduction in cell
viability reflecting the synergistic/additive effects of the system. The particular structure
of DOX or MTX facilitates the physical adsorption onto GO surface by n-7 interactions.
Therefore, GO can promote more accumulation of anti-cancer agent due to the nature of
GO-cell interaction. Considering the detected variation in the cytotoxicity mechanisms
of FA- and RGD-modified GO, the observed similarity in their synergistic effects needs

further study based on intra cellular pathways.
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6 Conclusions

Over-expressed receptors in cancer targeting therapy have been thoroughly studied over
the decades to increase the efficiency of cancer treatments, while concurrently reducing
the typical adverse/toxic side effects. However, despite remarkable efforts in recently
developed targeting therapies, the targeting receptors have been only utilised to deliver
anti-cancer drugs or diagnostic compounds to the tumour cells. The transported drugs

can still cause unpredicted negative effects in adjacent tissues and non-tumour cells.

This thesis was focused on the synthesis and evaluation of a novel cancer therapeutic
system without the use of anti-cancer compounds. The modified net-like conjugate
utilizing graphene oxide (GO) polymer, PEG molecule, folate and RGD peptide was
developed to target certain over-expressed receptors, blocking endocytosis in tumor
cells and resulting in cell metabolic deprivation and death. Such systems explore new

strategies for cancer therapy in a selectively toxic way.

Due to the importance of particle size in biomedical applications, a water-glycerol
gradient centrifugation method was developed to separate the appropriate sizes of GO.
GO sheets are entirely exfoliated in water at concentrations below ~10 mg.ml™. From
these, GO single sheets in the size range of 150 to 850 nm (GOF1-GOF4) were
successfully separated. The effective surface modification (ligand-PEGylation) was
assessed using spectroscopic characterization. The PEGylation yield was analysed to be
around 50% using TGA analysis. The appropriate dimensional sizes of the modified GO
over the range of 200-600 nm and the thickness of 5 nm were also determined using
AFM.

To explore the optical properties of the modified GO sheets, the auto fluorescence of the
introduced networks was studied. Photoluminescence of GO and its fluorescence
guenching effect with various attached fluorescents have been widely studied. It has
been shown that the quenching effect arises from either fluorescence energy
transmission from sp2 domains to the attached fluorescent molecules, or non-
fluorescent dipole—dipole coupling between the fluorescent reagent and GO. There are
currently no studies into the auto fluorescence of individual GO sheets using

fluorescence microscopy. GO and its derivatives show the ability to emit in almost three
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main fluorescence regions (blue, green and red). Spectroscopic measurements show that
the GO single sheets can auto fluoresce over the range of 400 nm to 700 nm when
excitement occurs at the range of 200 nm to 250 nm. The wide emission spectrum
covers the main fluorescence regions. However, the emission spectra of GO in other
ranges of excitation wavelengths (400 nm to 600 nm) show that GO is able to reflect
excitation wavelengths. Furthermore, there are some detected emission peaks at 480 nm,
540 nm, and the broad peaks in 580 nm to 640 nm. This fluorescence could also be used
to trace GO sheets in the solution. With different sizes of GO, the same pattern of auto-
fluorescence was observed at 200 nm excitation wavelength, which suggests that the
observed emission intensity is size independent. GO and derivatized GO have stronger
fluorescence at higher pH, while lowering the pH reduces the measured intensity. This
may be due to the protonation and deprotonation effects in acidic and alkaline
conditions respectively, depending on the chemistry of the molecules (oxidized groups
and the adjacent sp2 domains). The data also indicated that functionalized groups make
an important contribution to the fluorescence. Fluorescence microscopy also
demonstrated the photoluminescence of individual GO sheets in the blue, green and red
regions. The lack of fluorescence of some GO sheets in cell media could be attributed to
aggregation of the sheets. The attached functionalized groups can change the observed
fluorescence emission of the GO sheets in cellular experiment. RGD-PEGylated GO
emits in the green fluorescent area, while FA-PEGylated GO emits in the red and blue
regions. Designed PEGylated GO sheets (GO-PEG-FA or RGD) significantly affect the
appearance of treated cells. Based on these observations, GO auto-fluorescence seems
to be complex and dependent on various chemical and physical factors. However,
further work is required to understand the influence of the environmental and
aggregation effects on auto-fluorescence of GO. As a result, GO sheets have the
potential to be used as tracers in biological systems, provided further tests prove

positive which includes animal testing.

To study the cytotoxicity effects of the introduced ligand-modified GO, three different
cell lines were examined using WST assay and trypan blue. KB as a malignant cervix
tumor cells showed 35% reduction in viability, compared to the 50% reduction caused
by the common anti-cancer agent methotrexate. BEAS-2B as a proliferative non-tumor

cell line and lung fibroblasts as normal resting connective cells exhibited 20% and 10%
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reduction in cell viability respectively. The difference in observed cytotoxicity may be
due to the cell proliferation rate, which is expected to enhance their sensitivity to the
antiproliferative agents (MTX or the introduced modified GO sheets). Notably, the
cytotoxicity of the PEGylated GO (GO-PEG) was concentration-dependent. Only small-
reduced cell viability is observed at the concentration of 2.6 mg.ml™. This initial
observation showed the promising capability of the modified GO sheets leading cancer

approaches to the new therapeutic methods.

The cellular interaction of the GO networks was also observed to be dependent on
surface chemistry. FA-modified GO was taken up by tumour cells, whereas, RGD and
FARGD-modified GO were only associated with the cell membrane. The modified GO
sheets appeared to cause the same cytotoxicity in two different ways: FA-modified GO
may activate intracellular mechanisms, which mediate cell death. The RGD conjugate,
however, might block the integrin receptors, disturbing the appropriate cell-matrix
adhesion leading to cell death. The combination of the modified GO sheets (FA/RGD-
PEGylated GO) with MTX or DOX showed greater maximum toxicity of around 80%
reduction in cell viability, reflecting the synergistic/additive effect of this combination.
The particular structure of DOX and MTX facilitate the physical adsorption onto GO
surface via m-m interactions. The initial assumption behind this observation is that FA-
modified GO facilitate the uptake of anti-cancer agents into the tutor cells, increasing
their cytotoxic effects. However, RGD-modified networks that only associate with the
treated cells may assist increased accumulation of MTX/DOX next to the cell
membrane, enhancing their mediated cytotoxicity. This assumption and the similar
synergistic effects of these two single ligand-modified GO needs further investigation

considering their different cellular interactions.

Based on the results demonstrated in this thesis, it is concluded that the proposed
separation and fractionation method is relatively simple and easy to use in biomedical
studies where the appropriate nano-sizes of GO is desired (from 100 nm to less than 800
nm depending on the intended application). Moreover, the modified GO sheets have the
potential in cell signalling and tracking in clinical studies based on the observed auto
fluorescence effects. This system showed encouraging results for cancer therapy in a

selectively toxic way considering the observed cytotoxic and synergistic effects.
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