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ABSTRACT

Graphene has attracted massive interest in numerous biomedical applications such as anti-
cancer therapy, drug delivery, bio-imaging and gene delivery. Therefore, it is important
to ensure that graphene is nontoxic, and that its cellular biological behavior is safe and
biocompatible. Herein, a new route was used to enhance the biocompatibility of graphene
as a nano-carrier for potential drug delivery applications, using different compositions of
natural deep eutectic solvents (DESs) as functionalizing agents, owing to their capability
to introduce various functional groups and surface modifications. To meet this end, eight
different combinations of binary and ternary DESs were synthesized using choline
chloride salt with several hydrogen bond donors (i.e., urea, glucose, fructose, sucrose,
glycerol and malonic acid). Characterizations of the physicochemical changes in DES-
functionalized graphene were conducted by FE-SEM, EDX, FTIR, XRD, BET and
Raman spectroscopy. The cytotoxicity profile of DES-functionalized graphenes on
human breast adenocarcinoma (MCF-7), human gastric adenocarcinoma (AGS) and
macrophage cell line (RAW264.7) was significantly improved compared to pristine
graphene and oxidized graphene, as demonstrated by cell viability, cell cycle progression,
and reactive oxygen species evaluation assays. This work also studied the association
between cellular toxicity of DES-functionalized graphene and their physicochemical
properties. The application of DESs as functionalizing agents, especially for DES choline
chloride (ChCl):malonic acid (1:1), ChCl:glucose:water (5:2:5) and ChCl:glycerol:water
(1:2:1), significantly reduced the cytotoxicity level of graphenes. Next, it was selected
doxorubicin and tamoxifen, as representatives of common anti-cancer drugs, to load on
the DES-functional graphene samples. Subsequently, the drug loading capacity and

entrapment efficiency were determined. The DES ChCl:malonic acid (1:1) and
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ChCl:glucose:water (5:2:5) functionalized graphenes demonstrated higher tamoxifen and
doxorubicin entrapment efficiency and loading capacity in comparison to the other DES-
functionalized graphenes. The drug-loaded on the DES-functionalized graphene
possessed higher toxicity level against MCF-7 and AGS cell lines in comparison to
unloaded graphenes. The drug-loaded DES-functionalized graphene also had destructive
effects against cancerous cells through the generation of intracellular ROS and cell cycle
disruption phenomena. The anti-cancer activity of drug-loaded graphene was confirmed
by real-time cell growth analysis. Across all tested cellular kinetic models, the most
significant reduction in the growth rate constant of cancerous cells was obtained using
graphene functionalized with DES ChCl:glucose:water (5:2:5) and ChCl:fructose:water
(5:2:5). Overall, DES-functionalized graphene demonstrated improved anti-cancer
activity compared to non-functionalized graphene. This study supports DESs as potential
green functionalizing agents for nano drug carriers, owing to their lower cytotoxicity,

higher drug loading capacity and better anti-cancer activity.
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ABSTRAK

Grafin telah mendapat perhatian yang luas dalam pelbagai aplikasi bioperubatan seperti
terapi bagi anti-kanser, penghantaran ubat, bio-pengimejan dan penghantaran gen. Oleh
itu, adalah penting untuk memastikan bahawa grafin tidak toksik, dan kelakuan biologi
selularnya adalah selamat dan kesesuaian alami. Dalam kajian ini, satu kaedah baru
digunakan untuk meningkatkan kesesuaian alami grafin, dengan menggunakan beberapa
pelarut eutektik (DES) semula jadi sebagai ejen pemungsian, kerana berkemampuan
untuk memperkenalkan pelbagai kumpulan berfungsi dan pengubahsuaian pada
permukaan grafin. Oleh itu, lapan kombinasi berbeza bagi binari dan ternari DESs telah
disintesiskan menggunakan garam klorin klorida dengan beberapa penderma ikatan
hidrogen (i.e., urea, glukosa, fruktosa, sukrosa, gliserol dan asid malonat). Pencirian
perubahan fizikokimia dalam pemungsian-DES grafin telah dilakukan melalui kaedah
spektroskopi FE-SEM, EDX, FTIR, XRD, BET dan Raman. Terdapat banyak
penambahbaikan dalam profil sitotoksisiti pemungsian-DES grafin berbanding grafin
tulen dan grafin teroksida, seperti yang ditunjukkan dalam ujian-ujian seperti daya maju
sel, perkembangan kitaran sel, dan reaksi bagi spesies oksigen reaktif (ROS). Kajian ini
juga melihat persamaan antara sifat ketoksikan selular bagi pemungsian-DES grafin dan
juga sifat fizikokimia mereka. Kajian ini merupakan kajian yang pertama mengenai
penambahbaikan profil sitotoksik grafin menggunakan DES sebagai agen pemungsian,
dan kelakuan biologi selularnya. Penggunaan DES sebagai agen pemungsian,
terutamanya untuk DES klorin klorida (ChCl):asid malonat (1:1), ChCl:glukosa:air
(5:2:5) dan ChCl:gliserol:air (1:2:1), dapat mengurangkan tahap sitotoksisiti grafin
dengan ketara. Kemudian, doxorubicin and tamoxifen, ubat anti-cancer yang popular,
digunakan untuk mengkaji kapasiti kecekapan pemuatan ubat ke atas pemungsian-DES

grafin. Dalam kapasiti kecekapan pemuatan ubat, DES ChCl:asid malonat (1:1) dan
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ChCl:glukosa:air (5:2:5) juga menunjukkan kapasiti kecekapan penambahan dan
pemuatan tamoxifen dan doxorubicin yang tinggi berbanding dengan pelarut DES yang
lain. Ubat yang dimuatkan pada pemungsian-DES grafin mempunyai tahap ketoksikan
yang lebih tinggi terhadap sel-sel MCF-7 dan AGS berbanding dengan sampel grafin
yang tidak dimuatkan ubat. Grafin yang dimuatkan oleh ubat juga mempunyai kesan
kerosakan terhadap sel-sel kanser melalui penjanaan ROS intraselular dan fenomena
gangguan kitaran sel. Aktiviti anti-kanser bagi grafin yang telah dimuatkan ubat telah
disahkan melalui analisis pertumbuhan sel masa nyata. Di antara semua model kinetik sel
yang diuji, pengurangan yang paling ketara dalam kadar pertumbuhan sel kanser
diperoleh dengan menggunakan grafin yang telah difungsikan dengan DES
ChCl:glukosa:air (5:2:5) dan ChCl:fruktosa:air (5:2:5). Secara keseluruhannya, grafin
yang telah difungsikan dengan DES menunjukkan peningkatan aktiviti anti-kanser
berbanding dengan grafin yang tidak difungsikan. Kajian ini mengesahkan DES sebagai
ejen pemungsian hijau yang berpotensi untuk pembawa ubat nano, disebabkan oleh
sitotoksisiti yang lebih rendah, keupayaan muatan ubat yang lebih tinggi dan aktiviti anti-

kanser yang lebih baik.
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CHAPTER 1: INTRODUCTION

1.1 Overview

Graphene is a two-dimensional (2-D) material consisting of sp? hybridized carbon
atoms, which is considered a basic building block for other graphitic components (Chen
etal., 2016; Liu et al., 2013). It has a 2-D planar structure with delocalized & electrons on
its plane, a large surface area and high intrinsic mobility (Chen et al., 2016). These
features have prompted graphene research in various fields including biomedicine,
electronics, sensors, chemical, and industrial processes (Bitounis et al., 2013; Chen et al.,
2016; Zhu et al., 2010). Furthermore, graphene was introduced as a potential nano-carrier
for drug loading via n-r stacking and hydrophobic or electrostatic interactions (Goenka
et al., 2014). It has high drug loading capacity which is significantly higher than other
drug nano-carriers (Liu et al., 2013). Therefore, graphene has been implemented as a
nano-carrier for numerous bioactive compounds and drugs namely ellagic acid,
doxorubicin, ibuprofen and camptothecin (Bitounis et al., 2013; Yang et al., 2013a).
However, it has been speculated that graphene is potentially toxic to humans and the
environment (Chen et al., 2016). Aggregation or flocculation of graphene on cell
membranes is presumed to play a major role in its cellular toxicity (McCallion et al.,
2016; Zhang et al., 2010). Therefore, it is important to modify the surface chemistry of
graphene, which may improve the biocompatibility of graphene with cells and biological

macromolecules.



The toxicology level of a nanomaterial is highly dependent on its shape, size and surface
chemistry (Liu et al., 2013; Yang et al., 2013b). These features could be controlled by
surface modification or functionalization of the targeted nanomaterial, including
graphene (Biswas et al., 2013; Goenka et al.,, 2014). The functionalization process
involves the attachment of new functional groups to the surface of carbon nanomaterials
(CNMs) through either chemical or physical means, thereby modulating the dispersibility
of CNMs under given conditions (Bitounis et al., 2013; Bottari et al., 2017). Enhanced
dispersibility of graphene may significantly reduce the level of toxicity and thus improve

biocompatibility (Sun et al., 2016; Sun et al., 2008).

In chemical functionalization process, many alternative chemical methods which exert
less adverse effects on the environment are being used to replace the conventional
chemical methods. One example is the use of green solvents to replace the traditional
hazardous solvents that have been used extensively in industry (Tang et al., 2015). In this
context, ionic liquids (ILs) have gained considerable attention due to their unique physical
and chemical characteristics (Jin et al., 2016; Smith et al., 2014). ILs are molten salts that
are liquids at temperatures below 100 °C, and they usually consist of bulky and
asymmetric organic cations and organic or inorganic anions (Egorova et al., 2017,
Ventura et al., 2017). Despite their attractive attributes such as non-flammability, high
thermal stability, chemical stability, and low volatility (Hayyan et al., 2016b), there are
concerns about the use of ILs that might have related to the toxicity of these compounds,
their potential effects on health and the environment, and the high cost associated with
their synthesis and purification requirements (Gorke et al., 2010; Hayyan et al., 2015b;
Juneidi et al., 2015; Mbous et al., 2017a). To address the stated drawbacks, focus has

been shifted to the applications of deep eutectic solvents (DESs) that are viewed as being
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analogous to ILs. DESs are also biodegradable, less toxic, and have lower costs as

compared to ILs and other conventional solvents (Hayyan et al., 2013b; Hayyan et al.,

2015b; Li & Lee, 2016).

DESs was introduced by Abbott et al. (2004) as a system which formed from a mixture
of two or more Lewis acids and bases or Bronsted-Lowry acids and bases that has the
lowest freezing point compared with its starting constituents. The physical structure of
some DESs might be similar to that of the ILs. However, DESs, are different from ILs in
terms of the source of the starting ingredients and the preparation process (Carriazo et al.,
2012; Smith et al., 2014). The formation of DES results from the complexation of a halide
salt, which acts as a hydrogen-bond acceptor, and a hydrogen-bond donor (HBD) (Mbous
et al., 2017a). Unlike ILs, DESs normally are prepared from non-ionic starting materials,
such as molecular compounds and salts (Zhang et al., 2012a). Recently, DESs that have
been prepared from the combination of primary metabolites and bio-renewable starting
materials, e.g., sugar alcohols, sugars, amino acids, and organic acids (Choi, 2011; Dai et
al., 2016) are referred to as “natural deep eutectic solvents” (NADESs). Interestingly, the
NADESs formation could explain some previously-inconceivable phenomena, such as
the biosynthesis of intermediate-polarity compounds that are insoluble in both water and
the lipid phase (Choi, 2011; Dai et al., 2013a). Attributing to their potentiality, DESs and
NADESs have been used in numerous chemical and biochemical applications (Aroso et
al., 2016; Jhong et al., 2009; Morrison et al., 2009; Nkuku & LeSuer, 2007; Smith et al.,
2014). One of which is their use as functionalizing agents for carbon nanomaterials

(CNMs) (Abo-Hamad et al., 2017; Hayyan et al., 2015a).



1.2 Problem Statement and Significance of Study

Similar to other nanoparticles, pure graphene is deemed to be potentially toxic to
human health which hinders its application (Chen et al., 2016). Aggregation or
flocculation of graphene on cell membranes is presumed to play a primary role in its
cellular toxicity (McCallion et al., 2016; Zhang et al., 2010). The sharpened edges of
graphene may act like blades, severely cutting or inserting into the cell membrane
(Akhavan & Ghaderi, 2010; Dallavalle et al., 2015). Subsequently, graphene may lead to
cell death through cell membrane destruction, oxidative stress, inflammatory response,
necrosis, DNA damage, or apoptosis (Ou et al., 2016). Therefore, the functionalization of
graphene may significantly reduce the level of toxicity, and thus improve
biocompatibility of the nanoparticle (Liu et al., 2013). However, there are issues
associated with the available functionalizing agents that deserve further consideration,
such as tedious and complicated procedures, high temperature requirements (i.e., above
100 °C), use of highly corrosive solutions (e.g., H2SO4), and high process cost. In view

of the issues, exploring novel ‘green’ functionalizing agents is highly desirable.

The DES proved promising surface modifications and introduced new functional groups
on the CNMs. However, there has been no study of the cellular biological behavior of the
DES-functionalized CNMs. Therefore, in depth study is needed to elucidate the
applicability of DES-functionalized CNMs to act as nano-carriers in drug delivery

applications.



1.3 Research Objectives

The objectives of this study are as follows:

1. To functionalize graphene with different NADES systems and to characterize

their physicochemical and morphological changes.

2. To evaluate cytotoxicity profiles of unfunctionalized graphene and DES-
functionalized graphene against normal cells (macrophage cells, RAW264.7) and
cancerous cells (human breast cancer cells, MCF-7 and human gastric cancer

cells, AGS).

3. To perform loading capacity and entrapment efficiency of doxorubicin and
tamoxifen, as representatives of common anti-cancer drugs, on the DES-

functionalized graphene samples.

4. To assess the anti-cancer activity of drug-loaded DES-functionalized graphene on

the selected human cancer cells MCF-7 and AGS.

5. To identify the kinetic cellular phenotypic profiling of drug-loaded DES-

functionalized graphene against the selected cancer cells.

1.4 Research Scope

This research aims to introduce new biocompatible nanocarriers to be used in cancer
therapy. The surface modification caused by the functionalization with DES provides

remarkable improvement in the cytotoxicity profiles of the graphene. New functional



groups are anticipated to be added along with other possible structural changes. The
improved cytotoxicity profile of the DES-functionalized graphene confers higher drug
loading capacity which hence, enhance the anti-cancer activity of the drug-loaded DES-
functionalized graphene. This research could open a door for a new research field by the
possibility of using the DES formulations to functionalize nanomaterials for drug
delivery. This indeed give a high flexibility for researchers to enhance the performance
of nanocarriers and to boost drug release. Therefore, this study is divided into five
different sections based on the reseach objectives: DES functionalization of graphene,
cytotoxicity profiles of graphene (unfunctionalized and DES-functionalized graphene),
drug loading capacity of graphene, anti-cancer activity of drug-loaded graphene and
kinetic cellular phenotypic profile of drug-loaded graphene. The scopes of research are

described in Figure 1.1.

Objective 1

e Preparation of eight different combinations of binary and ternary
NADESSs using choline chloride salt with several hydrogen bond donors
(i.e., urea, glucose, fructose, sucrose, glycerol and malonic acid)

e Pretreatment and oxidation of graphene using potassium permanganate.

e Functionalization of graphene using the prepared DESs.

e Physicochemical characterization of pristine, oxidized, and DES-
functionalized graphene samples using FE-SEM, EDX, FTIR, XRD,

BET, and Raman spectroscopy analyses.




Objective 2

Evaluate the effect of pristine-, oxidized- and DES-functionalized graphene
on the cell viability of normal cells (macrophage cells, RAW264.7) and
cancerous cells (human breast cancer cells, MCF-7 and human gastric
cancer cells, AGS).

Investigate the impact of pristine-, oxidized-, and DES-functionalized
graphene on cell cycle progression.

Measure the level of intracellular reactive oxygen species induced by

pristine-, oxidized-, and DES-functionalized graphene.

Objective 3

To load doxorubicin and tamoxifen, as representatives of common anti-
cancer drugs, on pristine-, oxidized-, and DES-functionalized graphene
samples.

Determine the drug loading capacity and entrapment efficiency of pristine,

oxidized-, and DES-functionalized graphene.




Objective 4

e Assess the anti-cancer activity of tamoxifen- and doxorubicin-loaded
graphene against cancerous cells through cell viability, reactive oxygen

species, and cell cycle progression assays.

Objective 5

e Identify the kinetic cellular phenotypic profile of tamoxifen- and
doxorubicin-loaded graphene against cancerous cells.

e Kinetics analysis is carried out on both MCF-7 and AGS cells by fitting their
cell growth data to zero order, 1st order, and 2nd order models.

e The growth rate constants are determined for each drug-loaded graphene

samples.

Figure 1.1: The scopes of study based on the reseach objectives.

1.5  Outline of the thesis
This thesis comprises of five chapters. The content of each chapter is described as follows:

Chapter 1 introduces the background and problem statement of the study. The research

objectives and a brief description of the research methodology are also detailed.



Chapter 2 covers a review of the relevant scientific literature on DESs, including the
previous studies done in relation to drug discovery and drug delivery applications. The
potential biomedical and pharmaceutical applications, as well as the biosafety aspects of
DESs are reviewed. In addition, the current application of DESs as green functionalizing

agents for CNMs is also being discussed.

Chapter 3 provides the detailed research methodology of this project. All the materials,
chemicals, instruments, and equipments employed in this research are also described in

this chapter.

Chapter 4 presents the results and discussions, which covers the physicochemical
characterization of the DES-functionalized graphene, the cytotoxicity profile of the DES-
functionalized graphene, the anti-cancer drug loading capacity of the DES-functionalized

graphene, and also the anti-cancer activites of drug-loaded DES-functionalized graphene.

Chapter 5 provides conclusion and recommendations for future studies. The novelty and

significance of the study are also emphasized in this chapter.



CHAPTER 2: LITERATURE REVIEW

2.1  Deep eutectic solvents

Deep eutectic solvents (DESs) are a new generation of eutectic mixtures which
have gained widespread scientific and technological attention as low-cost alternatives for
organic solvents and ionic liquids (ILs). The mixture is a complexation of two or more
components which at a specific molar ratio becomes liquid at room temperature. These
neoteric, green solvents achieve lower melting points than do their single components
because of the charge delocalization resulting from hydrogen bonding between the
hydrogen bond donor and the halide anion (Abbott et al., 2004; Carriazo et al., 2012;
Smith et al., 2014). Compared to ILs and other conventional solvents, DESs are
recognized as less volatile, thermally stable, highly tunable, biodegradable, less toxic, and
lower in cost (Juneidi et al., 2015; Mbous et al., 2017a; van Osch et al., 2015). To that
end, DESs have become essential players in various fields of the chemical, biotechnology,
and electrochemical industries (Chakrabarti et al., 2015; Wang et al., 2018; Xing et al.,

2018; Yao et al., 2017; Zhang et al., 2017).

A new class of DESs has been synthesized from complexations of primary metabolites or
bio-renewable ingredients such as amino acids, sugar alcohols, sugars, and organic acids
(Choi, 2011; Dai et al., 2016; Hayyan et al., 2016b). This novel category is termed
“natural deep eutectic solvents (NADES),” which has been linked to some previously
incomprehensible natural phenomena such as the solubility and biosynthesis of semi-

polar components that are neither soluble in water nor a lipid phase (Dai et al., 2013a; Liu
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et al.,, 2018; Markham et al., 2000; Pisano et al., 2018). NADESs have also been
associated with several biological mechanisms for drought resistance, dehydration,
germination, and cryoprotection (Gertrudes et al., 2017; Hayyan et al., 2016b). In
particular, the emerging push for green practices among the scientific community has led
to a huge demand for the application of NADES in the nutraceutical and pharmaceutical
fields. NADESs are touted as great alternatives to hazardous organic solvents in the
separation, extraction, and purification of natural bioactive substances. They have been
employed for the extraction of numerous bioactive compounds, such as phenolic acid,
polyphenols, flavonoids, polysaccharide, and proteins, from diverse natural sources
(Garcia et al., 2016; Li & Lee, 2016; Liu et al., 2017; Wei et al., 2015a; Zhang & Wang,

2017).

One of the most gained attention bioactive compounds was phenolic compounds (Scheme
2.1). Phenolics have been widely studied as anti-inflammatory, anti-cancer, anti-oxidant
and neuro-protective agents (Mayakrishnan et al., 2013; Phan et al., 2015; Rahman et al.,
2016). As reported previously (Bakirtzi et al., 2016; Dai et al., 2013b; Hayes et al., 2011;
Mayakrishnan et al., 2013; Orhan & Ustiin, 2011), numerous extraction techniques were
applied to extract phenolic compounds from diverse group of natural sources. Recently,
DESs have gained huge consideration as potential substitution to the typical
media/solvents in the extraction of phenolic compounds (Bakirtzi et al., 2016; Dai et al.,

2013b; Garcia et al., 2016; Wei et al., 2015a; Wei et al., 2015b).
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Scheme 2.1: Some examples of phenolic compounds extracted using DESs (1)

chlorogenic acid, (2) a-mangostin, (3) oleocanthal and (4) caffeic acid.

Although most of the bioactive compounds extracted using DESs have hydrophilic
characteristic, there were some previous studies (Abdul Hadi et al., 2015; Cao et al., 2018;
Cao et al., 2017a; Wang et al., 2016a) reporting the potential use of DESs to extract
hydrophobic compounds from natural sources. One example is in the extraction of
antimalarial agent, artemisinin (Scheme 2.2) from Artemisia annua leaves (Cao et al.,
2017b). A tailor-made hydrophobic DES methyltrioctylammonium chloride (MTAC):1-
butanol (1:4) was the most efficient solvent for the extraction of artemisinin in
comparison to other MTAC-based DESs. Under the optimum condition, this DES

exhibited extraction yield of 7.99 mg/g, in which significantly higher than that of volatile
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organic solvent petroleum ether (6.18 mg/g). DES MTAC:1-butanol (1:4) also had high

recovery yield (i.e., 85.65%) and can be reused for minimum two cycles.

Scheme 2.2: Antimalarial agent, artemisinin extracted from Artemisia annua leaves

using MTAC:1-butanol (1:4).

In addition, certain types of recently-introduced DESs possess medicinal or
pharmaceutical activities in their own right, e.g. anti-fungal, anti-bacterial, anti-viral, and
anti-cancer activities. To the extent that, a term therapeutic deep eutectic solvent
(THEDES) was coined for DESs that contain active pharmaceutical ingredients (APIs)

(Aroso et al., 2015; Aroso et al., 2016).

Another recently-developed type of DES is the deep eutectic solvent derivative (DESD)
(Li & Lee, 2016). This is a DES-like, room temperature liquid that is similar to but distinct
from eutectic systems; it is also referred to as a low transition temperature mixture,
eutectic mixture, and low melting mixture (Francisco et al., 2013; Ru & Konig, 2012;
Wang et al., 2016b). DESD encompasses an extensive range of DES-like derivatives,
especially those derived from ternary systems, for which the eutectic point is difficult to
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determine. Examples of DESDs reported to date include DESD ChCl:glycolic acid (1:2),
DESD ChCl:glycolic acid:oxalic acid (1:1.6:0.4), and DESD ChCl:glycolic acid:oxalic

acid (1:1.7:0.3) (Li & Lee, 2016; Zahedifard et al., 2015).

Presently, DESs are attracting significant interest as drug delivery systems, owing to their
high tunability and lower toxicology profiles. In addition, certain types of the DESs that
have been recently introduced possess some medicinal or pharmaceutical activities (e.g.,
anti-fungal, anti-bacterial, anti-viral and anti-cancer activities). Therefore, increased
attention has been focused on the applications of DESs in the field of biomedical and the

pharmaceutical industry.

2.2 DESs as a drug solubilization vehicle

Low solubility and dissolution issues are frequently encountered in the formulation of
drugs, and numerous drug candidates failed in preclinical and clinical trials because of
bioavailability and formulation problems. Thus, there is a high demand for a universal
and safe drug dissolver with which to overcome these drawbacks. There is great potential
in implementing DESs for this purpose due to their adjustable physicochemical
properties. Table 2.1 shows available information on the solubility of various types of
drugs/APIs in DES systems. In short, DESs are capable of dissolving a wide range of
drugs/APIs, including itraconazole, lidocaine, piroxicam, benzoic acid, salvianolic acid,

curcumin, danazol, and posaconazole.
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Table 2.1: List of solubility of bioactive compounds in DESs

DES Ratio  Bioactive Solubility Reference
compounds (mg/mL)
ChCl:ethylene glycol 1:2 DNA N.A (Mondal et
al., 2013)
ChCl:ethylene glycol 1:2 AgCIl-DNA N.A
ChCl:glycerol 1:2 DNA N.A
ChCl:glycerol 1:2 Salvianolic N.A (Chen et al.,
acid B 2017)
ChCl:glycolic acid 1:2 Itraconazole 6.70
ChCl:glycolic acid 1:2 Piroxicam 9.90
ChCl:glycolic acid 1:2 Lidocaine 100.60
ChCl:glycolic acid 1:2 Posaconazole 76.80
ChCl:glycolic acid 1:1.7:  Piroxicam 3.10 (Lin etal,
2016)
0.3
ChCl:glycolic acid 1:1.7:  Lidocaine 295.40
0.3
ChCl:glycolic acid 1:1.7:  Posaconazole 88.40
0.3
ChCl:glycolic 1:1.7:  TItraconazole 46.40
acid:oxalic acid 0.3
ChCl:maleic acid 3:1 Curcumin 0.0667 (Wikene et
al., 2015)
ChCl:malonic acid 1:3 Benzoic acid 18.0
ChCl:malonic acid 1:3 Griseofulvin 0.0044
ChCl:malonic acid 1:3 Danazol 0.1007 .
(Morrison et
ChCl:malonic acid 13 AMGS17 0.014 al., 2009)
ChCl:malonic acid 1:3 Itraconazole 6.60
ChCl:malonic acid 1:1 Benzoic acid 11.00




DES Ratio  Bioactive Solubility Reference
compounds (mg/mL)

ChCl:malonic acid 1:1 Griseofulvin 0.002

ChCl:malonic acid 1:1 Danazol 0.043

ChCl:malonic acid 1:1 AMGS517 0.002

ChCl:malonic acid 1:1 Itraconazole 1.20

ChCl:urea 1:3 Benzoic acid 23.00

ChCl:urea 1:3 Griseofulvin 0.0061 (Morrison et
al., 2009)

ChCl:urea 1:3 Danazol 0.016

ChCl:urea 1:3 AMGS517 0.00022

ChCl:urea 1:3 Itraconazole <0.001

ChCl: urea 1:1 Benzoic acid 14.00

ChCl: urea 1:1 Griseofulvin 0.002

ChCl: urea 1:1 Danazol 0.015

ChCl: urea 1:1 AMGS517 <0.0001

ChCl: urea 1:1 Itraconazole <0.001

ChCl:1,2-propanediol 1:2 Aspirin 202.00 (Lu et al.,

ChCl:1,2-propanediol 1:2 Acetaminophen  324.00 2010

ChCl:1,2-propanediol 1:2 Naproxen 45.26

ChCl:levulinic acid 1:2 Ketoprofen 329.10

ChCl:proline 3:1 Rutin 2.79 (Phaechamud
etal., 2016)

Camphor:menthol 1:1 Ibuprofen 282.11 (Faggian et
al., 2016)

Glucose:sucrose 1:1 Curcumin 0.05211 (Wikene et
al., 2015)
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One of the most intriguing applications of DESs as drug solubilizing vehicles is their
capability to dissolve poorly water-soluble drugs/APIs. For instance, ChCl:urea (1:3) and
ChCl:malonic acid (1:1) have been shown to increase the solubility of low-soluble drugs
such as benzoic acid, itraconazole, griseofulvin, and also synthesized drug AMGS517 by
5-to 22,000-fold over water solution (Morrison et al., 2009). Furthermore, the solubility
of benzoic acid, itraconazole, griseofulvin, and AMG517 in the DES binary mixture was
considerably superior to the corresponding solubilities in individual aqueous solutions of
eutectic mixture components. The study also concluded that DESs, especially ChCl:urea
(1:3) and ChCl:malonic acid (1:1), are pharmaceutically acceptable for use as drug

carriers in pharmacokinetic in vivo studies (Morrison et al., 2009).

DNA dissolution capacity also was explored for new combinations of DESs. For instance,
ChCl:ethylene glycol (1:2) and ChCl:glycerol (1:2) were the most efficient in dissolving
DNA (Lannan et al., 2012; Mamajanov et al., 2010). These DESs also can be recycled
over three consecutive reuses, indicating the sustainability of DES mixtures as promising

multi-purpose agents.

In the study of food-borne pathogens and wound treatment (Bhatt et al., 2015), 2.5% w/w
salmon sperm DNA was incorporated with silver chloride (AgCl) to form a poorly water-
soluble anti-microbial agent. This AgCl-coated DNA was successfully solubilized in a
DES ChCl:ethylene glycol (1:2). Further addition of 2.5% w/w DNA led to the AgCl-
coated DNA taking on cephalopod- or bullet-like morphology, as shown in Scheme 2.3.
This unique morphology improved the bacteriostatic and bactericidal activity of the

DNA-incorporated AgCl material against different Gram-negative bacterial species i.e.,

17



Escherichia coli, Shigella boydii, Shigella flexineri, Pseudomonas fluorescens,
Salmonella enterica, Vibrio cholerae N16961 and Gram-positive bacterial species i.e.,

Bacillus licheniformis and Bacillus subtilism.

Scheme 2.3: Illustration for the synthesis of DNA-incorporated AgCl material and its

antimicrobial action (Bhatt et al., 2015).

The occurrence of strong solvent-solute interactions between DESs and acetaminophen
(ACP) was confirmed by its solubilization of in various ChCl-based DESs (Shekaari et
al., 2017). The solubility of ACP in DESs increased in a dose-dependent manner
positively correlated with DES concentration and temperature. This implies that the
interaction between ACP and the DES was strengthened by increased DES concentration.
Similar improvement of the solubility of ACP in DESs was also observed by Lu et al.
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(2016). Specifically, DESs based on ChCl, tetrapropylammonium bromide, betaine,
choline bitartrate, and ethylammonium chloride all demonstrated higher solubility of
ACP (i.e. 89.07-352.7 mg/mL) than water. However, the solubility of ACP was lessened
as the HBD ratio increased, especially in the case of ChCl:1,2-propanediol and
betaine:levulinic acid. In contrast, the solubility of naproxen increased with increasing
HBD ratio in ChCl:levulinic acid, but decreased with increasing HBD ratio in ChCl:1,2-
propanediol. It is apparent that changes in the HBD molar ratio may affect the solubility
of drugs, and not all in the same way. Different drugs may interact differently with

different DESs, hence influencing their solubility levels.

In work on curcumin compounds as photosensitizers in antimicrobial photodynamic
therapy, maximum solubilization values were obtained with NADES mixtures of
glucose:sucrose (1:1) (GS) and ChCl:maleic acid (3:1) (CM), at 0.05211 mg/mL and
0.0667 mg/mL, respectively (Wikene et al., 2015). Both NADESs were determined to
develop no degradation side-products, as confirmed by HPLC. NADESs are known to
feature intermolecular hydrogen bonding, which is implicated in the improvement of
curcumin solubilization (Dai et al., 2013a; Liu et al., 2018; Wikene et al., 2015). The
differences in solubilization between NADESs primarily arise from distinct H-bonds
accepting and donating, and also the steric arrangement of the liquid crystals. In terms of
solubility efficiency, the NADESs were equivalent to other solubilizers such as
cyclodextrins, surfactants, and aqueous solutions containing alginate or gelatin
(Tonnesen, 2006; Wikene et al., 2015). However, the GS and CM NADES exhibited
better hydrolytic stability, at up to 2—10 times greater than a cyclodextrin solution and
also >1300 times greater than a pH 8 solution buffer (Tonnesen, 2006; Tennesen, 2002;

Tennesen et al., 2002). In addition, the GS NADES featured better photolytic stability
19



than the cyclodextrin solution. This result is very promising, as curcumin is susceptible
to hydrolysis under alkaline conditions and photochemical reactions (Tennesen &
Karlsen, 1985; Tennesen et al., 1986; Teonnesen et al., 2002). NADES of GS, GS with
curcumin, and photo-assisted GS, are all considered non-toxic to E. coli. However, the
CM NADES was toxic to the bacteria, especially at 50-fold dilution; in addition, CM with
curcumin showed photo inactivation capability towards E. coli at a curcumin
concentration of 1.25 uM (Wikene et al., 2015). The curcumin dissolved in CM possessed
a higher phototoxic effect on E. coli than reported in previous studies (Haukvik et al.,
2010; Hegge et al., 2013; Wikene et al., 2015). These might be due to synergistic effects
between the curcumin and CM (or NADES in general) that increase the phototoxicity
(Scheme 2.4). Specifically, photodegradation of curcumin in CM played a vital role in
stimulating the production of bacteria-toxic molecules such as free radicals and reactive
oxygen species. This shows that NADES has great potential for use as a photosentizer in

antimicrobial photodynamic therapy.
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Scheme 2.4: Anti-bacterial curcumin solubilized in NADES maleic acid: ChCl (1:3)

inhibits bacteria growth.

Another study evaluated various combinations of natural components such as sugars,
amino acids and organic acids for their effects on NADESs-solubilized berberine (Sut et
al., 2017). However, among the thirty-eight types of NADESs tested, the majority showed
lower berberine solubility at 22 °C compared to ethanol (2.75 mg/mL) or water (2.10
mg/mL). For instance, proline:ChCl in various ratios (i.e. 1:1, 2:1, and 1:2) was

inefficient at dissolving berberine, demonstrating low solubility and stability. In contrast,
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a tailor-made NADES of proline:malic acid:lactic acid:water (1:0.2:0.3:0.50) exhibited
the highest berberine solubility, at 25.0 mg/mL. An earlier study (Sato et al., 1992)
reported that malic acid had a good interaction with berberine, resulting in the formation
of soluble berberine malate. This explains the enhancement of berberine solubility in a
NADES of proline:malic acid:lactic acid:water (1:0.2:0.3:0.50) (Dai et al., 2015). Sut et
al. (2017) concluded that a NADES tailor-made for the solubilization of berberine must
incorporate a combination of amino acids, organic acids (malic or lactic), and water. The
addition of an appropriate proportion of water to DESs or NADESs may significantly

change their physicochemical properties, which subsequently influence drug solubility.

In a work on drug solubility enhancement using DESD, the solubility of itraconazole in
a ternary DESD ChCl:glycolic acid:oxalic acid (1:1.6:0.4) was markedly higher than in
aqueous solution (5.36 mg/mL, a 53,600-fold increase) (Li & Lee, 2016). The solubilities
of other tested drugs lidocaine, posaconazole, piroxicam, and itraconazole were also
increased by 28-, 640-, 430-, and 6700-fold relative to the corresponding solubility in
aqueous solution. Furthermore, itraconazole, lidocaine, and posaconazole displayed
higher solubility in the ternary DESD system of ChCl:glycolic acid:oxalic acid (1: 1.7:
0.3) than in the binary DESD ChCl:glycolic acid (1:2) (Table 2.1). This improved drug
solubilization is mainly ascribed to polarity alteration of the basic drug in the acidic
DESD through a protonating mechanism. For instance, the carboxylic acids used in a
DESD can provide an adequate source of free-flowing protons to cause polarity alteration
of the basic drug, hence increasing the drug’s solubility (Li & Lee, 2016). The outstanding
improvement in drug solubility observed with DESDs has proven the applicability of

DESs and their derivatives in improving drug delivery efficiency. Therefore, it is essential
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to look for tangible and intangible means for maximizing the usefulness of drugs and their

delivery.

2.3 THEDESs

The development of drug-based or active pharmaceutical ingredient (API)-based
DESs that boost the pharmacological performance of the API has attracted increasing
interest (Pedro et al., 2019; Sanchez-Leija et al., 2014). As introduced in Section 1.0, the
term THEDES is widely used for DESs that contain an API as part of their compositions
(Aroso et al., 2016). Notably, the thermal properties of THEDES have been found to be
different from those of their starting constituents (Aroso et al., 2015). In a recent study
(Duarte et al., 2017), NMR analysis has confirmed the formation of a THEDES through
hydrogen bonding between menthol and the API (benzoic acid, ibuprofen, and
phenylacetic acid). Pulsed-field gradient NMR analysis indicated that the diffusion
mechanism of each component of the THEDESs was similar to that observed in ILs and
ChCl-based NADESs, in which a species migrates by jumping between holes or voids in
the mixture generated via punctual thermal fluctuations (D'Agostino et al., 2011; Duarte

et al., 2017).

THEDESs development has drawn intense attention from researchers, especially in the
fields of biomedicine and pharmacy. The use of THEDESs in drug delivery applications
has been reported to boost efficacy in terms of drug solubility, bioavailability, and skin
permeation (Aroso et al., 2015; Aroso et al., 2016; Duarte et al., 2017). A list of THEDESs

and their applications in drug delivery is shown in Table 2.2. The application of
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THEDESS to drug dissolution enhancement and drug permeation will be further discussed

in the following Sections 2.3.1 and 2.3.2.

Table 2.2: List of therapeutic deep eutectic solvent (THEDES) and their potential

applications.

THEDES

Ratio

Application

References

Cannabidiol:phosphotidylcholine N.A

Ibuprofen:1,8-cineole 2:3

Ibuprofen:Lp-menthol 1:3

Ibuprofen:L-menthol 3:7

Ibuprofen:L-menthol 1:1

Ibuprofen:thymol 2:3

Enhance (Lodzki et al.,

transdermal 2003)
delivery

Better

accumulation in

muscle and skin

Ameliorate edema

and inflammation

(Stott et al.,
1998)

Enhance
transdermal
delivery
Enhance
transdermal
delivery
Enhance
transdermal
delivery
Enhance
transdermal
delivery
Enhance
transdermal

delivery
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THEDES Ratio  Application References
Lidocaine:prilocaine 3:7 e Enhance (Fiala et al.,
transdermal 2010)
delivery
Menthol:phenylacetic acid 2:1 e Anti-microbial (Aroso et al.,
agent 2015; Aroso et
Menthol:phenylacetic acid 3:1 e Anti-microbial al., 2016)
agent
Menthol:benzoic acid 3:1 e Anti-microbial
agent
Methyl nicotinate:ibuprofen 1:1 e Enhance (Woolfson et al.,
transdermal 2000)
delivery
Capric acid:menthol 4:1, e Enhance drug (Al-Akayleh et
1:1, solubility al., 2019)
1:4

2.3.1 Drug dissolution enhancement via THEDESs

API-containing THEDES have different dissolutions than does the API alone,
because they are in a different form. For example, an ibuprofen-based THEDES exists in
liquid form while isolated ibuprofen exists in powder form. As mentioned previously
(Williams et al., 2013), the physicochemical properties of the API may influence its
dissolution. A more recent study reported that the dissolution of ibuprofen from
ibuprofen:menthol (1:3) THEDES was up to 12-fold greater than that of ibuprofen alone
(Duarte et al., 2017). The release of ibuprofen by the THEDES was speculated to result
from disruption in the interaction between ibuprofen and menthol when the THEDES was

dissolved in phosphate-buffered saline (PBS) solution (Aroso et al., 2015).
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THEDESSs incorporating menthol and one of three different anti-microbial APIs, namely
phenylacetic acid (PA), benzoic acid (BA), and acetylsalicylic acid, all showed higher
solubility in PBS solution than the corresponding API in powder form. The final
THEDESs of menthol:PA (3:1), menthol:PA (2:1), and menthol:BA (3:1) all
demonstrated high dissolution efficiency (i.e. 81%, 78%, and 87%), and were observed
to be liquid at room temperature (Aroso et al., 2016). It is worth noting that ratio is
influential on the stability of the THEDES. THEDES menthol:BA at ratios of 1:1 and 2:1
and menthol:PA at a ratio of 1:1 all formed crystals at room temperature, as observed by
polarized optical microscopy analysis. However, as the ratio of menthol in either mixture
increased to 3:1, the resulting THEDES was less crystallized. The homogenous
THEDESs (with no crystal formation) were stable for at least two months. This level of
stability is paramount for the development and design of a safe and effective drug

carrier/medium.

2.3.2 Drug permeation
2.3.2.1 Ibuprofen-based THEDESs

Most reported THEDESs were used to enhance transdermal drug delivery (Table
2.3). Among the drugs evaluated in THEDESs applications, ibuprofen was the most-
studied; other types of drugs remain poorly explored. A recent study by Duarte et al.
(2017) investigated the relationship between ibuprofen solubility in THEDES and its
permeability through a membrane, and found that ibuprofen permeability increased
proportionately with ibuprofen solubility. A THEDES of menthol:ibuprofen (3:1) showed

three-fold increment in permeability through a polyethersulphone membrane (14 x 107
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cm s!), relative to ibuprofen alone (4.6 x 107 cm s') (Table 2.3). A drug with

permeability greater than 6 x 10 cm s™!

is considered highly permeable according to
Duarte et al. (Duarte et al., 2017). Powder ibuprofen was originally categorized as Class
IT in the biopharmaceutical classification system (Trzenschiok et al., 2019); THEDES
menthol:ibuprofen (3:1) could be counted as Class I due to the improvements in solubility
and permeability (Figure 2.1). However, existing studies used a synthetic membrane, and
it is recommended to use a mammalian skin membrane for a better and more realistic

understanding of the interactions and conditions involved in the transdermal delivery

system.

Table 2.3: Permeability of API and THEDES systems (Duarte et al., 2017).

APIs/THEDESs Permeability (10° cm s!)
Ibuprofen 4.6+0.14

Ibuprofen: menthol (1:3) 14.0+1.53

Benzoic acid 0.9+0.01

Benzoic acid: menthol (1:3) 6.8+0.63

Phenylacetic acid 16.0+2.30

Phenylacetic acid: menthol (1:2) 18.0+0.38

phenylacetic acid: menthol (1:3) 13.0+0.59
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Figure 2.1: Biopharmaceutical characterization system of drugs

2.3.2.2 THEDESSs from other drugs

Phenolic acids such as phenylacetic acid and benzoic acid have anti-microbial
activities against a wide range of microbial strains (Aroso et al., 2015; Aroso et al., 2016;
Papadopoulou et al., 2005; Proestos et al., 2006). Duarte et al. (2017) has investigated the
permeability enhancement of these APIs using THEDES formulations (Scheme 2.5). Of
tested THEDES, phenylacetic acid:menthol (1:2) presented the highest rate of
permeability (18 x 107> cm s!), surpassing both THEDES benzoic acid:menthol (1:3) and
THEDES ibuprofen:menthol (1:3). However, this result was not significantly different
from that of individual phenylacetic acid (Table 2.4). Meanwhile, significant
improvement of API permeability was found for THEDES benzoic acid:menthol (1:3), at
an increment of 7.5-fold increment (i.e. 6.8 x 107> cm s compared to 0.9 x 107 cm 57!

for benzoic acid alone).
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In terms of solubility, THEDES benzoic acid:menthol (1:3) demonstrated higher
solubility (218.7 mg/mL) in PBS solution than did the other THEDESs and APIs tested
(all <110 mg/mL) (Table 2.4). This greater solubility could be the reason for the higher
driving force and penetration into the membrane observed for this formulation. Benzoic
acid is categorized as a Class III drug; in this THEDES formulation, it could be promoted

to Class I (Figure 2.1).

Scheme 2.5: Components used for the preparation of the THEDESs done by Duarte et

al. (2017).
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Table 2.4: Solubility of API and THEDES systems in PBS solution pH 7.4. (Duarte et

al., 2017)
Systems Solubility (mg/mL)
Ibuprofen 2.1+0.23
Ibuprofen:menthol (1:3) 26.84+2.62
Benzoic acid 105.0+11.85
Benzoic acid:menthol (1:3) 218.7421.71
Phenylacetic acid 18.4+2.13

Phenylacetic acid:menthol (1:2) 22.5+2.38

Phenylacetic acid:menthol (1:3) 16.1+1.90

2.3.2.3 Polymerized drug-based DESs

After polymeric eutectic mixture was introduced, polymerized drug—based DESs
began to emerge as an alternative to and expansion of efforts in the development of drug
transdermal delivery systems. Frontal polymerization of DES systems has been
introduced as a way to improve drug transdermal permeation (Mota-Morales et al., 2013;
Pedro et al., 2019; Sanchez-Leija et al., 2014). One study prepared two DESs consisting
of 3:1 mixtures of methacrylic acid (MAA) or acrylic acid (AC) (acting as HBDs) with
lidocaine hydrochloride (LidHCI) (as ammonium salt). These ready-to-polymerize
mixtures were then polymerized via free-radical frontal polymerization. During this
process, hydrogen bonding between the DES components plays a vital role in maintaining

API stability against high-temperature denaturation (Serrano et al., 2012).
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Both polymer-based DES systems confer the possibility of a controlled, stimuli-
responsive release of LidHCI (e.g. through pH and temperature). LidHCI is an API whose
degree of dissolution, ionization, and delivery are pH dependent; an increase of the
medium pH leads to the alteration of positively-charged molecules to electrically-neutral
species. At every pH and ionic strength condition tested, the kinetics of LidHCI release
from poly(methacrylic acid) (PMAA) and poly(acrylic acid) (PAC) DES systems were in
the maximum theoretical range (Sanchez-Leija et al., 2014). Proton nuclear magnetic
resonance (\H NMR) spectra attested that LidHCI was the only compound released from
the system, and its structure was maintained (not denatured). Therefore, the chance of

losing LidHCI efficiency in these DES systems is expected to be low.

The optimum temperature for the frontal polymerization of DESs was at 80—120 °C, with
complete conversion of monomers to polymers (i.e. from MAA and AC to PMAA and
PAC) (Mota-Morales et al., 2013). In the context of frontal polymerization, this
temperature range is considered mild (Pedro et al., 2019). Complete polymerization at a
mild temperature is paramount in order to easily control the drug’s release and also to

avoid the release of potentially toxic by-products.

Another study utilized a DES as a synthesis medium, with it providing essential
ingredients for API synthesis. In this work, the lidocaine drug carrier poly(octanediol-co-
citrate) elastomers (POS) was synthesized using DESs comprised of 1,8-octanediol and
lidocaine (Serrano et al., 2012). As the synthesis medium, DES played a vital role in
solubilizing citric acid at temperatures below 100 °C and also assisted in incorporating

lidocaine with POS constituents. The optimized POS (1,8-octanediol:lidocaine at ratio
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1:3) possessed high loading of lidocaine and was able to maintain the lidocaine structure,

as validated by '"H NMR analysis.

In another work (Mano et al., 2017), a gelatin-based THEDES was tested for the
development of a fast-dissolving delivery system. The THEDES of ChCl:mandelic acid
(1:2) encapsulated in a gelatin membrane was observed to rapidly dissolve in PBS
solution and also showed no cytotoxicity effects on a mammalian cell line. This system
was found to retain the antibacterial properties of mandelic acid against both Gram-

negative bacteria (E. coli) and Gram-positive bacteria (S. aureus).

Overall, the use of polymerized drug-based DESs for drug delivery applications employs
three modalities of action—namely, acting as an essential monomer for the preparation
of an elastomer, acting as synthesis media for polymerization, and enhancing drug release
efficiency. The polymerized drug-based DESs have great potential for the development

of novel drug delivery systems.
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2.3.3 Potential biomedical and pharmaceutical applications of DESs

Recently, DESs have been implicated as potential candidates for active anti-
bacterial, anti-fungal, anti-viral, and anti-cancer agents. Some positive results are

highlighted with an emphasis on their current progress (Figure 2.2).

Figure 2.2: Promising biomedical and pharmaceutical activities of DESs.

2.3.1 Anti-bacterial activity

Initial reports of DES anti-bacterial activity were made by Hayyan’s group
(Hayyan et al., 2013b; Hayyan et al., 2013¢c) and involved two sets of DESs, namely

cholinium- and phosphonium-based, that were evaluated for activity against diverse
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bacteria species. Of the two, phosphonium-based DESs showed higher inhibition of both
Gram-positive and Gram-negative bacteria (Gram-positive: Staphylococcus aureus,
Bacillus subtilis; Gram-negative: Pseudomonas aeruginosa, Escherichia coli). Notably,
both sets of DESs also showed higher anti-bacterial activities than their corresponding
individual components. Since similar types of HBDs (i.e. triethylene glycol, glycerine,
and ethylene glycol) were used in these two experiments, the results proved that the type
of salt plays an important role in determining the anti-bacterial activity of a DES. Other
researchers have commented that DESs at lower concentrations are non-toxic to bacteria,
but at higher concentrations, their anti-bacterial activities are significantly more acute

than those of their individual components (Wen et al., 2015).

In another evaluation of DES anti-bacterial activities, a number of DESs were tested
against Staphylococcus aureus, Listeria monocytogenes, Escherichia coli, and
Salmonella enteritidis (Zhao et al., 2015). Inhibition of bacterial growth was observed for
organic acid-based DESs including ChCl:p-toluenesulfonic acid, ChCl:oxalic acid (1:1),
ChCl:levulinic acid (1:2), ChCl:malonic acid (1:1), ChCl:malic acid (1:1), ChCl:citric
acid (1:1) and ChCl:tartaric acid (2:1) (Table 2.5). In contrast, alcohol-based, sugar-
based, and amine-based DESs exhibited no inhibition of the same bacterial species.
Similar trend was reported by Hayyan et al. (2013c) for ammonium-based DESs on the
same species of bacteria. When using NADES, again, the organic acid-based DESs
demonstrated a considerable anti-bacterial effect, while alcohol-based, sugar-based, and

amine-based mixtures showed no inhibition of bacterial growth (Table 2.5).
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The interaction between DESs with bacterial membrane components is another important
factor that influence their anti-bacterial activities. Different types of DESs can have
different membrane’s interaction to the different types of bacteria. For instance, a series
of ChCl-based DESs (i.e., ChCl:urea, 1:1; ChCl:acetamide, 1:1; ChCl:glycerol, 1:1;
ChCl:ethylene glycol, 1:1) exhibited acute anti-bacterial activities against E. coli with
72.8-93.8% inhibition at concentration 0.75 M (Wen et al., 2015). This was speculated
due to the role of choline anion and cholinium cation from DES that may interact with
bacteria peptidoglycan (i.e., polysaccharide backbone) and other polysaccharide chains
through electrostatic interaction or hydrogen bonding, which eventually cause cell
membrane disruption. Such anti-bacterial activity interactions were also observed in
previous studies on other choline-based salts or compounds against a wide range of
bacteria (Hou et al., 2013; Pernak & Chwata, 2003; Petkovic et al., 2010; Ventura et al.,
2014). On the other hand, in comparison between Gram-negative and Gram-positive
bacteria, ChCl:oxalic acid (1:1) demonstrated less inhibition towards Gram-negative
bacteria such as P. mirabilis (49 mm), S. typhimurium (45 mm), P. aeruginosa (50 mm)
and E. coli (47 mm) compared to Gram-positive bacteria, S. aureus (73 mm) (Radosevi¢
et al., 2018). This is because the presence of additional lipopolysaccharide membrane on
the Gram-negative bacteria cell wall may hinder the interaction and permeability of
ChCl:oxalic acid (1:1). This again proved that the DES composition and types of HBD
are also highly responsible in determining the anti-bacterial properties of DESs towards

different types of bacteria.
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Table 2.5: Anti-bacterial activities of DESs/NADESs against various bacteria strains.

Bacterial inhibition (in cm)

DESs/NADEs References
L. S. S. . P. B. P. S.
... E.coli . - L L
monocytogenes  aureus  enteritidis aeruginosa subtilis  mirabilis  typhimurium
4.90, 6.20,4.50,  2.40,2.70 (Radosevi¢ et
Betaine:malic 4.40, 4.50, 3.80,
B 4.50, B B 4.70 al., 2018)
acid:proline (1:1:1) 2.20 3.00
4.40
5.10, 7.30, 6.50,  3.00, 2.80, (Radosevi¢ et
Betaine:malic 2.80, 5.00, 4.50,
B 4.70, _ B 4.40 3.40 al., 2018)
acid:glucose (1:1:1) 2.30 2.80
4.40
5.00, 4.90, 4.70, 5.60, 3.30, 3.70, (Radosevic et
4.60, 4.40, 4.40, 4.50, 4.40, 6.80 2.60, 4.40 al., 2018)
Citric acid:proline (1:1) _
4.40, 3.30, 2.40, 5.00
4.80 4.60
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Bacterial inhibition (in cm)

DESs/NADEs References
L. S. S. : P. B. P. S.
... E.coli . 4 N - N
monocytogenes  aureus  enteritidis aeruginosa subtilis  mirabilis  typhimurium
Citric 8.30,4.90 5.10, 5.70 (Radosevic et
4.60, 3.40,
acid:glucose:glycerol _ _ 4.70, 4.40 _ al., 2018)
4.40 2.20
(1:1:1)
Citric 5.10, 5.00, 8.10,7.60,  5.50,4.20, (Radosevi¢ et
5.10, 4.30,
acid:fructose:glycerol _ 4.80, _ 4.50, 580 5.00 3.70 al., 2018)
(1:1:1) 4.30 3.80 '
. Zhao et al.
ChCl:p-toluenesulfonic ( ’
P 0.70 1.12 1.20 1.71 B B _ _ 2015)
acid (1:1)
1.97, 4.90 4.50 (Radosevic et
5.00, 5.00, 4.90, al., 2018)
ChCl:oxalic acid (1:1) 1.50 1.93 2.48 _
5.50, 4.90
5.00
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Bacterial inhibition (in cm)

DESs/NADEs References
L. S. S. E coli P. B. P. S.
monocytogenes  aureus  enteritidis ' aeruginosa subtilis  mirabilis  typhimurium

ChCl:levulinic acid (Zhao et al.,
0.97 1.00 1.60 1.65 N _ 2015)
(1:1) - -
ChCl:malonic acid
0.93 1.32 1.17 1.53 _ _ — — (Zhao et al.,
(1:1) 2015)
ChCl:malic acid (1:1) 1.10 1.50 122 192 - - B B (Zh;(()’l‘?)al"
ChCl:citric acid (1:1) 1.30 1.58 1.77 1.93 _ _ _ _ (Zhao et al
2015)
ChCl:tartaric acid (1:1) 1.10 1.50 1.50 1.76 _ _ _ _ (Zhao et al
2015)
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Bacterial inhibition (in cm)

DESs/NADEs References
L. S. S. : P. B. P. S.
... E.coli . 4 N - N
monocytogenes  aureus  enteritidis aeruginosa subtilis  mirabilis  typhimurium
MTPPB:glycerol (1:3) _ NI* _ NI 0.70 NI a a (Hayyan et al.,
2013b)
MTPPB:ethylene
_ 0.15 _ 0.70 0.45 0.75 H 1
glycol (1:3) - - (Hayyan et al.,
2013b)
MTPPB:triethylene
_ 0.30 > 0.50 0.35 NI o 1
glycol (1:3) - - (Hayyan et al.,
2013b)
(Hayyan et al.,
ChCl:urea (1:2) NI NI NI 3.70 - NI NI NI 2013c; Zhao et

al., 2015)
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Bacterial inhibition (in cm)

DESs/NADEs References
L. S. S. P. B. P. S.
monocytogenes  aureus  enteritidis aeruginosa subtilis  mirabilis  typhimurium
— — (Zhao et al.,
ChCl:acetamide (1:2) NI NI NI NI — —
2015)
ChCl:ethylene glycol NI NI NI NI — — — — (Hayyan et al.,
(1:2) 2013c¢)
ChCl:glycerol (1:2) NI NI NI NI — — — — (Zhao et al.,
2015)
ChCl:1,4-butanediol NI NI NI NI — — — — (Zhao et al.,
(1:4) 2015)
ChCl:triethylene glycol NI NI NI NI — — — — (Hayyan et al.,
(1:4) 2013c¢)
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Bacterial inhibition (in cm)

DESs/NADEs References
L. S. S. . P. B. P. S.
... E.coli . . 4 N - N
monocytogenes  aureus  enteritidis aeruginosa subtilis  mirabilis  typhimurium
ChCl:xylitol (1:1) NI NI NI NI — — NI NI (Zhao et al.,
2015)
ChCl:p-sorbitol (1:1) NI NI NI NI — — NI NI (Zhao et al.,
2015)
ChCl:p-toluenesulfonic 0.70 1.12 1.20 1.71 — — — — (Zhao et al.,
acid (1:1) 2015)
ChCl:oxalic acid (1:1) 1.50 1.97 1.93 2.48 — — — — (Zhao et al.,
2015)
ChCl:levulinic acid 0.97 1.00 1.60 1.65 — — — — (Zhao et al.,

(1:2) 2015)



Bacterial inhibition (in cm)

DESs/NADEs References
L. S. S. . P. S.
monocytogenes  aureus  enteritidis aeruginosa mirabilis  typhimurium

ChCl:malonic acid 0.93 1.32 1.17 1.53 — — (Zhao et al.,
(1:1) 2015)

ChCl:malic acid (1:1) 1.10 1.50 1.22 1.92 — - (Zhao et al.,
2015)

ChCl:citric acid (1:1) 1.30 1.58 1.77 1.93 — — (Zhao et al.,
2015)

ChCl:tartaric acid (2:1) 1.10 1.50 1.50 1.76 — — (Zhao et al.,
2015)

ChCl:xylose:water NI NI NI NI — — (Zhao et al.,
(1:1:1) 2015)
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Bacterial inhibition (in cm)

DESs/NADEs References
L. S. S. . P. S.
monocytogenes  aureus  enteritidis aeruginosa mirabilis  typhimurium
ChCl:sucrose:water NI NI NI NI — — (Zhao et al.,
(5:2:5) 2015)
ChCl:fructose:water NI NI NI NI - - (Zhao et al.,
(5:2:5) 2015)
ChCl:glucose:water NI NI NI NI — — (Zhao et al.,
(5:2:5) 2015)
ChCl:maltose:water NI NI NI NI — — (Zhao et al.,
(5:2:5) 2015)

Abbreviation: ChCl (choline chloride), no inhibition (NI), methyltriphenylphosphonium bromide (MTPPB)
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2.3.2 Anti-fungal activity

The screening of DES anti-fungal activity has been paid less attention in
comparsion to their anti-bacterial spectrum. Juneidi et al. (2016) evaluated the ChClI-
based DESs for activity against various fungi such as Lentinus tigrinus, Phanerochaete
chrysosporium, Candida cylindracea, and Aspergillus niger, revealed the highest anti-
fungal activity for ChCl:zinc chloride (1:2) followed by ChCl:malonic acid and (1:1) and
DES ChCl:p-toluenesulfonic acid (1:3). Additionally, the DESs had higher anti-fungal
activities than did their respective starting materials. This finding is consistent with a
previous work by the same group (Juneidi et al., 2015), where ChCl:ethylene glycol (1:2)
showed higher anti-fungal activity against Aspergillus niger than its individual starting
materials. The differences in anti-fungal activity between DESs and their individual
components are probably due to the synergistic effects resulting from DES formation
(Hayyan et al., 2013b). Another possible factor is hydrogen bonding between the salt
anion and HBD, which may change the physicochemical properties of the mixture
(Hayyan et al., 2015b). Specifically, the charge delocalization that develops through
hydrogen bonding is expected to cause the mixture to be more toxic (Modica-Napolitano

& Aprille, 2001).

A comparison of ChCl-based and N,N-diethylethanolammonium chloride (EAC)-based
DESs revealed higher anti-fungal activity for the latter against Aspergillus niger (Juneidi
etal., 2015). The highest anti-fungal activities ascribed that DES types I, II, and IV, which
contain metal salts that interact ionicially, have higher anti-fungal activities than do type
IIT DESs, which contain amides and polyols such as urea, glycerol, and ethylene glycol.

Details on the classification of all types of DES can be obtained from Table 2.6. The ionic
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interaction between metal and salt contributes in the anti-fungal attributes of DESs types
I, II, and I'V. Meanwhile, a mild anti-fungal effect was observed for ChCl:urea (1:2), with
MIC 138.5 mg/mL (Juneidi et al., 2015). This is because the urea is not toxic to the fungi
and might even be used as a fertilizer and nitrogen source for fungal growth (Abreu et al.,
2010; Azizullah et al., 2011). The mechanism of DES toxicity towards fungi is speculated
to involve stimulating dehydrating effects, similar to those induced by CaCl, (a

dehydrating agent) (Cardellini et al., 2015; Cardellini et al., 2014).

Table 2.6: Main categories of DESs (Smith et al., 2014).

Type DES mixtures
I Organic salts + metal
II Organic salt + hydrate metal salt
II Organic salt + HBD
IV Metal salt + HBD

2.3.3 Anti-viral activity

A recent study (Zakrewsky et al., 2016) has shown that DES CAGE possesses
anti-viral activities against two types of viruses, namely herpes simplex virus type-1
(HSV-1) and herpes simplex virus type-2 (HSV-2), via a neutralization mechanism.
Specifically, HSV-1 and HSV-2 were completely neutralized from infecting the cells at
<1.0% CAGE, as confirmed by the absence of viral plaques after incubation (Figure 2.3).
However, this finding was not discussed further, which leaves unanswered many

questions pertaining to the anti-viral activity of CAGE. For instance, virus neutralization
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mechanisms normally involve the specific binding of antibody to the virus receptor (He
et al., 2015; Klasse & Sattentau, 2001; Mandel, 1984; O'Shea et al., 2016); how does the
neutralization of HSV-1 and HSV-2 by CAGE occur? Is there any specific binding to the
HSV-1 and HSV-2 receptors? Therefore, there is still need for additional assessment and
verification of the mechanism of action for CAGE, along with elucidating the interactions
between CAGE and the viruses. It is important that the anti-viral DESs be well-
characterized, including their biological activities on other, non-pathogenic
microorganisms. Although only one study has reported on the anti-viral activity of a DES,
its promising results may prompt the scientific community to continue the effort and

pursue all stages of anti-viral validation, including in vitro, in vivo, and pre-clinical.

' Plaques

Cell Control Virus Control

CAGE CAGE
1:100 Dilution 1:100 Dilution
HSWV-1,¢ HSV-2 45

Figure 2.3: HSV-1 and HSV-2 were neutralized by CAGE (Zakrewsky et al., 2016).
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2.3.4 Anti-cancer activity

Although research is still in its preliminary stages, the reported anti-cancer
behavior of DESs is promising (Hayyan et al., 2015b; Hayyan et al., 2016b; Mbous et al.,
2017b). It has been agreed that the complexation of two or more components in DESs
could produce more acute destructive impacts on cancer cells, compared to the individual
components alone (Mbous et al., 2017a). Ammonium-based DESs have been evaluated
for selectivity towards cancer cell lines and a normal cell line (OKF6, human oral
keratinocytes) (Hayyan et al., 2015b). The selectivity index values of the ammonium-
based DESs varied across the range of > 2 or < 2 (Table 2.7). ChCl:glycerine (1:3) was
found to be selective against a human malignant melanoma cell line (A375) and a human
breast cancer cell line (MCF-7); ChCl:ethylene glycol (1:3) was selective against a human
colon adenocarcinoma cell line (HT-29), a human prostate cancer cell line (PC3), a human
liver hepatocellular cell line (HepG2), and MCF-7 cells; ChCl:urea (1:3) was selective
against HT29, PC3, HepG2 and MCF-7 cells; and ChCl:triethylene glycol (1:3) was
selective against A375 and MCF-7 cells (Table 2.7). All DESs displayed low selectivity
indexes for the carcinoma-derived human oral keratinocyte cells (H413). Other synthetic
anti-cancer drugs, such as alisiaquinol, 4-hydroxy tamoxifen and piperidinyl-
diethylstilbestrol, have shown lower selectivity indexes (i.e. < 2) (Badisa et al., 2009).
Based on the aforementioned results, the existence of DESs with acute toxicity against
cancerous cells while being harmless to non-cancerous cells is not implausible. Better
understanding of the mechanism of DES toxicity against cancer cells may generate new

ideas for developing a DES tailor-made for anti-cancer applications.
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Table 2.7: Selectivity index of ammonium—based DESs for cancer cells compared to

human oral keratinocyte cell line (Hayyan et al., 2015b).

DES Selectivity Index

MCF-7 PC3  A374 HepG2 HT29 H413

ChCl:glycerine 2.162 1.542  2.615 1.309 1.662 0.864

ChCl:ethylene glycol 2.579 2.120 1979 23812 2282 1.232

ChCl:urea 2.789 2949 1374 2.172 2263 1.204

ChCl:triethylene glycol  2.137 1.692  2.797 1.902 1.974 1.782

It has been implied that one mechanism by which DESs induce cancer cell death is
through disruption of the cell membrane. Cell membrane disruption was observed in three
different cancer cell lines (MCF-7, a human gastric cancer cell line [AGS], and a human
cervical cancer cell line [HelaS3]) when the permeability dye stained-cells were treated
with ChCl:fructose (2:1), ChCl:glucose (2:1), and DAC:TEG (1:3). In another study on
ammonium-based DESs, the cell membranes of MCF-7 cells were disrupted, as

evidenced by increased release of lactate dehydrogenase (LDH).

As a result of the cell membrane disruption in MCF-7 cells, reactive oxygen species
(ROS) generation is increased, stimulating apoptosis (Hayyan et al., 2015b). Increased
ROS generation was also observed in other cancer cells, such as WRL-68, HelaS3, and

AGS, when they were treated with ChCl:glucose (2:1), ChCl:fructose (2:1), and

48



diethylethanolammonium chloride:triethylene glycol (1:3) (DAC:TEG) (Mbous et al.,
2017b). When comparing the anti-cancer effects of NADESs and DESs, cells treated with
DES DAC:TEG (1:3) exhibited more acute redox stress than those treated with NADES
ChCl:fructose (2:1) and ChCl:glucose (2:1). Based on the MTT cell viability analysis,
DES DAC:TEG (1:3) also exhibited higher anti-cancer activity compared to NADES
ChCl:fructose (2:1) and ChCl:glucose (2:1) (Hayyan et al., 2016b; Mbous et al., 2017b).
When tested on a variety of cancer cells such as PC3, HelaS3, AGS, A375, and MCF-7
cells, the ICso of DESs was in the range of 34 < 1Cso <120 mM, which is more toxic than

those of NADESs (range 98 < ICso <516 mM).

DESs may also initiate cancer cell destruction through changing the cell morphology.
Cancer cells treated with ChCl:fructose (2:1), ChCl:glucose (2:1), and DAC:TEG (1:3)
display lethal impacts to their morphology (Mbous et al., 2017b), with the cells being
shrunk significantly and the field filled with many dead cells. DES DAC:TEG (1:3)
demonstrated more pronounced destructive effects than did NADES ChCl:glucose (2:1)

and ChCl:fructose (2:1).

The weaker anti-cancer effects of NADESs are expected due to their natural-origin
starting materials, for which cellular tolerances are high. For example, glucose and
fructose are utilized as sources of energy and carbon for cell proliferation. Glucose is
basically metabolized through glycolysis to produce energy, and also provides metabolic
intermediates for other cellular pathways such as the pentose phosphate pathway and
tricarboxylic acid pathway (Butler, 2004). Cancer cells require more nutrients (e.g.

sugars, salts, and amino acids) due to higher energy demands for their cell growth. This
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is probably the key reason for the greater cellular tolerance of ChCl:fructose (2:1) and

ChCl:glucose (2:1) by cancer cells in comparison to DAC-TEG (1:3).

A computational simulation approach using the conductor-like screening model for real
solvent (COSMO-RS) analysis has been applied to understand the interaction between
NADESs and cancer cell membranes (Hayyan et al., 2016b). From this analysis, the
hypothetical thermodynamic behavior of an individual compound in a solvent and its
affinity towards other materials/compounds could be derived. The analysis of NADESs
proposed that mixtures such as ChCl:glucose:water (5:2:5), ChCl:fructose:water (5:2:5),
and ChCl:sucrose:water (4:1:4) have strong interactions with cell membrane surfaces, and
their aggregation or accumulation on the cell membrane may possibly destroy the cancer
cells. However, another two NADESs, ChCl:malonic acid (1:1) and ChCl:glycerol:water
(1:2:1), showed only mild interaction with the cell membrane. Their anti-cancer effects
are perhaps not mainly attributable to aggregation at the cell surface, but instead through

other mechanisms such as ROS generation or DNA degradation.

The anti-cancer activities of DESs are highly correlated with their starting materials, the
combination of hydrogen bond acceptor (HBA) and HBD, and the cell type used. For
example, organic acid-based NADESs exhibited higher anti-cancer activities against two
cancer cell lines (HeLa and MCF-7 cells) than did non-organic acid-based NADESs
(Radosevi¢ et al., 2018). This finding is in accordance with the results obtained by Hayyan
et al. (2016b), in which higher anti-cancer activities were observed for organic acid-based
NADES (i.e. malonic acid) than sugar-based NADESs. Nevertheless, the anti-cancer

activity of NADES betaine:malic acid:proline (1:1:1) was lower than other NADESs.
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This is probably due to suppression of the toxic potential of malic acid by betaine and
proline, highlighting the tunability of DESs. The adjustable/tunable properties of DESs
are their main feature in the context of creating therapeutic anti-cancer agents with

selective destructive effects towards targeted cancerous cells.

24 Biosafety aspects of DESs

The most commonly applied method in the preparation of DESs is a combination
of mixing and heating (El Achkar et al., 2019; Mbous et al., 2017a). In this method, DES
formation results from the mixing of the salt/HBA and HBD compounds while heating at
temperatures below 100 °C (Abbott et al., 2004; Smith et al., 2014). DESs also can be
prepared using the grinding method, in which the DES’s initial ingredients are ground
using a mortar and a pestle at room temperature until a clear liquid is formed (Florindo et
al., 2014). Freeze-drying is a method infrequently used for the preparation of DESs. In
this method, aqueous solutions of the DES’s initial ingredients are mixed and frozen, then
freeze-dried to form a homogenous viscous liquid (Gutiérrez et al., 2009). Overall, DES
preparation may only take 30 min to 6 h depending on the initial ingredients and

composition of the DES (Choi, 2011; Hayyan et al., 2013a; Hayyan et al., 2014).

It has been attested that DESs are noticeably more easily synthesized than are ILs
(Benvenutti et al., 2019); the preparation of DESs is also considered “greener” and low-
cost. The starting materials for preparing DESs are inexpensive and also widely available.
The preparation involves simple procedures, requires no purification process, and also

requires no organic/volatile solvents.
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Before implementing DESs in drug delivery applications, a complementary investigation
of toxicology profiles is indispensable to ensure their biosafety and health impacts. The
following paragraphs highlight prior reports that assessed the toxicological behaviors of

DESs on different organisms and environments.

The first study of DES cytotoxicity (Hayyan et al., 2013c) revealed lethal effects for
cholinium-based DESs against an aquatic organism, Artemia salina (brine shrimp). The
DESs also showed higher toxicity against Artemia salina than did their individual
ingredients. Similar findings were also observed for phosphonium-based DESs against
the same aquatic organism (Hayyan et al., 2013b). In contrast, other reports (Juneidi et
al., 2015; Juneidi et al., 2016; Wen et al., 2015) indicated that DESs were less toxic than
their individual ingredients on the European carp, Cyprinus carpio, and also the fresh-
water organism Hydra sinensis. For example, the lethal concentration at 50% (LCso) of
DES ChCl:glycerine on C. carpio fish (>8,000 mg/L) was considerably higher than those
of its aqueous individual ingredients (Juneidi et al., 2015). This indicates that the
synergistic interaction between the salt and HBD during DES formation not only changes
the physical properties of the individual ingredients but also their chemical properties

towards different organisms.

In an investigation of DES toxicity towards plants (common wheat, Triticum aestivum),
DES ChCl:glycerine and ChCl:glucose exhibited low phytotoxicity in all evaluated
parameters, with an effective concentration 50% (ECso) >20,000 mg/L; this is in contrast

to the low ECso of DES ChCl:oxalic acid (i.e. ECso> 5,325.26 mg/L) (RadosSevi¢ et al.,
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2015). The toxicity of ChCl:oxalic acid can be attributed to its acidity (pH: 2.08).
Interestingly, the results from all tested DESs showed no significant inhibition of seed

germination.

Wen et al. (2015) provided an evidence that ChCI- and ChAc-based DESs may induce
morphological distortion of garlic plants (Allium sativum). However, treatment with
DESs resuled in a significant improvement in root growth as compared to their individual
ingredients, especially for the case of DES ChCl:glycerol (1:1). This indicates that the
hydrogen bonding interaction between ChCl and glycerol in DES form can ameliorate

their toxicity towards Allium sativum.

An in vitro study on human embryonic kidney cells (HEK-293) revealed that DES
formation resulted in increased toxicity level compared to the individual (ICso values:
3.52-75.46 mM) (Ahmadi et al., 2018). Nevertheless, DES toxicity was still significantly
lower than that of the most extensively used IL, 1-octyl-3-methyl-limidazolium chloride
([Csmim][Cl1]), which has an ICso 0of 0.02 mM. This is in a good agreement with a previous
report on the potential toxicity of ILs and DESs (Kudtak et al., 2015). As a closer
representation of toxicity in therapeutic use, the in vivo toxicity of DESs on mice was
investigated by Hayyan et al. (Hayyan et al., 2015b). Their results showed that ChCl-
based DESs had more lethal effects on mice than did the corresponding individual
ingredients. This study also highlighted that ChCl-based DESs considerably increased the
level of aspartate transaminase (AST) (by 5.7- to 9.5-fold) while maintaining normal

levels of alanine aminotransferase (ALT) and alkaline phosphatase in liver serum. This
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alteration in the ratio of AST:ALT suggests that a hepatocellular form of liver injury

occurred following DES treatment.

2.5 Nanotechnology in drug delivery

Drug delivery system using nanomaterials, has attracted significant interest from
academia and industry. The ever-rising number of diseases, particularly malignant
tumors have prompted scientific community to explore new and innovative routs for
cancer therapy. Nanotechnology is no stranger in cancer therapeutics. There is a
significant research dedicated to nanotechnology, nanoscience, and nano-medicine
(Figure 2.4). The potential ability of nanotechnology to combat cancer diseases has led
to numerous number of studies conducted on cancer nanotherapeutics (Shi et al., 2016).
Despite numerous promising results, it may be a long journey before graphene can be
implemented clinically. At the nanoscale, the drug loaded nano-carrier can penetrate

tumors deeply with a high-level specificity.

Many drug nano-carriers were explored, they are either organic, such as CNT and
graphene, or inorganic, such as iron oxide and gold. However, similar to other nano-
carriers, pure graphene is deemed to be potentially toxic to humans and the environment
(Chen et al., 2016). The agglomeration of graphenes on the cell membrane is presumed
to play a profound role in their cellular toxicity (Zhang et al., 2010). The sharpened edges
of graphene may act like blades, severely cutting or inserting into the cell membrane
(Akhavan & Ghaderi, 2010; Dallavalle et al., 2015). Subsequently, graphene may lead to
cell death through cell membrane destruction, oxidative stress, inflammatory response,

necrosis, DNA damage, or apoptosis (Ou et al., 2016). It is therefore very vital to modify
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its surface chemistry for better biocompatibility interactions with biological systems,

thereby implementing graphene in nanomedicine.
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Figure 2.4: Number of publications dedicated to nanotechnology, nanoscience, and

nanomedicine.
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2.5.1 Conventional functionalization of graphene

Nanotoxicology is correlated to the shape, size, charge and surface chemistry of
the nanoparticle (Bitounis et al., 2013). These features can be controlled by surface
modification or functionalization of targeted nanoparticles. Functionalization is a process
that includes the addition of new functional groups to the surface of the carbon through a
chemical or physical attachment (Bottari et al., 2017). According to this connection,
functionalization is classified into two types, i.e., covalent and non-covalent
functionalization. With hydrophobic or hydrophilic functional groups on the surface of
the carbon, dispersibility of graphene can be improved effectively. This is caused by
reducing the strength of polar-polar interactions and/or the splitting of bulky structures.
However, there are some adverse concerns regarding the conventional functionalization
methods, such as involving a very long and complicated procedure, time consuming,
requirement of high temperature (above 100 °C), use of highly corrosive solution, and as
aresult, highly cost protocols (Georgakilas et al., 2002; Georgakilas et al., 2012; Martinez
et al., 2003). The preparation of most commonly used polymer-modified nanoparticles
(e.g., polyethylene glycol (PEG) and poly(lactic-co-glycolic acid)) have been associated
with several drawbacks such as a long preparation process, non-robust or insufficient
surface binding of polymer, and a shortage of functional groups on the polymer’s
backbone (Liu et al., 2013; Liu et al., 2008; Moghimi & Szebeni, 2003; Park et al., 2009).
Therefore, there is a high demand to seek for a new method of functionalization of
graphene by using a safe and green functionalization agent which is none/low toxic, facil
procedure, low cost, and applicable to synthesis with no highly corrosive or acidic

solution.
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2.5.2 Functionalization of carbon nanomaterials using DES

There is an escalation of attraction on the applications of DESs that arise as
promising green multi-task mixtures. Recently, DESs have been introduced as novel
functionalizing agents for CNMs (Hayyan et al., 2015a). The DESs conferred surface
modifications and new functional groups on the DES-functionalized CNMs.
Interestingly, there was a significant enhancement in the dispersion stability of the DES-
functionalized CNMs in various organic solvents and also in aqueous solutions (Abo-
Hamad et al., 2017; Hayyan et al., 2015a). Therefore, DESs are regarded as promising
functionalization agents for carbonaceous nanomaterials. Table 2.8 shows the advantages

of DES over the conventional functionalizing agents.

Table 2.8: Comparison between DES and conventional functionalization agents

DES Conventional functionalizing agents

Starting materials Low High

cost

Procedure Simple, easy, straightforward =~ Complicated and tedious, time-
consuming, require professional
skills

Volatility and None Volatile and flammable

flammability

Handling <100 °C > 100 °C

temperature

Corrosivity and

acidity

Under investigation

Corrosive and acidic
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DES-functionalized CNMs have been studied for the electrochemical sensing application
(Abo-Hamad et al., 2017). DES choline chloride (ChCl):urea (1:2) was the best
functionalizing agent in the improvement of CNM-modified glassy carbon electrode
performance. Generally, DES-functionalized graphene showed better performance in
alkaline- and acidic-based electrolytes compared to DES-functionalized carbon nanotube
(CNT). This is due to the higher surface area of graphene than that of CNT, in which
possess greater enhancement effect on electrocatalytic activities in KOH- and H>SOs-

based electrolytes.

Although several studies conducted have contributed to great achievement in the field,
there are still many questions to unravel their answers. For instance, there are concerns
about the application of DES-functionalized CNMs related to their toxicity and potential
adverse effects on human health and natural environment. Up to now, there has been no
study that investigate the cellular and biological behaviors of the DES-functionalized
CNMs. There is also an urgent need to look for other potential avenues of DESs,

especially as promising functionalizing agents for nano-carriers in drug delivery systems.
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CHAPTER 3: RESEARCH METHODOLOGY

The research methodology consists of a multi-step procedure including DES
preparation, graphene oxidation/functionalization and their characterization, drug

loading, followed by the biological assays as illustarted in Figure 3.1.

Physicochemical characterization of DES-functionalized graphene

DES preparation, Graphene oxidation, Characterization analyses (FE-SEM, EDX, XRD,
Functionalization with DES Raman spectroscopy, BET, and FTIR)

Cytotoxicity profile of the DES-functionalized graphene

MTT cell viability, ROS generation, Cell cycle on MCF-7, AGS and RAW264.7 cells

Drug loading efficiency of the DES-functionalized graphene

Doxorubicin and Tamoxifen, as

representatives of common anti-cancer drugs EntrspmentiethaencyDmeload nzlcapaciby

Anti-cancer activity of drug-loaded DES-functionalized graphene

Anti-cancer activity (MTT cell viability, ROS generation, Cell cycle) of drug-loaded DES-
functionalized graphene on MCF-7 and AGS cancer cells

Kinetic cellular phenotypic profiling of drug-loaded DES-functionalized

graphene

Kinetics study was conducted on both MCF-7 and AGS cells by fitting their cell growth data to
zero order, 1st order, and 2nd order models.

Figure 3.1: The research methodology sequences.
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3.1 Preparation of binary and tertiary DESs

The chemicals used for the synthesis of DESs, such as choline chloride (ChCl)
(purity >98%) and malonic acid (purity 99%), were purchased from Sigma-Aldrich.
Anhydrous D(+)-glucose (purity >98.0%), and D(—)-fructose (purity >98.0%) were
provided by R&M Chemicals. Urea and sucrose (purity ~99.5%) were obtained from
Merck (Darmstadt, Germany). Potassium permanganate (KMnO4) with a purity of 99%
was provided by UnivarSolutions (Ajax, Netherlands). Firstly, all solid chemicals listed
in Table 3.1 were dried overnight in a vacuum oven (Memmert VO500, ThermoFisher,
America) at 60 °C. Next, salts and HBDs were mixed according to the given molar ratio
at 70 °C via magnetic stirring. The resulting homogenous mixtures were transferred to
well-sealed and dark (covered with aluminium foil) bottle. The use of DESs as
functionalizing agents for graphene was selected based on the cytotoxicity screening tests
done by previous studies (Hayyan et al., 2015b; Hayyan et al., 2016b; Mbous et al.,
2017a). Table 3.1 shows the composition, molar ratios and abbreviation of the selected

binary and tertiary DESs.

Table 3.1: List of abbreviations for DES-functionalized Gr

Type of DESs Abbreviations
Salt HBD Tertiary Molar ratio
components
Ch(Cl Urea - 1:2 GrU
ChCl Glucose - 2:1 GrG
Ch(Cl Fructose - 2:1 GrF
ChCl Malonic acid - 1:1 GrMa
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ChCl Glucose Water 5:2:5 GrGW

ChCl Fructose Water 5:2:5 GrFW

ChCl Sucrose Water 4:1:4 GrSW

ChCl Glycerol Water 1:2:1 GrGlyW
l - o o o
N+

Ho/\/ ™~ )‘L M
or HoN NHz HO OH
choline chloride urca malonic acid

OH

OH
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H OH

glucose fructose

OH

Hovborl

glycerol

OH N

sucrose
water

Scheme 3.1: Molecular structures of the starting components of the DESs prepared in

this work.
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3.2 Preparation of oxidized graphene and DES-functionalized graphene

Sixty-nanometer flakes of graphene nanoplatelets (Gr) were purchased from
Graphene Supermarket (USA) with a purity of 98.5%, average thickness of 7 nm, lateral
particle size ~ 3—7 microns, and specific surface area <15 m?/g. The oxidation and
functionalization of graphene were followed the protocol of Hayyan et al. (2015a).
Pristine graphene (PrGr) was dried overnight at 100 °C under vacuum in order to remove
impurities (e.g., water) on carbon surface. Some of the dried PrGr were oxidized using a
1.0 M KMnOjs solution by the following steps: (1) 200 mg of dried PrGr were mixed with
7 ml of the prepared KMnQOj solution in a 20-ml glass vial; (2) the mixture was subjected
to sonication using an ultrasonic bath (model JAC2010P, JAC, Korea) at 70 °C for for 3
h; (3) the oxidized graphene (OxGr) was washed with distilled water several times and
filtered using a PTFE membrane (pore size: 0.45 um) and a vacuum pump (Sartorius
220V, Germany) until the filtrate solution became transparent and neutral (pH=7); (4) the
OxGr was collected and dried in the vacuum oven at 100 °C for 3 h; and (5) the OxGr

was kept in a desiccator at room temperature.

In the functionalization procedure, the dried OxGr (200 mg) were mixed with 7 ml of
DES in a 20-ml glass vial and sonicated using ultrasonic bath at 70 °C for for 3 h. Similar
to the oxidation procedure, the DES-functionalized Gr was subsequently washed with
distilled water and filtered until a clear and neutral solution was obtained. The collected
DES-functionalized Gr was dried in the vacuum oven at 100 °C for 3 h. Then, the DES-
functionalized Gr was stored in a desiccator at room temperature. Table 3.1 shows the

abbreviation of each DES-functionalized Gr.
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3.3 Physicochemical characterization

The samples including PrGr, OxGr and DES-functionalized Gr samples were
analysed by FTIR using a Perkin Elmer 1600 FTIR spectrometer. The samples were
measured in the range of 4504000 wavenumbers for five times scanning repetition.
Raman spectra were recorded using a Renishaw System 2000 Raman spectrometer under
a wavelength of 514 nm. To detect morphology changes, graphene images were obtained
using a Quant FEG 450 field emission scanning electron microscope (FE-SEM). An
energy dispersive X-ray (EDX) analysis using an Oxford Inca 400 spectrometer was
conducted to determine surface elements of the unfunctionalized Gr and DES-
functionalized Gr. The surface area of the samples was analysed from the nitrogen
adsorption-desorption isotherm at 77 K based on the Brunauer—Emmett—Teller (BET)
method. This analysis was conducted using an automatic Micromeritics ASAP-2020,
TRISTAR II 3020 Kr. X-Ray diffraction (XRD) analysis using a Panalytical Empyrean

diffractometer was also performed to investigate the structural phases of the Gr samples.

3.4 Cell culture

Human breast adenocarcinoma MCF-7 was purchased from Cell Lines Service
(Eppelgeim, Germany, 3000273). Gastric gastric adenocarcinoma AGS and macrophage
cell line RAW264.7 were acquired from American Type Cell Collection (ATCC). MCF-
7 was cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with
10% heat inactivated fetal bovine serum (FBS), and 1% penicillin-streptomycin. AGS
and RAW264.7 were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% FBS, and 1% penicillin-streptomycin. Cells were incubated at

37 °C in a 5% CO; humidified incubator and subcultured every 2-3 days.
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3.5 Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-
Aldrich, USA) cell viability assay was performed. The cells (1.5 x 10*/ well) were seeded
in 96-well plates (Corning, USA) for 24 h incubation at 37 °C in a 5% CO> humidified
incubator. The Gr samples were added the next day, and the cells were again incubated
for 24 h. Subsequently, the supernatant was replaced with fresh medium (to avoid sample
interference in the reaction) followed by the addition of 2 mg/mL of MTT reagent. After
a 2 h incubation, the MTT reagent was discarded and 100% DMSO was added. The
absorbance was then read at 570 nm. The cell viability percentage was calculated relative
to untreated cells (Eq. 3.1), and the 50% inhibitory concentration (ICso) was determined

by using Graph Pad Prism 5 software.
Cell viability (%) = (%) x 100 G.1)

Where a is the absorbance of treated cells and b is the absorbance of untreated cells.

3.6 Cell cycle assay

Cell cycle analysis of MCF-7, AGS and RAW264.7 cells was performed using a
flow cytometer. After 24 h of treatment with the Gr samples, the cells were harvested and
fixed with 1 mL of 70% cold ethanol, then incubated overnight at —80 °C. Next, the cells
were washed and suspended in phosphate-buffered saline (PBS). Cells were stained with
200 pL of propidium iodide/ribonuclease A (RNase A) for 1 h at 37 °C before the DNA

content was analyzed using a flow cytometer (BD FACSCanto™II).
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3.7 Reactive oxygen species (ROS) assay

ROS were measured using the modified method of Hajrezaeie et al. (2015). After
the cells were treated with Gr samples for 24 h, dihydroethidium dye was loaded into the
live culture for 30 min. Next, the cells were harvested, fixed and washed with wash buffer
(i.e., PBS solution). The cells suspended in PBS solution was transferred and filtered into
the flow cytometry tube. The dihydroethidium probe is oxidized into a red fluorescent
product (i.e., ethidium) in the occurrence of ROS. The percentage of cells with ROS was

determined using a BD FACSCanto II flow cytometer (BD Biosciences).

3.8 Drug loading

Graphene samples that included PrGr, OxGr and DES-functionalized Grs were
dissolved in DMSO (100 pg/mL) and vortexed for complete dispersion. 50 pg/mL of the
drug (Tamoxifen (TAM) or Doxorubicin (DOX)) was also dissolved in DMSO and
vortexed. The two solutions were mixed and sonicated in a Branson 2800 ultrasonic bath
for 15 min, and then shaken in orbital shaker ES-20 (Grant-Bio, UK) at 28 °C overnight
(i.e., 12 h). The mixture was then centrifuged in an ultracentrifuge (Hermle Z233 MK-2,
Lausanne) at 14,000 rpm for 30 min. The pellet was collected and stored at —20 °C. The
supernatant was measured at a wavelength of 290 nm using a Synergy HTX multimode
reader (Biotek, US). The entrapment efficiency % (EE) and drug loading capacity % (DL)
were calculated by measuring the unbound drug in the supernatant at absorbance peak
290 nm (TAM) or 480 nm (DOX), and using Eqs 3.2 and 3.3, as reported previously

(How et al., 2013).

EE (%) = (Wdrug added _Wunbound drug)/ Winitial drug x 100 (32)
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DL (%) = (Wdrug added— Wunbound drug)/ Wgraphene x 100 (33)

Where EE is the entrapment efficiency, DL is the drug loading capacity, and W is the

weight. Drug-loaded Gr samples were labelled as shown in Table 3.2.

Table 3.2: List of abbreviations for drug loaded-Gr.

Drugs Gr Drug-loaded Gr

TAM PrGr TAM-PrGr
OxGr TAM-OxGr
GrU TAM-GrU
GrG TAM-GrG
GrF TAM-GrF
GrMa TAM-GrMa
GrGW TAM-GrGW
GrFW TAM-GrFW
GrSW TAM-GrSW
GrGlyW TAM-GrGlyW

DOX PrGr DOX-PrGr
OxGr DOX-OxGr
GrU DOX-GrU
GrG DOX-GrG
GrF DOX-GrF
GrMa DOX-GrMa
GrGW DOX-GrGW
GrFW DOX-GrFW
GrSW DOX-GrSW

GrGlyW DOX-GrGlyW
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3.9 Cellular Kkinetic responses

Cell viability, cytotoxicity, and cell growth were evaluated in real time using the
xCELLigence Real-Time Cell Analysis (RTCA) system (Roche Applied Science, ACEA
Biosciences, USA). This instrument works by measuring the impedance of electron flow
on a gold-coated electron plate induced by adherent cells (viable cells). Changes in
electrical impedance reflect a combination of cell number, degree of cell viability, cell
adhesion, and cell morphology. Briefly, 50 nuL of cell culture medium was loaded in each
well of a 96-well E-plate and background readings taken. Next, cells (5 x 10°/ well) were
seeded into the E-Plate. After 24 h, samples of each Gr (100 pg/mL) were added to the
E-plate, and cellular impedances were continuously measured every 1 h for 96 h. Change
in electrical impedance was converted to the unitless parameter cell index (CI). Wells
containing Gr samples and-cell culture medium alone (without cells) were used as a

baseline in order to avoid any possible interference with the samples.
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CHAPTER 4: RESULTS AND DISCUSSIONS

4.1 Characterization of DES-functionalized graphene

It is essential for any nano-based study to investigate the nanoscale properties and
morphology changes on the nanoparticle prior and following oxidation and
functionalization processes. Therefore, in this section FE-SEM, EDX, FTIR, XRD,

Raman, and BET characterizations were conducted as illustred in the next subsections.

4.1.1 Morphological changes and surface elements of the graphenes (FE-SEM and

EDX analysis)

The morphology of all samples was visualized using FE-SEM to observe the DES
functionalization effects on the structure of the functionalized Grs. Figure 4.1 shows FE-
SEM images of (a) PrGr, (b) OxGr, (¢) GrU, (d) GrG, (e) GrF, (f) GrMa, (g) GrGW, (h)
GrFW, (1) GrSW, and (j) GrGlyW. As shown in Figure 4.1(b), after oxidation, there are
several white spots on the surface of the OxGr, indicating the residual oxidants as a result
of the oxidation process. Some significant deformation also occurred after oxidation of
PrGr. These residual oxidants and deformed structures could enhance dispersibility, and
can also be targeted by DES molecules during functionalization (Hayyan et al., 2015a).
After DES functionalization, the deformed structures disappeared, especially in the case
of GrG, GrU, GrF, and GrGW (Figure 4.1). This is likely due to the induction of
restoration or healing effects by the DES molecules. In contrast, the structure of GrMa
displayed a significant deformation, implying destruction by the DES ChCl:malonic acid

(1:1) (Figure 4.1f). These occurrences (i.e. the deformation and the restoration of the
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graphene structure) are in agreement with a previous study reported the functionalization

of carbon nanotubes (CNTs) using DESs (Abo-Hamad et al., 2015).
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Figure 4.1: FE-SEM images of (a) PrGr, (b) OxGr, (c) GrG, (d) GrU, (e) GrF, (f) GrMa,

(g) GrGW, (h) GrFW, (i) GrSW, and (j) GrGlyW.
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As expected, carbon was the only one surface element identified for PrGr in the EDX
analysis (Table 4.1). Mild oxidation by the KMnO4 solution introduced new elements
onto the surface of the Gr, including 4.73% oxygen (O), 0.46% potassium (K), and 2.99%
manganese (Mn). Additional new surface elements appeared following the DES
functionalization (i.e., chlorine (Cl) and nitrogen (N)) which were not observed for
unfunctionalized Gr samples (Table 4.1). Functionalization using ammonium-based
DESs led to the addition of Cl and N elements. In comparison to PrGr, the presence of
these additional surface elements (i.e., O, K, Mn, Cl and N) corroborated completion of
the oxidation and DES functionalization processes. Hence, this also confirmed the

presence of DES-functional groups on the surface of Gr.

Table 4.1: EDX surface elements analysis of PrGr, OxGr and DES-functionalized Gr

Samples Surface elements, weight %

C 0) K Mn Cl N

PrGr 100.00 - - - - -

OxGr 91.84 4.73 0.46 2.99 - -
GrU 95.11 2.96 0.12 1.00 0.10 0.71
GrG 95.11 3.24 0.03 1.21 0.07 0.34
GrF 96.08 3.32 0.04 0.15 0.03 0.38
GrMa 94.39 4.34 0.21 0.18 0.08 0.79
GrGW 94.00 2.75 0.40 1.72 0.88 0.24
GrFW 95.37 3.58 0.06 0.49 0.04 0.46
GrSW 95.79 3.79 0.07 0.21 0.07 0.07
GrGlyW 92.64 4.00 0.18 2.52 0.19 0.48
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4.1.2 XRD analysis

The details of the XRD patterns are provided in Table 4.2 and Appendix A: Figure
1A. As shown in Table 4.2, the peaks displayed at 20 =26.33, 42.07, 44.62, 49.14, 54.19,
and 72.69° in PrGr represent the crystalline planes (002), (100), (101), (012), (004) and
(014). These crystalline planes were also identified in OxGr and DES-functionalized Gr.
This indicates that the structural integrity of Gr was maintained after the oxidation and
functionalization process. The most prominent peak was observed at 26 = 26.33, which
represented the n-w stacking in graphene (Sun et al., 2016). After the oxidation process, a
noticeable diffraction peak that occurred in the crystalline planes (002) at 20 = 26.33°
shifted to 26.59°. The peak intensity of crystalline plane (100), (101), (012), and (014)
decreased significantly after the oxidation process. The restacking and exfoliation level
of DES-functionalized Gr was greater than that of PrGr, as confirmed by the shift in

diffraction peaks to lower or higher 20 values.

The peak intensities of crystalline plane (002) remained unchanged for all samples.
However, the peak intensities of other crystalline planes (i.e., (100), (101), (012), (004)
and (014)) either increased or decreased, indicating the effect of the DES
functionalization process (Figure 4.2). It is interesting to note that most of the peak
intensities of DES-functionalized Gr were lower than those of PrGr. This occurrence has
been regularly reported as a result of functionalization for carbon-based nanomaterials
such as CNT and graphene (Hamwi et al., 1997; Talaeemashhadi et al., 2013; Wang et
al., 2013). In a comparison of all Gr samples, GrMa possessed the lowest stacking form
(lower 20 values) and largest interlayered spacing (Table 4.2). This was likely due to the

addition of hydrophilic functional groups that substituted the oxygen groups and hence
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led to lower stacking levels than the other Gr samples. In contrast, GrU, GrG, GrF and
GrSW showed higher stacking levels (higher 20 values) for overall crystalline planes,
implying a lower interlayered spacing (Table 4.2). This was probably due to the addition

of hydrophobic functional groups that resulted in a higher level of n-n stacking between

the layers.
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Figure 4.2: XRD patterns of PrGr and GrMa.



Table 4.2: Diffraction speaks obtained from XRD for PrGr, OxGr and DES-functionalized Grs

Sample  Diffraction peak of = Diffraction peak of  Diffraction peak of =~ Diffraction peak of  Diffraction peak of  Diffraction peak of
(002) (100) (101) (012) (004) (014)
20 Intensity 20 Intensity 20 Intensity 20 Intensity 20 Intensity 20 Intensity
(degree) (degree) (degree) (degree) (degree) (degree)

PrGr 26.33 1000.0 42.07 94.9 44.62 172.8 49.14 65.4 54.19 35.7 72.69 459.7
OxGr 26.59 1000.0 42.23 40.3 44.78 124.1 49.10 24.8 54.32 34.9 72.80 356.4
GrU 26.57 1000.0 42.25 53.0 44.79 346.6 49.33 41.1 54.28 28.2 72.84 440.3
GrG 26.55 1000.0 42.20 48.9 44.74 125.1 49.24 39.2 54.25 30.7 72.80 403.1
GrF 26.57 1000.0 42.21 40.1 44.74 210.0 49.23 30.0 54.35 27.8 72.79 221.3
GrMa 26.47 1000.0 42.14 81.2 44.70 251.7 49.19 56.8 54.10 27.6 72.73 356.2
GrGW 26.56 1000.0 42.13 37.0 44.71 95.2 49.21 32.1 54.47 32.9 72.79 263.8
GrFW 26.59 1000.0 42.22 48.9 44.71 91.2 49.29 42.9 54.30 31.2 72.83 329.6
GrSW 26.63 1000.0 42.31 39.4 44.79 265.0 49.15 23.4 54.31 20.5 72.84 285.0
GrGlyW  26.61 1000.0 42.20 47.7 44.76 102.8 49.19 35.8 54.39 28.6 72.73 301.2
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4.1.3 Raman spectroscopy

Raman spectroscopy was used to examine the structural changes in the Gr samples
after oxidation and functionalization with DES. As observed in Figure 4.3 for the case of
Raman spectra of PrGr: the prominent peaks at approximately 2700 cm ™!, 1580 cm™!, and
1350 cm™! indicate 2D, G and D bands, respectively, which is in accordance with previous
reports (Hayyan et al., 2015a; Ramirez & Osendi, 2013). The most intense peak was for
the G band, which is in good agreement with the previous studies (Ni et al., 2008;
Prolongo et al., 2013). Generally, the G band is associated with sp® hybridization of the
graphitic hexagonal lattice structure, while the D band is related to the carbon lattice
defects or disorder caused by sp*>-bonded hybridized carbon. On the other hand, the 2D

band is linked to the structure and number of layers in the stacks (Ferrari et al., 2006).

The intensity ratio of Ip/lg indicates the degree of oxidation and functionalization
(Georgakilas et al., 2012). OxGr exhibited the highest Ip/Ig ratio, which can be ascribed
to the destructive effect of the KMnOs. After oxidation, the hybridization of carbon
rearranged from sp? to sp® which hence, resulting in the presence of negatively charged
oxygenated functional groups on the graphene’s surface structure (Yan et al., 2012b).
After functionalization with DES, the intensity ratio of Ip/Ig decreased. This was likely
due to the healing effects that occurred from the restoration of sp? double bonds in the
Gr-structure, implying that the graphene reduction reaction was accompanied by the
addition of functional groups. The Ip/Ig ratio of DES-functionalized Gr was also higher
than that of PrGR (i.e., > 0.04) (Table 4.3). A significant lattice distortion for the G band
and D band was observed on the Gr samples for GrMa, GrGW, GrFW, GrSW, and

GrGlyW. The Ip/lg ratio for GrGlyW was the highest (i.e., 0.07) among the other DES-
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functionalized Grs. After the oxidation process, GrU, GrG and GrF were expected to have
higher exfoliation or graphene reduction effects, as indicated by the the 2D band shift to

lower frequencies compared to OxGr (Ramirez & Osendi, 2013).

Figure 4.3: Raman spectra of PrGr with identified peaks of 2D, G and D bands.

Table 4.3: Raman spectra of PrGr, OxGr and DES-functionalized Grs.

G band D band 2D band In/Ig

Sample
P (cm™)? I P (cm™)? I P (cm™)? I

PrGr 1581.18 2687.46  1355.63 11522  2726.07 1220.23 0.04
OxGr 1581.09 1846.96  1356.92 25420 2726.09 1077.98 0.14

GrU 1581.55 1820.98  1357.08 9125  2724.80 1000.26 0.05
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G band D band 2D band In/Ig

Sample
P (cm™)? I° P (cm™)? I° P (cm™)? I°

GrG 1580.93  2205.71 1354.01 114.02 272480 1215.43 0.05
GrF 1580.85 2266.18  1352.69 122.86 2723.51 1393.53 0.05
GrMa 1579.83  701.52 1365.26  39.14  2726.09  409.49  0.06
GrGW 1579.60  817.00 1356.88  45.63 272480  430.34 0.06
GrFW 1579.18  900.16 1361.68 4199  2723.60  525.24  0.05
GrSW 1579.85  850.98 1367.90  47.44 272480  505.94 0.06

GrGlyW  1579.68  845.44 1358.91 62.26  2727.38 478.97  0.07

a: Position of Raman peak and b: Intensity of Raman peak

4.1.4 BET surface area analysis

BET analysis was conducted for PrGr, OxGr and DES-functionalized Grs to
elucidate the effect of DES functionalization on the surface area of the Gr-structure. Table
4.4 demonstrates the increase trend in the surface area of Grs following oxidation by
KMnOy, from 14.65 m*/g to 15.06 m?/g. This is in accordance with the previous studies
conducted on the oxidation of various carbon-based nanomaterials by different oxidizing
agents (Dongil et al., 2011; Pifferi et al., 2014). GrMa exhibited the highest surface area
that is attributed to the deformation effect caused by the acidic DES ChCl:Ma (1:1).
However, except GrMa, smaller BET surface areas were observed after DES
functionalization. This can be ascribed to the healing or recovering effects on the
deformed structure of OxGr through the addition of functional groups such as oxygen-

and amine-containing functional groups (Abo-Hamad et al., 2017). It is also in good
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agreement with the Raman analysis that confirmed the recovery effects that occurred from

the restoration of sp? double bonds in the structure of graphene.

Table 4.4: BET surface area of PrGr, OxGr and DES-functionalized Grs.

Sample Surface area (BET) m?/g
PrGr 14.65
OxGr 15.06
GrU 14.09
GrG 12.83
GrF 12.96
GrMa 39.05
GrGW 11.47
GrFW 11.98
GrSW 6.58
GrGlyW 8.09
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4.1.5 FTIR study

The FTIR spectra of the Grs pre- and post-functionalization were performed to
characterize the samples (Appendix A: Figure 2A). Several changes in the FTIR spectra
were identified after treating with KMnOs (Figure 4.4). The spectrum was identified as
having several peaks of oxygen-containing functional groups, such as a C=0 stretching
band at 1742 cm™!, a C-O stretching band at 1165 cm™!, and aldehyde —CH stretching
bands at 2923 and 2852 cm™. In contrast, in the PrGr spectrum, there were hydrophobic
functional groups detected in the PrGr including a C-H stretching band at 2312 cm™!, C=C
stretching bands at 2106 cm™! and 1611 cm™!, an in-plane C-H bending band at 1061 cm™
!, C-H out-of-plane bending bands at 711 cm ™' and 870 cm™!, and a =C-H bending band
at 646 cm ' (Figure 4.4). This hydrophobic property was responsible for the low
dispersion stability of pristine graphene in aqueous solutions (Hayyan et al., 2015a; Wang

et al., 2009).

Following DES functionalization, several new functional groups were identified on the
DES-functionalized Gr, including oxygen-based functional groups (Figure 4.5). In
comparison to other DES-functionalized Gr, GrGW displayed new oxygen-based
functional groups namely NO, asymmetric stretching band at 1561 cm™! and nitrate NO>
bending band at 709 cm™! (Figure 4.5a), which were not present in other samples.
Functionalization with DESs also introduced several peaks that represented amine-based
functional groups, which were not identified in PrGr or in OxGr. For instance, Figure 4.6
shows that amine-based functional groups are detected in the GrGlyW (Figure 4.6a) and
GrSW (Figure 4.6b), including aliphatic isonitrile -N=C stretching, aliphatic C-N

stretching, aromatic isonitrile -N=C stretching, NH> wagging and twisting, and secondary
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amide N-H wagging. Figure 4.6¢ illustrates the FTIR spectra of Gr after functionalization
with DES ChCl:malonic acid (1:1). There are two new functional groups introduced by
Gr’s functionalization with ChCl:malonic acid, i.e., an aliphatic C=O stretching band at
1736 cm™ and a phenol O-H stretching band at 3438 cm™!, which were not identified in

the other DES-functionalized Grs.

This is also in good agreement with the EDX analysis that confirmed additional surface
elements, such as N and O, introduced following the DES functionalization. These results
suggested that DES functionalization may enhance the hydrophilicity of Gr through the
introduction of additional functional groups such as amine- and oxygen-based functional
groups. This is supported by previous studies (Abo-Hamad et al., 2017; Hayyan et al.,
2015a; Mondal et al., 2016) in which DES-functionalized carbon nanomaterials
demonstrated better dispersion stability in an aqueous medium as compared to
unfunctionalized Gr. Noteworthy, amine- and oxygen-based functional groups are
important in increasing the hydrophilicity of drug carriers (Miao & Scott Obach, 2010;
Yazdanian et al., 2004). Furthermore, they also may confer a good dispersion and decent
biocompatibility in the cellular biological systems (Lin et al., 2015; Sun et al., 2016; Yan
etal., 2012a). Overall, the characterization results advocate that DESs have good potential
as functionalizing agents because they induce some surface modifications, including the

introduction of new functional groups on the graphene’s structure (Table 4.5).
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Figure 4.4: FTIR spectra for (a) PrGr and (b) OxGr at wavenumbers 400 to 4000 cm™'.
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Figure 4.5: FTIR spectra for (a) GrGW and (b) GrFW at wavenumbers 400 to 4000
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Figure 4.6: FTIR spectra for (a) GrGlyW, (b) GrSW, and (c¢) GrMa at wavenumbers 400

to 4000 cm™!.
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Table 4.5: Summary of the physicochemical characterization analyses.

Analysis

Significant findings

FE-SEM

EDX

XRD

Raman
spectroscopy

BET surface
area

FTIR

Oxidation process caused deformation in the structure of graphene.
However, after the functionalization with DES, the deformed
structures were disappeared, which indicating to the healing effects by
the DES molecules.

The presence of additional surface elements (i.e., O, K, Mn, Cl and N)
which were not observed for unfunctionalized Gr samples,
corroborated completion of the oxidation and DES functionalization
processes. This also confirmed the presence of DES-functional groups
on the surface of Gr.

The structural integrity of Gr was maintained after the oxidation and
functionalization process. The restacking and exfoliation level of
DES-functionalized Gr was greater than that of PrGr, as confirmed
by the shift in diffraction peaks to lower or higher 26 values.

Oxidation process increased the Ip/lg ratio. Following the DES
functionalization, the Ip/Ig ratio decreased, implying to the
restoration of sp® double bonds in the Gr-structure by the addition of
DES’s functional groups.

OxGr and GrMa exhibited higher surface area due to the oxidation
process and acidic property of the DES ChCl:Ma (1:1), respectively.
After DES functionalization, smaller BET surface areas were
identified, which signifying to the recovering effects on the deformed
structure of the graphene.

Some changes in the FTIR spectra were observed after DES
functionalization. Several new functional groups were identified on
the DES-functionalized Gr, including oxygen-based functional
groups and amine-based functional groups. The addition of these
functional groups induced the healing or restoration effects in the
graphene structures.
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4.2 Biological behavior of DES-functionalized graphene
4.2.1 MTT cell viability assay

The cytotoxic effect of the un-functionalized Gr and DES-functionalized Gr
samples on MCF-7, AGS and RAW264.7 cell viability was studied using the MTT assay
(Table 4.6). The results showed that PrGr possessed higher cytotoxicity towards MCF-7
(ICso 161.70 pg/mL) and AGS (ICso 177.85 ng/mL), but lower cytotoxicity towards
RAW264.7 (ICso 358.95 pg/mL). The graphene agglomeration effect on the cell
membrane was anticipated to result in cell toxicity (Zhang et al., 2010). Lipid extraction
mediated by graphene could occur due to the strong hydrophobic interaction between the
sp? carbons on the 2D surface of graphene, and the phospholipid membrane of the cells
(Tu et al., 2013). Therefore, it is critical to regulate the hydrophobicity of graphene to
pacify its cytotoxic effects. After oxidation with KMnOj4, OxGr exhibited higher toxicity
levels in comparison to PrGr for all cell lines tested, with an ICso of 117.25 pg/mL, 88.25
pg/mL and 278.10 pg/mL for MCF-7, AGS and RAW264.7, respectively (Table 4.6).
This result indicated that the changes in the structural morphology of the OxGr may

modify its cellular biological behavior.
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Table 4.6: ICso values of PrGr, OxGr and DES-functionalized Grs on MCF-7, AGS and

RAW264.7 cell lines. Values are expressed as the mean + standard deviation of three

different experiments.

Sample ICso (ug/mL)
MCE-7 AGS RAW264.7
PrGr 161.70£12.45 177.85+£3.21 358.95+2.35
OxGr 117.25£11.95 88.25+9.62 278.104+2.00
GrU 87.16+8.80 167.10+10.45 356.20+2.30
GrG 76.64+8.00 135.10+7.80 346.45+4.95
GrF 76.29+8.16 161.80+2.33 373.10+£6.24
GrMa 454.30+13.01 273.67+4.01 402.60+7.90
GrGW 442.40+7.93 218.15+4.96 620.65+4.15
GrFW 435.70+£10.00 191.654+2.77 406.20+3.20
GrSW 284.20+£7.27 206.77+11.07 363.03+9.95
GrGlyW 443.05+10.15 210.00+6.56 476.80+1.69

As shown in Table 4.6, there is a significant overall improvement in the cytotoxicity level
of Gr samples after functionalization with DES, especially for AGS and RAW264.7 cells.
The cytotoxicity level of Gr samples was the lowest following functionalization with
ternary DES. In general, the ternary DES-functionalized Grs exhibited lower toxicity (i.e.,
ICs0 > 200 pg/mL for all cell lines) compared to binary DES-functionalized Grs, except
for GrMa. The results also highlighted that GrMa exhibited lower toxicity (ICso > 250
png/mL for all cell lines) compared to PrGr and OxGr. On the other hand, other binary

DES-functionalized Grs (i.e., GrU, GrG and GrF) possessed higher toxicity for all cell
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lines, especially MCF-7 cells (ICso < 100 pg/mL). This can be attributed to the high
exfoliation or graphene reduction effect that occurred on GrU, GrG and GrF, as
previously discussed in Section 4.1.2. The high exfoliation and reduction effect of
graphene is implicated in the increased generation of ROS (Fu et al., 2014; Nel et al.,

2006). The ROS generation will be discussed with more details in Section 4.2.2.

With respect to the physicochemical characterization results, a number of similar
functional groups were identified in GrMa, GrGlyW and GrGW that probably reduced
the cytotoxicity level, such as O-H stretching (carboxylic acid, alcohol, and phenol
groups), aliphatic C=0 (carboxylic acid group), and N-H stretching (amine group). The
presence of oxygenated functional groups in functionalized graphene may contribute to
lower cytotoxicity and improved biocompatibility (Chang et al., 2011). The addition of
negatively charged oxygen-based functional groups increases the stability of graphene
through preventing them from aggregation in aqueous solution (Stankovich et al., 2006).
The hydrophilicity of these functional groups is beneficial for the distribution and
solubility of drugs in aqueous solution, and hence may hinder agglomeration (Lin et al.,
2015; Miao & Scott Obach, 2010; Yan et al., 2012a; Yazdanian et al., 2004). This
interpretation is supported by a previous study (Hayyan et al., 2015a), that showed a
considerable improvement in the dispersion stability of graphene after functionalization

with DES ChCl:Ma (1:1), ChCl:glycerol:water (1:2:1) and ChCl:glucose:water (5:2:5).

As discussed in Section 4.1.3, GrMa GrGW, and GrGlyW exhibited the highest In/Ig
intensity ratio, indicating a higher degree of functionalization in comparison to the other

DES-functionalized Grs (Table 4.3). This result is in good agreement with previous
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studies on fullerene and single-walled carbon nanotubes (SWCNTs), which reported that
a higher degree of functionalization may lead to reduced cytotoxicity level (Sayes et al.,
2004; Sayes et al., 2006). The surface functionalization of the nanomaterial may enhance

dispersion of the particles and improve their interaction with the lipid membrane.

Overall, the functionalization with DES ameliorated the cytotoxicity profile of the
graphene in all types of cell lines (Figure 4.7). Noteworthy, the DES-functionalized Gr
exhibited mild toxicity against RAW264.7 cells compared to MCF-7 and AGS cells,
which indicating that DES-functionalized Gr had no lethal impacts on the normal cells or
non-cancerous cells. The cell cycle and ROS analysis assays were also conducted at ICso
for all samples, to further elucidate the cell death mechanisms after exposure to the Gr
samples. The use of ICso in these studies was to provide insight into the cell death

mechanisms, as 50% of the cells are killed at this concentration.
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Figure 4.7: 1Cso values of PrGr, OxGr and DES-functionalized Grs on MCF-7, AGS and

RAW264.7 cell lines.
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4.2.2 Reactive oxygen species (ROS) assay

The generation of ROS (i.e., superoxide, hydrogen peroxides, and hydroxyl
radicals) disrupts the enzyme homeostasis system of ROS scavenging antioxidants. The
resulting increase in the level of intracellular ROS leads to oxidative damage such as lipid
peroxidation and protein denaturation, and hence causing cell death (Akhtar et al., 2017;
Faraj et al., 2014; Hayyan et al., 2016a; Hegab et al., 2016; Kim et al., 2009; Sasidharan
et al., 2012; Zahedifard et al., 2015). The generation of intracellular ROS occurs due to
the hydrophobic-physical interaction between nanoparticles and the cell membrane (i.e.,
agglomeration on the cell membrane) (Chatterjee et al., 2014). The correlation between
cytotoxicity of nanomaterials and ROS generation has been reported with high linear
correlation, which signifies the importance of ROS generation as a primary cell death

mechanism (Becker et al., 1996; Horev-Azaria et al., 2013; Jones & Grainger, 2009).

The level of intracellular ROS was determined in the AGS, MCF-7 and RAW 264.7 cells
treated with the Gr samples. A 24 h of incubation with the Gr samples induced a
significant generation of ROS (Appendix B: Figure 1B-3B). OxGr caused the highest
ROS generation in all cell lines, with ROS level of 87.7%, 79.3% and 91.1% for AGS,
MCF-7 and RAW 264.7 cells, respectively. The mechanism of cytotoxicity for the
graphenes and graphene-based materials may begin with direct contact between the
nanomaterial and the cell membrane, leading to stimulation of ROS (Bianco, 2013; Cheng
et al., 2017; Zhang et al., 2012b). The generation of ROS by graphene stimulation is
speculated to be due to the hydrophobic properties of graphene, where the cell-membrane-

bound graphene flakes might impede the uptake of necessary proteins and other nutrients
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into the cell (Sasidharan et al., 2012). This aggregation of graphene on the plasma

membrane also hinders critical ion channels, which increases ROS generation.

Among the DES-functionalized Grs, GrMa and GrGlyW were the most efficient in
reducing ROS stimulation in all cell lines (Appendix B: Figure 1B-3B). Particularly, in
the case of AGS cells, GrMa and GrGlyW exhibited lower ROS production (75.6% and
69.1%, respectively) in comparison to other Gr samples (> 82%) (Figure 4.8). The oxygen
based-functional groups possessed by GrMa and GrGlyW are believed to play a primary
role in reducing the generation of intracellular ROS. As reported in previous studies
(Sasidharan et al., 2011; Sasidharan et al., 2012), the carboxyl-functionalized graphene
with oxygenated functional groups exhibited a significant reduction of ROS generation

in Vero and RAW?264.7 cell lines.

GrU mediated the highest level of ROS in AGS and RAW264.7 cells, with 93.8% (Figure
4.8) and 90.6% (Figure 4.9), respectively. Meanwhile, GrG induced the highest ROS
production in MCF-7, at 80.9% (Figure 4.10). As measured by Raman spectroscopy, both
GrU and GrG exhibited a high level of exfoliation or graphene size reduction effect. It
can be speculated that the high degree of exfoliation or reduction effect of graphene is
associated with the increase in ROS production. As stated previously (Stankovich et al.,
2007), a higher degree of exfoliation or reduction leads to an increase in surface area.
Nanomaterials with a smaller size and larger surface area generate higher levels of ROS,
resulting in genotoxicity and cytotoxicity (Fu et al., 2014; Nel et al., 2006). This is also
complementary with previous studies (Das et al., 2013; Hussain et al., 2009; Stone et al.,

1998) that observed consistent trend between oxidative stress of various cell lines (e.g.,
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human umbilical vein endothelial cells, human bronchial epithelial cell line and human
type II alveolar epithelial cells) and surface area of nanoparticles including graphene
oxide, titanium dioxide, and ultrafine carbon black. These findings demonstrated that the

higher surface area produced a higher level of ROS in the biological systems.
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Figure 4.8: ROS generation of (a) untreated AGS cells, and with AGS cells treated with
(b) PrGr, (c) OxGr, (d) GrU, (e) GrG, (f) GrF, (g) GrMa and (h) GrGlyW. Values
indicates the percentages of cells generated ROS (by the fluorescence intensity) in the

gated area. Shown are representative data of three independent experiments.
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Figure 4.9: ROS generation of (a) untreated RAW264.7 cells, and with RAW264.7 cells
treated with (b) PrGr, (¢) OxGr, and (d) GrU. Values indicates the percentages of cells
generated ROS (by the fluorescence intensity) in the gated area. Shown are

representative data of three independent experiments.
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Figure 4.10: ROS generation of (a) untreated MCF-7 cells, and with MCF-7 cells
treated with (b) PrGr, (¢) OxGr, and (d) GrG. Values indicates the percentages of cells
generated ROS (by the fluorescence intensity) in the gated area. Shown are

representative data of three independent experiments.

4.2.3 Cell cycle analysis

Given that cell death program is associated with DNA replication and cell cycle
progression, propidium iodide staining and flow cytometry were used to analyze the
treated MCF-7, AGS and RAW 264.7 cells to elucidate the impact of DES-functionalized
Grs on cell cycle progression. Basically, cell cycle progression in eukaryotic cells is
controlled by activation and inactivation of a sequence of cyclin-dependent kinases at
specific phases in the cell cycle (Matesanz et al., 2013). The presence of toxicants may
perturb the regulation of specific phases. Overall, PrGr and OxGr were shown to disrupt
cell cycle progression regardless of cell type (Appendix C: Figures 1C-3C). Cell cycle

progression was significantly arrested in GO/G1 phase, and consequently impeded the
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progression of the cells into S or G2/M phase. The most severe cell cycle disruption by
PrGr and OxGr was observed in the AGS cell line (Figure 4.11). Only 8.2% and 6.7% of
the AGS cell population progressed into the G2/M phase when treated with PrGr and
OxGr, respectively. The results also indicated that DES-functionalized Grs caused cell
cycle disruption in all cell lines tested (Appendix C: Figures 1C-3C). Thus, it is proved
that the cell cycle/ mitotic division disruption is one of the cell death mechanisms for the
graphene-based nanomaterials. Similar finding was reported by a previous study
(Matesanz et al., 2013) regarding the cell cycle progression phase arrest that was induced
by graphene-based nanomaterials in several cell lines such as RAW264.7, osteoblasts

(Saos-2), and preosteoblasts (MC3T3-El).

In comparison with other CNMs, Cui et al. (2005) observed the same cell cycle arrest in
GO0/G1 phase by SWCNTs on the human embryo kidney cells (HEK293). The cell cycle
disruption caused by SWCNT was ascribed to the down regulation of cyclin-dependent
kinases and cyclins molecules. The same study also exhibited that 5.3% of HEK293 cells
demonstrated apoptotic feature when tested with 25 pg/mL of SWCNT. This
suggestedthat cell cycle disruption by CNMs could lead to cell death through apoptosis

mechanism.

In all cell lines tested, GrU produced the most acute disruption, where cells were
significantly arrested in GO/G1 phase compared to untreated cells (Appendix C: Figures
1C-3C). GrF also resulted in acute cell cycle disruption, especially for AGS cells which
had 72.0% of the cell population in GO/G1 phase, 13.0% in S phase and 9.9% in G2/M

phase (Figure 4.12). In contrast, untreated AGS cells had 64.3% of the, cell population in

97



GO0/G1 phase, 22.7% in S phase, and 13.6% in G2/M phase (Figure 4.12). The high
exfoliation effect that occurred on GrU and GrF is implicated to this deterioration
phenomenon. Meanwhile, GrMa demonstrated the least cell cycle disruption, particularly
for RAW264.7 cells (Figure 4.13). Among the sugar based-DESs, graphene that
functionalized using ChCIL:G:W (i.e., GrGW) demonstrated the least cell cycle disruption
with cell population in G2/M phase >11.2% for all cell lines. Again, this result is believed
to be associated with the presence of hydrophilic functional groups in GrMa and GrGW
as discussed in the Section 4.1. The surface modification of nanomaterials can prevent
cell cycle disregulation (Mahmoudi et al., 2011). The addition of hydrophilic functional
groups such as —OH and —COOH can prevent disruption of cell cycle progression by
improving the solubility and distribution of the nanomaterials (Das et al., 2013;

Mahmoudi et al., 2011; Sasidharan et al., 2011).

98



Figure 4.11: Cell cycle comparison of the (a) untreated AGS cells with the (b) PrGr-
and (c) OxGr- treated AGS cells. Cells were harvested after 24 h, fixed and stained with
PI to detect DNA contents. Values represent the percentages of viable cells at GO/G1, S

or G2/M phases. Shown are representative data of three independent experiments.

Figure 4.12: Cell cycle comparison of the (a) untreated AGS cells with (b) GrF-treated

AGS cells. Cells were harvested after 24 h, fixed and stained with PI to detect DNA
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contents. Values represent the percentages of viable cells at GO/G1, S or G2/M phases.

Shown are representative data of three independent experiments.

Figure 4.13: Cell cycle comparison of the (a) untreated RAW 264.7 cells with (b)
GrMa-treated RAW 264.7 cells. Cells were harvested after 24 h, fixed and stained with
PI to detect DNA contents. Values represent the percentages of viable cells at GO/G1, S

or G2/M phases. Shown are representative data of three independent experiments.

4.3 Drug loading on the DES-functionalized Graphene

Two drugs tamoxifen (TAM) and doxorubicine (DOX) were selected to load on
the DES-functionalized Grs. TAM and DOX are common anti-cancer drugs that are
normally applied to treat breast cancer. TAM and DOX have been used in the treatment

of various other cancers, including acute lymphocytic leukemia, Kaposi's sarcoma,
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osteogenic sarcomas, bladder cancer, and lymphoma (Biswas et al., 2013; Chittasupho et
al., 2014; Cortés-Funes & Coronado, 2007; How et al., 2013; Nawara et al., 2012; Shi et
al., 2016). However, there is a need to improve conventional delivery of TAM and DOX,
which lacks efficiency and selectivity against cancerous cells (Landeros-Martinez et al.,
2016; Sultana et al., 2013; Zhao et al., 2018). Systemic delivery of TAM and DOX is

highly critical in order to enhance the therapeutic application of TAM and DOX.

4.3.1 Tamoxifen loading profile

To confirm the feasibility of DES-functionalized Grs as promising nano-carriers
for drug delivery applications, TAM loading on the DES-functionalized Grs was carried
out. To determine the amount of TAM loaded on the PrGr, OxGr and DES-functionalized
Grs, the amount of unbound TAM in the solution was measured at an absorbance peak of
290 nm. Overall, all samples (i.e., PrGr, OxGr, and DES-functionalized Grs) interacted
with TAM as demonstrated by the decrease in the absorbance of TAM after 12 h of
incubation (Figure 4.14). The most significant reduction in TAM was observed for GrMa,
followed by GrGW. This indicates that TAM loading on GrMa and GrGW was higher
than on the other Gr samples. The EE% and DL% were also determined, to further

validate the drug loading capacity for each Gr sample.
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Figure 4.14: Amount of unloaded TAM in the mixture of TAM (50 pg/mL)+DES-
functionalized Grs (100 pg/mL) at absorbance peak 290 nm. Standard TAM solution

(50 pg/mL) was used as a control.

The EE% and DL% of PrGr, OxGr and DES-functionalized Grs are listed in Table 4.7.
PrGr possessed an EE of 13.28% and DL of 6.64%. After oxidation and DES
functionalization, an increase in both EE% and DL% was observed. GrMa showed the
highest EE (42%) and DL (21.34%), followed by GrGW (EE 34.76% and DL 17.38%)).
GrGlyW was ranked the third highest tamoxifen loading capacity with EE 31.79% and
DL 15.89%. In contrast, GrG exhibited the lowest EE (13%) and DL (6.64%), while the
levels for GrF were intermediate (EE 15.81% and DL 7.91%). As discussed in Section

4.1.2 on XRD analysis, GrG and GrF possess a lower interlayered spacing, which implies
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a higher level of n-m stacking between the layers. This was probably the reason for the

lower EE% and DL% compared to GrMa.

Table 4.7: Effect of tamoxifen loading on entrapment efficiency and drug loading

capacity for PrGr, OxGr and DES-functionalized Grs.

Sample EE% DL%

PrGr 13.28+0.80 6.64+0.46
OxGr 30.96+2.61 15.48+1.68
GrU 17.25+2.48 8.62+1.25
GrG 15.81£1.95 7.91+0.98
GrF 16.07+2.63 8.03+1.31
GrMa 42.67+1.15 21.34+0.67
GrGW 34.76£2.76 17.38+1.92
GrFW 21.98+2.29 10.99+1.39
GrSW 17.17+£0.51 8.58+0.25
GrGlyW 31.7942.46 15.89+1.42

Similar to what was done for PrGr, the crystalline plane (002) was identified in the DES-
functionalized graphenes (Table 4.2), and directed to the n-m stacking in the graphene
(Sun et al., 2016). When mixing the graphene with cancer drugs (typically aromatic), the
drug molecules can easily adsorb onto the surface of graphene with stable chemical
attachments, which is via n—r stacking interactions (Yan et al., 2012b). These = electrons
on the plane may immobilize the tamoxifen via non-covalent interactions (Liu et al.,

2013). In addition to the n—nr stacking interactions, DES-functionalized Grs is believed to
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have hydrogen bonding interactions with tamoxifen. This is because functional groups
such as oxygen groups (e.g., -COOH and -OH) and lone-pair electrons from the amine
groups (e.g., NH2) may form strong hydrogen bonds with the drug (Depan et al., 2011;
Yang et al., 2008). The involvement of these two interaction types, n—x stacking and
hydrogen bonding interactions, may help the DES-functionalized Grs have a higher drug

loading capacity than PrGr.

In comparison to the previous studies (Brigger et al., 2001; How et al., 2013; Khuroo et
al., 2014), the tamoxifen loading capacity of GrMa, GrGW and GrGlyW exhibited lower
EE% but higher DL%. For instance, Brigger et al. (2001) reported that tamoxifen-loaded
poly(MePEGcyanoacrylate-co-hexadecylcyanoacrylate) nanospheres was as high as EE
73% and DL was as high as 0.46%. The DL of poly(MePEGcyanoacrylate-co-
hexadecylcyanoacrylate) nanospheres increased dose dependently with increasing
amount of tamoxifen that in the range of 0-25 pg/mL. In contrast, the drug loading
capacity for tamoxifen-loaded poly(lactic-co-glycolic acid) nanocarriers was
significantly  higher than poly(MePEGcyanoacrylate-co-hexadecylcyanoacrylate)
nanospheres with EE% and DL% as high as 95.17% and 8.65%, respectively (Khuroo et
al., 2014). Another study investigated various samples of tamoxifen-loaded
nanostructured lipid carrier and showed EE% and DL% in the range of 97.39%-99.87%
and 2.00%—5.84%, respectively (How et al., 2013). The highest tamoxifen loading
capacity was demonstrated by the formulation of 300 mg tamoxifen in nanostructured

lipid carrier solution with EE% and DL% as high as 97.39% and 5.84%, respectively.
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4.3.2 Doxorubicin loading profile

To determine the amount of DOX loaded on the Gr samples, the amount of
unbound DOX in the solution was measured by an absorbance peak 480 nm. Overall, all
samples (i.e., PrGr, OxGr, and DES-functionalized Gr samples) interacted with DOX, as
demonstrated by the decrease in the absorbance of DOX spectra after 12 h of incubation
(Figure 4.15). A significant reduction in the spectra of absorption intensity of DOX was
observed for DES-functionalized Gr samples, especially for the case of GrGW. This
indicates that the loading of DOX onto the DES-functionalized Gr samples were higher

than PrGr and OxGr.
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Figure 4.15: Amount of unloaded DOX in the mixture of DOX (50 pg/mL)+DES-
functionalized Grs (100 pg/mL) at absorbance peak 480 nm. Standard DOX solution

(50 pg/mL) was used as a control.
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Table 4.8: Effect of doxorubicin loading on entrapment efficiency and drug loading

capacity for PrGr, OxGr and DES-functionalized Gr samples.

Sample EE% DL%

PrGr 39.98+7.63 19.99+3.81
OxGr 39.68+5.71 19.84+2.85
GrU 41.65+5.45 20.83+2.72
GrG 48.25+2.35 24.13+1.17
GrF 48.50+4.04 24.25+2.01
GrMa 49.80+1.46 27.83+2.19
GrGW 56.57+7.63 28.28+3.81
GrFW 52.46+1.58 26.23+0.79
GrSW 51.84+2.94 25.92+1.47
GrGlyW 51.04+1.44 25.52+0.72

The EE% and DL% for PrGr, OxGr and DES-functionalized Gr were evaluated and are
listed in Table 4.8. The OxGr showed an insignificant difference as compared to PrGr.
The EE and DL for both samples were approximately equivalent. By contrast, DES
functionalization of Gr influenced the amount of DOX loaded, based on the significant
increase of EE% and DL% following both binary and ternary DESs functionalization as
compared to unfunctionalized Gr (i.e., PrGr and OxGr) (Table 4.8). GrGW exhibited the
highest EE (56.57%) and DL (28.28%), followed by GrMa (EE: 49.80% and DL:
27.83%). Notably, the EE% for both GrMa and GrGW was higher as compared to

chitosan nanoparticle formulations; namely, Type B gelatin (EE: 8.4%), glucomannan
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(EE: 9.3%), polyphosphoric acid (EE: 12.2%) and dextran sulfate incorporated chitosan
nanoparticles (EE: 21.9%) (Janes et al., 2001). In addition, the DL of GrMa and GrGW
was considerably higher in comparison to polymer micelle carrier systems such as
poly(ethylene glycol)—poly(B-benzyl-L-aspartate) copolymer micelles that had a DL
ranging from 15% to 20% (Kataoka et al., 2000). These DES-functionalized Gr systems
also exhibited a higher DL as compared to other drug vehicles, such as biodegradable
polymersomes vesicle of poly(trimethylene carbonate)-b-poly(L-glutamic acid) (i.e., DL:
4.7%) and glyceryl caprate-curdlan solid lipid nanoparticles (DL: 2.8%) (Sanson et al.,

2010; Subedi et al., 2009).

Unlike other drug carriers, graphene is a superior nano-drug carrier, as both sides of a
graphene sheet are accessible for drug loading/binding via a physical adsorption
mechanism (Bao et al., 2011; Rana et al., 2011). The presence of & electrons on graphitic
domains promote the formation of non-covalent binding via n-n stacking interactions with
various compounds or substances, including DOX (Feng et al., 2013; Gongalves et al.,
2013; Wang et al., 2011; Yang et al., 2013a). These = electrons on the plane immobilize
DOX via non-covalent physical adsorption (physisorption) (Liu et al., 2013). In addition
to the n—m electron stacking interactions, DES-functionalized Gr may also form strong
hydrogen bonds with DOX. This is because the presence of DES functional groups such
as oxygen groups (e.g., -COOH and -OH) and lone-pair electrons from amine groups
(e.g., NH2) may promote hydrogen bonding interactions between DES-functionalized Gr
and DOX (Depan et al., 2011; Yang et al., 2008). The combination effect of these two
interactions (i.e., n—m stacking and hydrogen bonding) may impart GrMa and GrGW with

a higher drug loading capacity as compared to unfunctionalized Gr. The drug release is
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expected to be more effective as such non-covalent interactions are impermanent, which
can easily release the drug from the carrier (de Sousa et al., 2018; Liu et al., 2013;
Valentini et al., 2018). The comparison of anti-cancer activity between unloaded Gr and

DOX-loaded Gr were discussed in the next sections.

In comparison to TAM loading capacity, DES-functionalized Gr had higher loading
capacity towards DOX (EE: 41.65% - 56.57% and DL: 20.83% - 28.28%) than TAM (EE:
7.91% - 21.34% and DL: 15.81% - 42.67%). This is due to the presence of more
hydrophilic functional groups, such as carboxyl group and hydroxyl group in DOX
(Bagheri et al., 2011), in which have strong binding interactions with DES-functionalized
Gr. This result is in agreement with Chanphai et al. (2017) where the DOX had higher
loading capacity on nano-carrier dendrimer as compared to TAM with DOX loading
efficiency was in the range of 40%-50%. The DOX also formed more stable binding
interaction with dendrimer than that of TAM because of the existence of carboxyl and

hydroxyl functional groups.

Overall, the drug loading capacity of graphene in both TAM and DOX significantly
increased after the functionalization with DES rather than the unfunctionalized graphene.
Drug-loaded DES-functionalized Gr also showed some promising results as compared to
the previous studies (Table 4.9). For instance, although the EE% of DES-functionalized
Gr on TAM was lower than the previous studies (Brigger et al., 2001; How et al., 2013;
Khuroo et al., 2014), the DES-functionalized Gr exhibited significantly higher DL% than
the other nanocarriers (e.g. poly(MePEGcyanoacrylate-co hexadecylcyanoacrylate),

poly(lactic-co-glycolic acid, and nanostructured lipid carrier). Meanwhile, the DES-
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functionalized Gr, especially GrGW and GrFW, possessed higher EE% (> 50%) and
DL% (> 25%) on DOX in comparison to the other nanocarriers (Janes et al., 2001;
Kataoka et al., 2000; Sanson et al., 2010; Subedi et al., 2009). Therefore, DES
functionalization represented a promising green functionalizing agent for nano-drug
carriers, owing to its easy to synthesize, less toxic, low cost, and relatively high drug

loading capacity.

Table 4.9: List of various nanocarrier systems with their EE% and DL%.

Nanocarrier Drug EE% DL% Reference
Poly(MePEGcyanoacrylate-co TAM 73.00 0.46 (Brigger et al.,
hexadecylcyanoacrylate) 2001)
Poly(lactic-co-glycolic acid) TAM 95.17 8.65 (Khuroo et al.,
2014)
Nanostructured lipid carrier TAM 97.39 5.84 (How et al.,
2013)
GrMa TAM 42.67 21.34 This study
GrGW TAM 3476 17.38 This study
GrGlyW TAM 31.79 15.89 This study
Chitosan-based Type B gelatin DOX 8.40 - (Janes et al.,
2001)
Glucomannan DOX 9.30 -
Polyphosphoric acid DOX 12.20 -

Dextran sulfate incorporated chitosan DOX 21.9 -

Poly(ethylene glycol)—poly(B-benzyl-.- DOX  — 15.00 -  (Kataoka et al.,
aspartate) 20.00 2000)
Poly(trimethylene carbonate)-b-poly(L- DOX - 4.7 (Sanson et al.,
glutamic acid) 2010)
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Nanocarrier Drug EE% DL% Reference

Glyceryl caprate-curdlan solid lipid DOX - 28 (Subedi et al.,
nanoparticles 2009)

GrGW DOX 56.57 28.28 This study
GrFW DOX 52.46 26.23 This study

4.4  Anti-cancer activities of drug loaded- DES-functionalized graphene

In this section, the anti-cancer features of drug loaded-DES-functionalized
graphene are addressed. The cell viability, reactive oxidative species (ROS), cell cycle
progression, and real-time cell growth analysis was evaluated to elucidate their anti-

cancer activities against cancerous cells (i.e., MCF-7 and AGS cells).

4.4.1 Cytotoxicity analysis

The cytotoxic effect of the TAM-loaded Gr and DOX-loaded Gr samples on the
cell viability was studied in order to elucidate their anti-cancer activities against MCF-7
and AGS cell lines. The effect of TAM-loaded Gr and DOX-loaded Gr samples on non-
targeted cells were tested to evaluate the selectivity of their activity against cancer cells
through the selectivity index (SI) measurement. The RAW264.7 cell lines was used as
non-targeted cells due to the significant role of macrophages cells in human immune

defense system.
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4.4.1.1 TAM-loaded graphene

After TAM loading, TAM-loaded Gr samples possessed acute toxicity against
cancerous cells, especially for the case of TAM-loaded DES-functunalized Gr. As shown
in Figure 4.16, the TAM-loaded Gr had higher toxicity against AGS compared to MCF-
7 and RAW264.7 cells. TAM-GrF possessed the most acute toxicity against MCF-7 cells
with an ICso of 71.96 pg/mL, followed by TAM-GrG (ICso of 74.49 pg/mL) and TAM-
GrU (ICso of 80.22 pg/mL) (Table 4.10). Against the AGS cell line, TAM-OxGr showed
the highest toxicity with an ICso of 75.31 pg/mL, followed by TAM-GrG (ICso of 132.31
pg/mL) and TAM-GrF (ICso of 157.58 pg/mL) (Table 4.11). In contrast, TAM-OxGr
exhibited the lowest ICso towards RAW264.7 cells (ICso of 209.33 pg/mL), followed by

the sequence of TAM-GrG (ICsp0f 223.73 pg/mL) < TAMGrSW (ICs00f253.07 pg/mL).
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Figure 4.16: 1Cso values of TAM-loaded PrGr, OxGr and DES-functionalized Grs on
MCF-7, AGS and RAW264.7 cell lines.
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Table 4.10: ICso values of TAM-loaded PrGr, OxGr, and DES-functionalized Gr

samples on MCF-7 and RAW264.7 cell lines, and also their selectivity index. Values

are expressed as the mean + standard deviation of three different experiments.

Sample ICso (ug/mL)
SI
RAW264.7 MCE-7

TAM-PrGr 300.20+4.37 150.00+7.31 2.00
TAM-OxGr 209.33+7.10 105.20+6.55 1.99
TAM-GrU 264.63+5.80 80.22+6.52 3.30
TAM-GrG 223.73+4.40 74.49+4.17 3.00
TAM-GrF 349.50+4.90 71.96+1.20 4.86
TAM-GrMa 303.63+£5.43 346.00+6.72 0.88
TAM-GrGW 405.70+8.03 340.10+ 6.29 1.19
TAM-GrFW 375.73+4.79 360.10£7.15 1.04
TAM-GrSW 253.07+£3.64 282.1045.75 0.90
TAM-GrGlyW 374.00+5.23 381.20+4.41 0.98
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Table 4.11: ICso values of PrGr, OxGr, and TAM-loaded DES-functionalized Gr
samples on AGS and RAW264.7 cell lines, and also their selectivity index. Values are

expressed as the mean + standard deviation of three different experiments.

Sample ICs0 (ng/mL)
SI

RAW264.7 AGS
TAM-PrGr 300.20+4.37 170.01£6.91 1.77
TAM-OxGr 209.33+7.10 75.31£2.71 2.78
TAM-GrU 264.63+5.80 158.93+8.32 1.67
TAM-GrG 223.73+4.40 132.31+4.71 1.69
TAM-GrF 349.50+4.90 157.58+6.30 2.22
TAM-GrMa 303.63+5.43 201.47+7.11 1.51
TAM-GrGW 405.70+8.03 187.00+3.57 2.17
TAM-GrFW 375.73+4.79 187.37+5.12 2.01
TAM-GrSW 253.07+3.64 197.32+7.62 1.28
TAM-GrGlyW 374.00+5.23 193.66+3.79 1.93
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Noteworthy, the toxicity of these TAM-loaded Gr samples was significantly higher in
comparison to the drug-free DES-functionalized Gr. This indicates that the lethal
interaction between graphene and cells significantly increased by loading TAM on the
Gr. The toxicity level significantly increased after TAM loading on the GrGW, GrFW,
GrGlyW and GrMa for both MCF-7 and AGS cell lines. Particularly, for the case of MCF-
7 cells, TAM-GrGW and TAM-GrMa resulted in ICso of 340.10 ug/mL and 346.00
ng/mkL, respectively (Table 4.10), which were more toxic than free-loaded GrGW (ICso
of 442.40 pg/mL) and free-loaded GrMa (ICso of 454.30 pg/mL). The same trend was
observed on the AGS cell line as TAM-GrGW and TAM-GrMa possessed lower 1Cso
(i.e., 187.00 pg/mL and 201.47 pg/mL, respectively) compared to GrGW and GrMa (i.e.,

218.15 pg/mL and 273.67 pg/mL, respectively).

These results are in accordance with the previous studies (Abbasalipourkabir et al., 2016;
Fontana et al., 2005; Li et al., 2012) where the toxicity of TAM-loaded nano-carrier,
namely solid lipid nanoparticles and poly(amidoamine) dendrimers-based nano-carriers
against cancerous cells significantly increased as compared to the drug free-nano-carriers.
The TAM-loaded nano-carriers possessed more detrimental effect against MCF-7 cells in
comparison to their toxicity effect on another human breast cancer cell line, MDA-
MB231 cells. For example, TAM-loaded solid lipid nanoparticles exhibited ICso of 11.78
ug/mL on MCF-7 cells, while the 1Cso for MDA-MB231 cells was 15.80 pg/mL
(Abbasalipourkabir et al., 2012). This implies that the toxicity of TAM-loaded
nanoparticles was dependent on the type of cancerous cells tested. The increase in the

toxicity of TAM was likely due to the enhanced drug release and drug internalization by
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the nano-carriers in which upsurge the drug efficacy (Serpe et al., 2004; Yuan et al.,

2008).

The SI of DES-functionalized Gr for MCF-7 was higher than that of PrGr (2.00) and
OxGr (1.99). TAM-GrF was the most selective drug vehicle for MCF-7 cells, having a SI
of 4.86, followed by TAM-GrU (3.30) and TAM-GrG (3.00). By contrast, in general,
TAM-loaded DES-functionalized Grs exhibited lower selectivity for AGS cells than
MCF-7 cells. With regard to AGS cells, TAM-GrF was the most selective DES-
functionalized Gr, having SI value of 2.22, followed by TAM-GrG (1.69), TAM-GrU
(1.67), and TAM-GrMa (1.51) (Table 4.9). Of all tested samples, TAM-OxGr exhibited
the most selective activity against AGS, with a SI value of 2.78, followed by TAM-GrF
(2.22). Although TAM-OxGr showed higher selectivity against AGS, its toxicity towards
RAW?264.7 cells is considerable. Such high toxicity against macrophages is undesirable
for anti-cancer drugs, as it may cause deterioration of the patient’s defense system.
Therefore, TAM-GrF is the most appropriate potential carrier for TAM as it has only mild
cytotoxicity against macrophages. Moreover, the SI values obtained for TAM-loaded
DES-functionalized Gr were considerably higher than those of other synthetic anti-cancer
drugs such as alisiaquinol, 4-hydroxy tamoxifen, piperidinyl-diethylstilbestrol, and
pyrrolidinyl-diethylstilbestrol, which were all reported to have SI values < 2.00 (Badisa

et al., 2009; Desoubzdanne et al., 2008).

To further elucidate the anti-cancer mechanisms of TAM-loaded Grs, ROS and cell cycle
analyses were conducted at the ICso concentration to provide a better reflection on cell

death mechanisms, as 50% of cells are inhibited at this concentration.
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4.4.1.2 DOX-loaded graphene

Following DOX loading, DOX-loaded Gr samples exhibited lethal impact against
all types of cancer cells. Unlike TAM-loaded Gr, the DOX-loaded Gr especially for DES-
functionalized Gr samples, possessed higher toxicity against MCF-7 cells compared to
AGS and RAW264.7 cells (Figure 4.17). DOX-GrF resulted in the lowest ICso especially
on MCF-7 cell line (i.e., ICso of 24.44), followed by the sequence: DOX-GrG (ICso of
26.14 pg/mL) < DOX-OxGr (ICso of 26.49 ng/mL) < DOX-GrU (ICso of 26.83 ng/mL)
(Table 4.12). On the other hand, DOX-OxGr displayed the lowest ICso towards AGS cells
(ICs0 0of 71.19 pg/mL), followed by DOX-GrG (ICso of 122.31 pg/mL) and DOX-GrGW
(ICso of 137.71 pg/mL) (Table 4.13). The same trend was observed on RAW264.7 cell
line which DOX-OxGr (ICso of 130.8 pg/mL) resulted in the lowest ICso compared to
DOX-GrG (ICso of 156.57 pg/mL) < DOX-GrU (ICso of 191.93 pg/mL) < DOX-GrSW
(ICs0 of 234.87 pg/mL). The combined cytotoxic effect of OxGr and DOX was highly
toxic toward both cells. Unlike DOX loaded-DES functionalized Gr, the high cytotoxicity
of DOX-OxGr against macrophages cells (i.e., RAW264.7 cells) is somehow unfavorable

for the drug delivery system.

As compared to free-loaded Gr samples, the toxicity of DES-functionalized Gr for both
cancerous cells (i.e., MCF-7 and AGS cells) significantly increased following the DOX
loading onto the Gr, especially for the case of GrGW, GrMa, GrFW, and GrGlyW. For
instance, DOX-GrGW exhibited ICso of 92.35ug/mL and 137.17 pg/mL on MCF-7 and
AGS cells, respectively, which was more toxic than free-loaded GrGW (MCF-7: 442.40
pg/mL, AGS: 218.15 pg/mL). Conversely, DOX-GrMa resulted in ICso of 124.27 pg/mL

and 159.36 pg/mL against MCF-7 and AGS cells, respectively, while free-loaded GrMa
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had ICso of 454.30 pg/mL and 273.67 pg/mL on MCF-7 and AGS cells, respectively. In
comparison with other graphene-based DOX carriers, multifunctional graphene oxide
drug carriers named GO/PEI.Ac-FI-PEG-LA at various concentration (0.5 uM, 1 uM, 2
uM and 4 uM) exhibited higher cell inhibition than free-loaded Gr (i.e., approximately
50% inhibition) (Lv et al., 2016). This higher toxicity of DOX-loaded Gr as compared to
free-loaded Gr indicates that the lethal interaction between graphene and cells was
significantly increased when DOX was loaded onto graphene which is in accordance with
previous studies with other nano-delivery systems (Ashley et al.,2011; Deepa et al., 2014;
Hekmat et al., 2012; Oktay et al., 2013; Park et al., 2009). The toxicity of DOX-loaded
nano-carriers, such as PEGylated poly(lactic-co-glycolic acid) nano-carrier, nanoporous
silica particles, silver nanoparticles, and liposomes against cancerous cells considerably
increased as compared to the drug free-nano-carriers (Ashley et al., 2011; Deepa et al.,
2014; Hekmat et al., 2012; Oktay et al., 2013; Park et al., 2009). The DOX encapsulated
within nano-carrier systems were efficiently released at the targeted cancer cells due to
their distinctive tiny size (Oktay et al., 2013). However, DOX-loaded nanoparticles
caused lower cytotoxcitiy against 9L gliosarcoma cells (GS-9L) as compared to other
types of glioblastoma (i.e., F-98 and RG-2 cells) (Sanchez De Juan et al., 2006). This
indicates that the DOX-loaded nanoparticles have different toxicity effects on different

types of cancerous cells.

On the selectivity of the DOX-loaded Gr against cancer cells, DOX-GrF counted the
highest selectivity index against MCF-7 cells with 11.01, followed by PrGr (7.81), GrU
(7.15) and GrSW (6.88) (Table 4.12). As for the selectivity index against AGS cells,

DOX-GrGW was the most selective with 2.86, followed by DOX-GrMa (2.16) and DOX-
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GrGlyW (2.12) (Table 4.13). DOX-loaded DES-functionalized Gr exhibited lower SI
against AGS cells as compared to their selectivity against MCF-7 cell line. Nevertheless,
these levels of selectivity are considered to be significantly higher as compared to other
synthetic anti-cancer drugs such as piperidinyl-diethylstilbestrol, pyrrolidinyl-
diethylstilbestrol, alisiaquinol and 4-hydroxy tamoxifen, which were reported to possess

a selectivity index < 2.00 (Badisa et al., 2009; Desoubzdanne et al., 2008).

The ROS and cell cycle analysis assays were conducted at the ICso of all Gr samples to
further elucidate the anti-cancer mechanisms after exposure to the DOX-loaded Gr. The
use of ICso concentration may give better reflection on the cell death mechanisms as 50%

of the cells are inhibited at this concentration.
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Figure 4.17: 1Cso values of DOX-loaded PrGr, OxGr and DES-functionalized Grs on
MCF-7, AGS and RAW264.7 cell lines.
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Table 4.12: 1Cso values of DOX-loaded PrGr, OxGr and DES-functionalized Gr samples
on MCF-7 and RAW264.7 cell lines, and also their selectivity index. Values are

expressed as the mean + standard deviation of three different experiments.

Sample ICso (ug/mL)
SI
RAW264.7 MCF-7

DOX-PrGr 291.00+8.39 37.26+4.33 7.81
DOX-0OxGr 130.8+4.81 26.49+4.29 4.94
DOX-GrU 191.93£3.55 26.83+£5.34 7.15
DOX-GrG 156.57+4.86 26.14+5.52 5.99
DOX-GrF 269.13+4.91 24.44+3.93 11.01
DOX-GrMa 343.97+9.32 124.27+£7.17 2.77
DOX-GrGW 391.9+£3.43 92.35+6.93 4.24
DOX-GrFW 315.03+£5.96 89.70+6.97 3.51
DOX-GrSW 234.87+£10.34 34.15+4.82 6.88
DOX-GrGlyW 332.63+4.95 61.46+5.80 5.41
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Table 4.13: 1Cso values of DOX-loaded PrGr, OxGr and DES-functionalized Gr samples

on AGS and RAW264.7 cell lines, and also their selectivity index. Values are expressed

as the mean =+ standard deviation of three different experiments.

Sample ICso (ug/mL)
SI
RAW264.7 AGS

DOX-PrGr 291.00+8.39 159.97+7.10 1.82
DOX-0OxGr 130.8+4.81 71.19£1.53 1.84
DOX-GrU 191.93£3.55 152.73+6.20 1.26
DOX-GrG 156.57+4.86 122.31+4.71 1.28
DOX-GrF 269.13+4.91 151.09+7.21 1.78
DOX-GrMa 343.97+9.32 159.36+6.32 2.16
DOX-GrGW 391.9+£3.43 137.17+5.13 2.86
DOX-GrFW 315.03+5.96 159.57+£3.39 1.97
DOX-GrSW 234.87£10.34 150.76+6.95 1.56
DOX-GrGlyW 332.63+4.95 156.57+2.13 2.12
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4.4.2 Reactive oxygen species generation
4.4.2.1 TAM-loaded graphene

Cellular oxidative stress occurs due to excessive production of free radicals,
especially reactive oxidative species (ROS), which leads to cellular macromolecular
damage (Ray et al., 2012). Stimulating the generation of ROS has become one of the most
promising strategies for exterminating cancerous cells in the human body. TAM has been
reported to generate a gradual and sustained increase of intracellular ROS, thereby
mediating the occurrence of apoptosis (Ferlini et al., 1998). TAM-stimulated ROS 1is
generated through the increase of intracellular Ca*?, which activates NAD(P)H oxidase
(an oxidant enzyme) (Lee et al., 2000). Overall, TAM-loaded PrGr, OxGr, and DES-
functionalized Grs increased ROS generation over that of untreated AGS and MCF-7 cells

(Appendix D: Figure 1D-2D).

In particular, ROS generation increased significantly after treatment with TAM-loaded
DES-functionalized Gr for both MCF-7 and AGS cells (Figures 4.18 and 4.19). This
indicates that, as with PrGr and OxGr, TAM-loaded DES-functionalized Gr retained the
capacity for TAM-induced ROS generation. This is in agreement with TAM-loaded
chitosan-coated silver nano-carriers, which also retained the ROS generation behavior of
TAM (Varadharajaperumal et al., 2017). Although the Gr samples did not significantly
differ, TAM-GrGW, TAM-GrG, TAM-GrF, and TAM-GrU led to the highest ROS
generation with more than 90% of cells containing ROS in both MCF-7 (Figure 4.18) and
AGS cells (Figure 4.19). This is in a good agreement with the cell viability results where
the same four samples resulted in the most acute toxicity against AGS and MCF-7 cells.

In contrast with unloaded Gr, TAM-loaded Gr generated considerably more ROS than
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the unloaded Gr, particularly for the case of PrGr and OxGr, which induced ROS in less

than 88% of cells for both MCF-7 and AGS cells.

TAM-GrGW exhibited the highest level of ROS generation on both MCF-7 (99.2%) and
also AGS cells (99.4%). In MCF-7 cells, the most significant increase in ROS generation
was between TAM-GrGW (99.2%) and unloaded GrGW (74.1%). Meanwhile, in AGS
cells, the greatest increase was for TAM-GrMa (79.0%) relative to unloaded GrMa
(60.3%). The induction of ROS by TAM-Gr was also significantly higher than those of
unloaded Gr from various graphene-based compounds such as graphene oxide,
aggregated graphene, nitric oxide-functionalized graphene, and oxygenated graphene
(Matesanz et al., 2013; Sasidharan et al., 2011; Sasidharan et al., 2012; Yang et al.,
2013b). These results support that TAM loading has a major influence on intracellular

ROS generation.
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Figure 4.18: ROS generation of (a) untreated MCF-7 cells and MCF-7 cells treated with
TAM-loaded (b) GrF, (c) GrMa, (d) OxGr, and (e) GrGW. Values indicates the
percentages of cells generated ROS (by the fluorescence intensity) in the gated area.

Shown are representative data of three independent experiments.
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Figure 4.19: ROS generation of (a) untreated AGS cells and AGS cells treated with
TAM- loaded (b) GrG, (c) GrU, (d) OxGr, and (¢) GrGW. Values indicates the
percentages of cells generated ROS (by the fluorescence intensity) in the gated area.

Shown are representative data of three independent experiments.
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4.4.2.2 DOX-loaded graphene

One of the cell death mechanisms caused by DOX involves the generation of
ROS, which may lead to cellular oxidative damage (Kim et al., 2006; Lau et al., 2008;
Minotti et al., 2004). Previous studies (Gutierrez, 2000; Shadle et al., 2000) de-convoluted
several mechanisms of DOX-mediated ROS stimulation, including one that involves an
enzymatic pathway that is coupled with the mitochondrial respiratory chain and also a
non-enzymatic mechanism that used iron. Several enzymes, namely NAD(P)H
dehydrogenase, cytochrome p450 and nitric oxide synthase, have been speculated to
initiate metabolic oxidation via the reductive effect of DOX (Childs et al., 2002;
Doroshow & Davies, 1986). In addition, DOX also may induce release of calcium from
internal stores, thereby stimulating the ROS and interrupting of cellular redox balance

(Kim et al., 2006).

Figure 4.20 demonstrates that the peaks shift to the right (i.e., greater fluorescence
intensity), indicating an increase of ROS generation by all DOX-loaded Gr samples as
compared to untreated cells. However, there was insignificant difference among the
DOX-loaded Gr samples in which the ROS generation was higher than 90% for both
MCF-7 and AGS cells (Appendix D: Figure 3D-4D). This indicates that the Gr samples
were able to retain one of the DOX anti-cancer properties (i.e., ROS generation). This is
in accordance with poly(y-benzyl-.-glutamate)-block-hyaluronan (PBLG-b-HY A)-based
polymersomes and PEG-poly(lactic-co-glycolic acid)-based copolymeric nano-carrier,
which also retained the ROS generation behavior of DOX (Li et al., 2017; Upadhyay et

al., 2010).
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DOX-GrF possessed the highest level of ROS generation (99.7%) on MCF-7 cells,
followed by DOX-GrGlyW (99.5%), DOX-GrFW (99.5%), DOX-GrG (99.5%), and
DOX-0OxGr (99.5%) (Figure 4.20). In contrast, in AGS cells, DOX-GrGW and DOX-
GrFW led to the highest ROS generation with 99.8%, followed by DOX-GrG (99.7%)
and DOX-GrF (99.2%) (Figure 4.21). DOX-loaded Gr also exhibited higher ROS
generation as compared to free-loaded Gr in which ROS level was averagely less than
90% for MCF-7 and also AGS cells. For instance, DOX-GrG showed significantly higher
ROS production (i.e., >99.0%) as compared to unloaded GrG in both MCF-7 (74.1%) and
AGS cells (71.0%). These levels of ROS generation were significantly higher as
compared to unloaded graphene samples from various graphene-based compounds such
as oxygenated graphene, aggregated graphene, graphene oxide, and nitric oxide-
functionalized graphene (Matesanz et al., 2013; Sasidharan et al., 2011; Sasidharan et al.,
2012; Yang et al., 2013b). This indicates that loading of DOX onto graphene increased

intracellular ROS generation.

The ROS stimulation through DES-functionalized Grs is also aligned with the cell
viability analysis, where DOX-loaded GrF led to the highest destructive impact on MCF-
7 cells in comparison to other DOX-loaded Gr samples. This confirms the significant role
of DOX-induced ROS generation in cancer cell death, which is in agreement with
previous studies (Dietze et al., 2001; Matés & Sanchez-Jiménez, 2000; Minotti et al.,
2004; Wiseman & Halliwell, 1996) regarding the critical role of ROS in anti-cancer
activities toward various cancerous cells. For instance, Tsang et al. (2003) found that
increased intracellular ROS generation, namely superoxide and hydrogen peroxide,

resulted in cell death of the human osteosarcoma cell line (Saos-2).
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Figure 4.20: ROS generation of (a) untreated MCF-7 cells and MCF-7 treated with
DOX-loaded (b) PrGr, (c) OxGr, (d) GrSW, (e) GrGlyW, and (f) GrF. Values indicates
the percentages of cells generated ROS (by the fluorescence intensity) in the gated area

Shown are representative data of three independent experiments.
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Figure 4.21: ROS generation of (a) untreated AGS cells and AGS cells treated with
DOX-loaded (b) GrU, (c) GrG, (d) GrGW, (e) GrF and (f) GrFW. Values indicates the
percentages of cells generated ROS (by the fluorescence intensity) in the gated area.

Shown are representative data of three independent experiments.

4.4.3 Cell cycle disruption
4.4.3.1 TAM-loaded graphene

One of the strategies used for developing anti-cancer agents is modulating
progression of the cell cycle. Tamoxifen-induced cell cycle disruption is one of the most
effective protocols to prevent the progression of cancer cells, as tamoxifen is able to
acutely inhibit the proliferation of cancerous cells (Buzdar et al., 2006; Mao et al., 2009;
Sutherland et al., 1983; Yaacob et al., 2015). The impact of TAM-loaded Gr on the cell
cycle phases of cancerous cells was examined by flow cytometric analysis with propidium
iodide staining. Overall, the results verified that TAM-loaded PrGr, OxGr, and DES-
functionalized Gr disrupted cell cycle progression in both AGS and MCF-7 cell lines

(Appendix E: Figure 1E-2E).

129



Untreated MCF-7 cells (a control) have cell population proportions of 46.8% at GO/G1
phase, 26.6% at S phase, and 26.6% at G2/M phase (Figure 4.22). After treatment with
TAM-GrU, TAM-GrG, or TAM-GrF, MCF-7 cell progression was arrested at GO/G1
phase (> 68% of cells), which consequently impeded cell cycle progression. On the other
hand, TAM-PrGr, TAM-OxGr, TAM-GrMa, and TAM-GrGW mildly disrupted the cell
cycle progression at GO/G1 phase with >44% of the cell population. In AGS cells,
untreated cells had a distribution of 52.1% of the cell population at GO/G1 phase, 26.9%
at S phase, and 21.0% at G2/M phase (Figure 4.23). Unlike MCF-7, treatment with TAM-
loaded GrU, GrG, GrF, and GrGW disrupted the cycle of AGS cells at the S and G2/M
phases (Figure 4.23). For example, significant cell arrest at S phase and G2/M phase was
observed with TAM-GrG, with 30.9% of the cell population at S phase and 28.2% at

G2/M phase, and subsequently impeded cell cycle progression.

Drug-induced DNA damage is believed to predominantly occur at the G2/M phase
(DiPaola, 2002); cell arrest at the G2/M checkpoint may cause cancer cells to undergo
apoptosis, and subsequently increase the destructive effects. These findings are in
accordance with previous studies (Ling et al., 1996; Potter et al., 2002; Wu et al., 2008)
carried out in various types of cancer cell lines. The results also demonstrated a good
relationship between ROS and cell cycle mechanisms, where the increase of intracellular
ROS generation by TAM-loaded Gr led to the inhibition of cell cycle proliferation. As
reported previously (Ferlini et al., 1999; Kumar et al., 2013; Lau et al., 2008), high levels
of ROS can cause cell cycle disruption and apoptosis, especially in the case of TAM-

mediated cell death.
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Figure 4.22: Cell cycle comparison of the (a) untreated MCF-7 cell line and MCF-7
cells treated with TAM-loaded (b) GrU, (¢) GrG, (d) GrF, and (e) GrGW. Cells were
harvested after 24 h, fixed and stained with PI to detect DNA contents. Values represent
the percentages of viable cells at GO/G1, S or G2/M phases. Shown are representative

data of three independent experiments.
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Figure 4.23: Cell cycle comparison of the (a) untreated AGS cell line and AGS cells
treated with TAM-loaded (b) GrU, (c) GrG, (d) GrF, and (e) GrGW. Cells were
harvested after 24 h, fixed and stained with PI to detect DNA contents. Values represent
the percentages of viable cells at GO/G1, S or G2/M phases. Shown are representative

data of three independent experiments.
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4.4.3.2 DOX-loaded graphene

Doxorubicin-induced cell cycle disruption is one of the most effective ways to
tackle the progression of cancer cells. Several studies highlighted that DOX may target
multiple molecular mechanisms to disrupt cell cycle progression (Ashley & Poulton,
2009; Chen et al., 2011a; Hilmer et al., 2004; Oktay et al., 2013). One of the examples,
DOX induces the activation of numerous molecular signals via activated protein kinase
(AMPK), in which triggering a series of apoptosis pathways and disrupting cell cycle
progression (Jones et al., 2005; Okoshi et al., 2008; Xiang et al., 2004). Therefore,
propidium iodide staining and flow cytometry analysis of the treated MCF-7 and AGS
cells were conducted to elucidate the impact of DOX-loaded Gr on cell cycle phases. The
result exhibits that DOX-loaded Gr (i.e., PrGr, OxGr, and DOX-loaded DES-
functionalized Gr) disrupted cell cycle progression in both MCF-7 and AGS cells

(Appendix E: Figure 3E-4E).

Untreated MCF-7 cells (as a control) had 55.4% of its cell population at GO/G1 phase,
23.4% at S phase, and 20.3% at G2/M phase (Figure 4.24). On the other hand, untreated
AGS cells have cell population proportions of 51.9% in GO/G1 phase, 23.9% in S phase,
and 24.2% in G2/M phase (Figure 4.25). The DOX-loaded PrGr, OxGr, and DES-
functionalized Gr led to the cells arrest at S phase and G2/M phase (i.e., increased the
number of cells at S phase and G2/M phase), and consequently impeded cell cycle
progression in both MCF-7 and AGS cells. This indicates that DOX-loaded Grs were
effective in disrupting the cell cycle of cancerous cells and therefore eventually cause cell

death.
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In MCF-7 cell line, significant cell arrest at S phase and G2/M phase was observed with
DOX-GrGlyW, with 40% of the cell population at S phase and 28.4% at G2/M phase, as
compared to untreated MCF-7 cells (i.e., S phase: 23.4% and G2/M phase: 20.3% of the
cell population). Meanwhile, DOX-GrFW considerably disrupted the cell cycle
progression of AGS cells at S phase and G2/M phase, with 42.4% and 26.8% of the cell
population at S phase and G2/M phase, respectively, as compared to untreated AGS cells
(i.e., S phase: 23.9% and G2/M phase: 24.2% of the cell population). The increase in the
number of cell population at S phase and G2/M phase hindered the progression of the
cells into the GO/G1 phase. This led to a significant decrease in the number of cells at
GO0/G1 phase in both MCF-7 and AGS cells after treatment with DOX-GrGlyW and

DOX-GrFW.

In comparison to unloaded DES-functionalized Gr samples, the impact of DOX-loaded
DES-functionalized Grs on the cell cycle proliferation was more acute. The cell cycle
proliferation of unloaded Gr was arrested at GO/G1 phase, while the cell cycle disruption
by DOX-loaded Gr was significantly occurred at G2/M phase. As shown in Figure 4.26,
the G2 checkpoint permits the cells to repair DNA damage before proceeding into the
mitosis phase. The significant amount of DNA damage that occurs in the cells may lead
to a higher number of cells arrested at G2/M phase. DOX-induced DNA damage is
believed to predominantly occur at the G2/M phase (DiPaola, 2002). Cell arrest at the
G2/M checkpoint may cause cancer cells to undergo apoptosis and subsequently increase
the destructive effects. This incident is in accordance with previous studies (Ling et al.,
1996; Potter et al., 2002) of various types of cancer cell lines. An obvious relationship

between ROS and cell cycle mechanisms was observed in which the increase of
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intracellular ROS by DOX-loaded Gr led to disruption of cell cycle progression. As
studied previously (Kurz et al., 2004; Lau et al., 2008; Oktay et al., 2013), high level of

ROS can cause cell cycle arrest and apoptosis, especially for DOX-mediated cell death.
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Figure 4.24: Cell cycle comparison of the (a) untreated MCF-7 cells and MCF-7 cells
treated with DOX-loaded (b) PrGr, (¢) OxGr, (d) GrSW, (e) GrGlyW, and (f) GrGW.
Cells were harvested after 24 h, fixed and stained with PI to detect DNA contents.

Values represent the percentages of viable cells at GO/G1, S or G2/M phases. Shown are

representative data of three independent experiments.
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Figure 4.25: Cell cycle comparison of the (a) untreated AGS cell line and AGS cells

treated with DOX-loaded (b) GrG, (c) GrGW, (d) GrF and (e) GrFW. Cells were

harvested after 24 h, fixed and stained with PI to detect DNA contents. Values represent

the percentages of viable cells at GO/G1, S or G2/M phases. Shown are representative

data of three independent experiments.

Figure 4.26: Diagrammatic of cell cycle phases
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4.4.4 Cellular Kkinetic responses

4.4.4.1 TAM-loaded graphene

Changes in electrical impedance caused by viable cells were determined using
xCELLigence RTCA. Impedance measurements were converted into the unitless
parameter cell index (CI), which reflects the quantitative measurements of cell number,
degree of cell adhesion, cell viability, and cell morphology. The changes in CI caused by
TAM (25 pg/mL) and by TAM-loaded PrGr, OxGr, and DES-functionalized Gr (100
pug/mL) across 96 h are presented in Figure 4.27 and Figure 4.28. The TAM-loaded Gr
had more lethal impact on AGS cells as compared to MCF-7 cells. The pure TAM (i.e.,
without loading) (25 pg/mL) exhibited the most acute inhibition of MCF-7 and AGS cell
growth, with CI less than 4 and 1, respectively, for the entire 96 h. This response
resembled the real-time cytotoxic profiles demonstrated by other chemotherapeutic drugs
(e.g. methyl methanesulfonate and camptothecin) against various cancerous cells (Duerr
et al., 2012; Xavier et al., 2018; Zhou et al., 2018). Such high toxicity in intracellular
system is undesirable for chemotherapeutic drugs, as it may also cause detrimental impact
on non-cancerous cells. It has been suggested that incorporation of TAM in nano-carriers
could prevent or reduce such side effects due to that the destructive impact by TAM-
loaded carriers is not sudden (i.e., gradual damage) (Khuroo et al., 2014; Tagne et al.,

2008).
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Figure 4.27: Cellular kinetic responses of TAM-loaded PrGr, OxGr and DES-
functionalized Grs on MCF-7 cells. All graphene samples were tested at concentration

100 pg/ml and TAM was tested at 25 ug/ml on MCF-7 cell line.
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Figure 4.28: Cellular kinetic responses of TAM-loaded PrGr, OxGr and DES-
functionalized Grs on AGS cells. All graphene samples were tested at concentration 100

pg/ml and TAM was tested at 25 pg/ml on AGS cell line.
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All types of TAM-loaded Gr (i.e., TAM-PrGr, TAM-OxGr, and TAM-loaded DES-
functionalized Gr) caused significant decrease in cell viability over time (CI < 7.7)
relative to untreated MCF-7 cells (CI > 8.5). Likewise, a significant reduction was
recorded for AGS cell viability over time after treating with TAM-loaded Gr (CI <3.0),
relative to untreated AGS cells (CI > 4.0). The significant toxicity for TAM-loaded Gr
could be ascribed to the anti-cancer attribute of the TAM, resulting from either the
efficient delivery of TAM or the synergistic cytotoxicity effect of TAM and graphene
against cancerous cells. This is in accordance to the previous study on the effects of solid
lipid nanoparticles (SPNs) and TAM-loaded SPNs towards MCF-7 and MDA-MB231
cells, in which the cytotoxic-combination of TAM and SPNs caused higher inhibition on

the proliferation of cancerous cells (Abbasalipourkabir et al., 2016).

Inhibition of cell proliferation by TAM-loaded DES-functionalized Gr started at 24 h in
both MCF-7 and AGS cells, and cell growth was continuously constrained through 96 h.
However, in contrast with most types of TAM-loaded DES-functionalized Grs,
significant cell inhibition was observed for TAM-GrMa only after 60 h of incubation,
with consequent slowing of MCF-7 cell proliferation through the remaining period.
Meanwhile, TAM-GrF caused the most significant reduction in CI (MCF-7: CI <5.0 and
AGS: CI < 1.0) out of all TAM-loaded Grs. This is in agreement with MTT cell viability
results for MCF-7 and AGS cells, in which TAM-GrF exhibited the highest toxicity as
compared to other TAM-loaded DES-functionalized Grs. As discussed previously in
Section 4.4.2.1, TAM-GrF led to high ROS generation (> 90.0%) in both MCF-7 and
AGS cells, and also caused cell cycle disruption in the GO/G1 phase, which eventually

encumbered the cell progression into S, G2/M, and mitosis phases (i.e., cytostatic effect).
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This finding corresponded with those of previous studies (Chou et al., 2010; Tekin &
Ozturk, 2017), which reported similar inhibition and cell cycle arrest of MCF-7 cells after
treatment with the anti-oxidant drug quercetin. The high production of ROS and acute
cell cycle disruption caused by TAM-GrF are likely primary reasons for the significant

reduction in cell viability observed over 96 h.

A comparison between binary and ternary DES system, TAM-GrG and TAM-GrF
indicated a higher inhibition of cell proliferation than their ternary TAM-GrGW and
TAM-GrFW in both MCF-7 (Figure 4.27) and AGS cells (Figure 4.28). Although TAM-
GrGW and TAM-GrFW had acute inhibition at 24 h however, after 30 h, the cell growth
recovered back to normal cell proliferation. This is in agreement with MTT cell viability
results, in which TAM-GrG and TAM-GrF exhibited higher toxicity (i.e., lower ICso) as
compared to TAM-GrGW and TAM-GrFW in both MCF-7 and AGS cells. For instance,
in the case of MCF-7 cells, TAM-GrG and TAM-GrF showed significantly lower I1Cso
with 74.49 pg/mL and 71.96 pg/mL, respectively, as compared to TAM-GrGW (340.10
pg/mL) and TAM-GrFW (360.10 pg/mL). Likewise, TAM-GrG (132.31 pg/mL) and
TAM-GrF (157.58 pg/mL) possessed lower ICso than TAM-GrGW (187.00 pg/mL) and

TAM-GrFW (187.37 ng/mL) on AGS cell line.

Kinetics study was carried out on both MCF-7 and AGS cells by fitting their cell growth
data to zero order, 1% order, and 2™ order models. As shown in Table 4.14, the untreated
MCF-7 cells (i.e., control) fitted well to zero-order model (R?=0.948) followed by 1*
order model (R?=0.705), and 2" order model (R?>=0.134). In the case of AGS cells (Table

4.15), the untreated cells fitted well in both zero-order model (R?=0.954) and 1°! order
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model (R?>=0.946), while it was not fitted in the 2" order model (R?>=0.321). This trend is
typically a mammalian cell growth profile (Lobo & Balthasar, 2002; Sukumaran et al.,
2015). However, the fitting for cells treated with TAM was very low for all kinetic
models, with R? values less than 0.026 in both MCF-7 and AGS cells. This indicates the
acute toxicity of TAM towards cancerous cells, which considerably disrupted the zero

and 1% order kinetic growth models.

Notably, the highest growth rate constants were obtained for untreated MCF-7 cells using
zero and 1 order models, with values of 1.052 x 10! CI h! and 0.302 x 107" h”,
respectively (Table 4.14). Meanwhile, untreated AGS cells demonstrated the highest
growth rate constants with values of 0.435 x 10°! CI h'! (zero-order model) and 0.326 x
10" h'! (1% order model) in comparison to treated AGS cells (Table 4.15). These constants
decreased after treatment with TAM-loaded Gr due to the inhibition of MCF-7 and AGS
cells by TAM, which altered the cell growth curve and subsequently caused deceleration
of the growth rate over time. This result clearly proved that the loading of TAM on Gr

had a major inhibitory influence on the growth rate of cancerous cells.

In the zero-order model, the lowest growth rate constant of MCF-7 cells was obtained for
TAM-GrF (0.478 CIh™), followed by TAM-GrG (0.599 CI h'') and TAM-GrU (0.731 CI
h™). A similar trend was observed for the 1% order model, where TAM-GrF exhibited the
lowest growth rate constant (0.228 h'), followed by TAM-GrG (0.230 h'!) and TAM-
GrU (0.258 h!). On the other hand, TAM-GrG possessed the lowest growth rate constant
of AGS cells (0.011 CI h'') in the zero-order model, followed by TAM-GrMa (0.017 CI

h!), and TAM-GrSW (0.022 CI h''). Similar finding was also obtained for the 1% order
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model with the following sequence: TAM-GrG (0.010 h'') < TAM-GrMa (0.040 h'!) <
TAM-GrSW (0.052 h™"). Severe disruption of the cell cycle triggered by a cell-cycle-
specific anti-cancer drug may cause deviation in the cell growth kinetics, hence reducing
the growth rate constant (Keefe et al., 1982; Panetta, 1997). These results attest that TAM-
loaded DES-functionalized Gr possess acute toxicity against MCF-7 and AGS cells, and
their effect on the growth rate was likely due to significant disruption of cell cycle

progression.
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Table 4.14: Growth rate constant of the untreated MCF-7 cells and MCF-7 cells treated

with TAM-loaded Gr.

Samples Zero order First order Second order
Rate constant x 10! Rate constant x 10" Rate constant x 10!
(CIh™ (h'h (CI''hh)
Control 1.052 0.302 0.263
TAM-PrGr  0.837 0.286 0.324
TAM-OxGr  0.839 0.280 0.298
TAM-GrU 0.731 0.258 0.225
TAM-GrG 0.599 0.230 0.204
TAM-GrF 0.478 0.228 0.385
TAM-GrMa 0.786 0.266 0.301
TAM-GrGW  0.759 0.274 0.235
TAM-GrFW  0.869 0.303 0.319
TAM-GrSW  1.008 0.314 0.340
TAM- 0.899 0.272 0.215
GrGlyW

TAM 0.024 0.041 0.232
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Table 4.15: Growth rate constant of the untreated AGS cells and AGS cells treated with

TAM-loaded Gr.

Samples Zero order First order Second order
Rate constant x 107! Rate constant x 10! Rate constant x 10!
(CIh) (h'h (Cr'n'h
Control 0.435 0.326 0.469
TAM-PrGr  0.314 0.288 0.563
TAM-OxGr  0.025 0.070 0.381
TAM-GrU 0.075 0.154 0.662
TAM-GrG 0.011 0.010 0.156
TAM-GrF 0.024 0.549 0.040
TAM-GrMa 0.017 0.040 0.392
TAM-GrGW  0.158 0.225 0.573
TAM-GrFW  0.173 0.229 0.480
TAM-GrSW  0.022 0.052 0.070
TAM- 0.030 0.089 0.059
GrGlyW
TAM 0.010 0.005 0.377
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4.4.4.2 DOX-loaded graphene

In this experiment, the increase in the electrical impedance caused by the viable
cells (untreated and treated cancerous cells) was determined using RTCA. The changes
in CI caused by DOX (25 pg/mL) and DOX-loaded PrGr, OxGr and DES-functionalized
Gr (100 pg/mL) throughout 96 h are presented in Figure 4.29 and Figure 4.30. The results
revealed that, at concentration 25 pg/ml, DOX exhibited the most acute inhibition on the
growth of MCF-7 and AGS cells with CI less than 0.9 over 96 h. The same trend was
observed in TAM (25 pg/mL), and also in previous studies (Duerr et al., 2012; Xavier et
al., 2018; Zhou et al., 2018) against various cancerous cells through other
chemotherapeutic drugs (e.g., camptothecin and methyl methanesulfonate). Such
common detrimental side effect of chemotherapeutic drugs is undesirable as it might also
cause damage on non-targeted normal cells. Therefore, the availability of DOX
incorporated in nano-carries holds the potential of a substantial improvement for targeted
chemotherapy (Chen et al., 2011b; Yoo et al., 2000; Yu et al., 2015). This is due to that
the damaging effect of DOX-loaded nano-carriers is non-excessive and not sudden (Mitra

et al., 2001; Wang et al., 2010).
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Figure 4.29: Cellular kinetic responses of DOX-loaded PrGr, OxGr and DES-

functionalized Grs on MCF-7 cells. All graphene samples were tested at concentration

100 pg/ml and DOX was tested at 25 pg/ml on MCF-7 cell line.
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pg/ml and DOX was tested at 25 pg/ml on AGS cell line.
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DOX-GrGW, DOX-GrFW, and DOX-GrGlyW demonstrated a significant decrease in
cell viability of MCF-7 (CI < 4) (Figure 4.29) and AGS cells (CI < 1) (Figure 4.30) over
time as compared to other DOX-loaded Gr samples. The reduction in CI by DOX-GrGW
and DOX-GrFW also was higher than that of the binary systems (DOX-GrG and DOX-
GrF) on MCF-7 (Figure 4.29) and AGS cells (Figure 4.30). As discussed in the cell cycle
results, DOX-GrGW, DOX-GrFW, and DOX-GrGlyW had cell cycle arrest at S and
G2/M phases on MCF-7 and AGS cells, which may be linked to the observed inhibition
of the cell growth (i.e. cytostatic response). This finding corresponded with previous
studies (Chou et al., 2010; Tekin & Ozturk, 2017), reported the similar inhibition and cell
cycle arrest of cancerous cells proliferation after treatment with anti-oxidant drug

quercetin.

In both MCF-7 and AGS cell lines, the value of CI started to considerably decrease at 40
h incubation when exposed to DOX-loaded DES-functionalized Gr, while the cell
inhibition was observed after 40 h of exposure to DOX-PrGr and DOX-OxGr. The acute
toxicity for DOX-loaded Gr could be ascribed to the co-cytotoxic effects of graphene plus
DOX on MCF-7 and AGS cells. This is in accordance to a previous study on the effects
of superparamagnetic iron oxide nanoparticles (SPION) and mitoxantrone-loaded SPION
towards cancerous cells, in which the cytotoxic-combination of mitoxantrone and SPION
caused higher inhibition on the proliferation of cells (Duerr et al., 2012). This study also
proved that DOX-GrGW and DOX-GrFW showed higher inhibition of cell growth in
both MCF-7 and AGS cells (i.e., MCF-7: CI <4, AGS: CI < 1) as compared to DOX-
GrG and DOX-GrF (i.e., MCF-7: CI < 6.5, AGS: CI < 2). This is in accordance with the

drug loading results where the ternary-DES-functionalized Gr had higher DOX loading
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capacity compared to the binary-DES-functionalized Gr, in which led to the higher

destructive effects against MCF-7 and AGS cells.

Kinetics was carried out on the effect of DOX-loaded Gr towards MCF-7 and AGS cells
by fitting their cell growth data to zero order, 1% order and 2™ order models. Table 4.16
shows that the untreated MCF-7 (i.e. control) followed zero and 1% order model with
correlation coefficient (R?) 0.926 and 0.956, respectively. The untreated MCF-7 cells
showed weak correlation in the 2" order model (R?>=0.394). On the other hand, the
untreated AGS exhibited strong correlation in the zero order model (R?>=0.954) and in the
1t order model (R?=0.946) (Table 4.17). Similar to MCF-7 cells, AGS cells also exhibited
weak correlation in the the 2 order model (R?=0.321). All DOX-loaded Gr samples also
exhibited strong correlation on zero and 1% order models, but weak correlation with the
2" order model, especially on MCF-7 cells. This is typically expected from such
mammalian’s cell growth profile as reported in previous studies (Lobo & Balthasar, 2002;
Sukumaran et al., 2015). However, for the case of DOX, it showed weak correlation on
every kinetic order model with R? value of 0.699, 0.556 and 0.257 for zero, 1% and 2™
order models, respectively. This infers to the acute toxicity of DOX towards MCF-7 and

AGS cells which considerably disrupted the zero and 1% order kinetic growth models.

Table 4.16 also indicates that the untreated MCF-7 cells had the highest growth rate
constant in both zero (1.105 x 107" CI h™') and 1% (0.468 x 10" h™") order models.
Meanwhile, among AGS cells, the untreated AGS cells exhibited the highest growth rate
constant in zero and 1% order models with 0.435 CI h™' and 0.327 h™!, respectively (Table

4.17). However, it can be observed that the growth rate constant of MCF-7 and AGS cells
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was significantly decreased after treatment with DOX-loaded Gr. This is due to the
inhibition effects of the DOX against cancerous cells, which altered the cell growth curve
and subsequently, caused a deceleration in the growth rate over time. This clearly proved
that the DOX loading onto Gr had a major influence in inhibiting the growth rate of

cancerous cells.

In MCF-7 cells, DOX-GrGW displayed the lowest growth rate constants in the zero order
model (i.e., 0.343 CI h'') and the 1% order model (i.e., 0.317 CI1 h!), respectively, followed
by DOX-GrFW (zero order: 0.396 CI h'!, 1t order: 0.325 h!) and DOX-GrGlyW (zero
order: 0.396 CI h!, 1% order: 0.325 h!). The same trend was also observed in AGS cells,
in which DOX-GrGW exhibited the lowest growth rate constant (zero order: 0.010 CI h-
I, 15 order 1: 0.010 h!), followed by the following sequence DOX-GrFW (zero order:
0.031 CI h'!, 1% order: 0.089 h') < DOX-GrGlyW (zero order: 0.029 CI h'!, 1% order:
0.067 h'!). The severe disruption of the cell cycle triggered by cell-cycle-specific anti-
cancer drug may cause a deviation on the cell growth kinetic and hence, reduce the growth
rate constant (Keefe et al., 1982; Panetta, 1997). This attested that the lethal impact of
DOX-GrGW, DOX-GrFW and DOX-GrGlyW on the growth rate of MCF-7 and AGS

cells was likely due to their significant disruption on the cell cycle progression.
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Table 4.16: Growth rate constant of the untreated MCF-7 cells and MCF-7 cells treated

DOX-loaded Gr.

Samples Zero order First order Second order
Rate constant x 107! Rate constant x 107! Rate constant x 10!
(CIhh (hh) (CI''nh
Control 1.105 0.468 0.546
DOX-PrGr  0.825 0.448 0.768
DOX-OxGr  0.588 0.389 0.564
DOX-GrU 0.729 0.414 0.593
DOX-GrG 0.566 0.353 0.666
DOX-GrF 0.569 0.383 0.765
DOX-GrMa 0.626 0.398 0.610
DOX-GrGW 0.343 0.317 0.568
DOX-GrFW  0.396 0.325 0.510
DOX-GrSW  0.755 0.461 0.107
DOX- 0.349 0.324 0.580
GrGlyW
DOX 0.063 0.014 0.043
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Table 4.17: Growth rate constant of the untreated AGS cells and AGS cells treated with

DOX-loaded Gr.

Samples Zero order First order Second order
Rate constant x 107! Rate constant x 107! Rate constant x 10!
(CIhh (hh) (CI''nh
Control 0.435 0.327 0.469
DOX-PrGr  0.248 0.284 0.683
DOX-OxGr 0.011 0.186 0.162
DOX-GrU 0.031 0.087 0.222
DOX-GrG 0.110 0.181 0.534
DOX-GrF 0.135 0.188 0.559
DOX-GrMa  0.045 0.154 0.437
DOX-GrGW 0.010 0.010 0.156
DOX-GrFW  0.031 0.089 0.131
DOX-GrSW  0.065 0.139 0.491
DOX- 0.029 0.067 0.074
GrGlyW
DOX 0.044 0.212 0.135
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CHAPTER 5: CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

Deep eutectic solvents (DESs) are new generation of eutectic mixtures currently
gaining widespread scientific and technological attention as low-cost alternatives for
organic solvents and ILs. These neoteric, green solvents are recognized as less volatile,
thermally stable, highly tunable, biodegradable, less toxic, and lower in preparation cost
as compared to ILs and other conventional solvents. In this study, natural-based DESs
comprises of binary and tertiary DESs, were synthesized and used as functionalizing

agents. The conclusions from the research findings are as follows:

1. Physicochemical characterization analyses indicated the changes on Gr surface
chemistry after DES functionalization as compared to prior functionalization (i.e., PrGr
and OxGr). In FE-SEM, the morphological and textural changes after DES
functionalization were observed, especially in the induction of deformation or restoration
effects by the DES molecules. EDX analysis identified additional surface elements (i.e.,
O, K, Mn, Cl and N) that corroborated completion of the oxidation and DES
functionalization processes. FTIR results also showed the presence of new functional
groups, including oxygen-based and amine-based functional groups on the DES-
functionalized Gr. Raman and XRD analyses ascertained surface modifications of Gr
induced by DES functionalization with a maintained Gr’s structural integrity. The
restacking and exfoliation level of DES-functionalized Gr was greater than that of
unfunctionalized Gr. In addition, BET result also revealed changes in the surface area of

the Gr-structure following the oxidation and DES functionalization processes.
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2. This study also demonstrated that the application of DESs as functionalizing agents
was effective in reducing the cytotoxicity level of Grs, especially for the case of DESs
ChCl:Ma, ChCI:G:W and ChCl:Gly:W. This effectiveness was due to several factors that
resulted in surface modification, including morphology change, exfoliation and re-
stacking effect, and the introduction of additional functional groups. The reduction in the
cytotoxicity level of the DES-functionalized Gr was observed through cell viability, cell

cycle progression, and ROS generation.

3. As for the drug loading capacity, GrMa and GrGW exhibited a significant increment
in EE% and DL% for both TAM and DOX as compared to the unfunctionalized Gr. The
GrMa resulted in the highest EE% and DL% of TAM with 42% and 21.34%, respectively,
followed by GrGW with EE% 34.76% and DL% 17.38%. In contrast, in DOX loading,
GrGW exhibited the highest EE% (56.57%) and DL% (28.28%), followed by GrMa

(EE% 49.80% and DL% 27.83%).

4. The TAM- and DOX-loaded on the DES-functionalized Gr possessed higher toxicity
level against MCF-7 and AGS cell lines in comparison to unloaded Gr samples.
Especially for the case of DOX-GrF (ICs0 24.44) and DOX-GrG (ICso 122.31) on MCF-
7 and AGS cells, respectively. The TAM- and DOX-loaded DES-functionalized Gr also
had destructive effects against cancerous cells through the generation of intracellular ROS
(ROS generation > 90%) and cell cycle disruption (cell arrest at G0/G1 phase or at S and

G2/M phases) phenomena.
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5. The cytotoxicity profile of TAM- and DOX-loaded Gr against cancerous cells was
confirmed by real-time cell growth analysis. The result demonstrated that drug loading
on DES-functionalized Gr more effectively inhibited cancer cell growth than did non-
functionalized Gr, especially for the case of TAM-GrF, TAM-GrG, DOX-GrGW and
DOX-GrFW. The untreated MCF-7 and AGS cells followed zero-order model (R*>> 0.95)
and 1% order model (0.95 > R?>0.71). However, MCF-7 and AGS cells treated with drug-
loaded Gr did not follow any of these kinetic models. This indicates the acute toxicity of
drug-loaded Gr towards cancerous cells, which significantly disrupted the cell growth
kinetic models. Across all tested cellular kinetic models, the most significant reduction in
the growth rate constant of cancerous cells was obtained using graphene functionalized
with DES ChCl:glucose:water (5:2:5) and ChCl:fructose:water (5:2:5), especially for

DOX-GrGW and DOX-GrFW.

Overall, DES-functionalized graphene demonstrated improved anti-cancer activity
compared to non-functionalized graphene. This study supports DESs as potential green
functionalizing agents for nano drug carriers, owing to their lower cytotoxicity, higher

drug loading capacity and better anti-cancer activity.

5.2 Novelties and implications of the study
Some novel findings and implications of this study are addressed as the following:

1. NADESs have successfully been applied as novel functionalizing agents for
graphene. Some surface modifications and structural changes were oberved in the
DES-functionalized Gr. This finding is useful in any applications that require

surface or structural modifications of graphene. This method of functionalization
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can also be extended to other CNMs for numerous applications such as in
electrochemical sensing and removal of toxic compounds in waste water

treatment.

. After DES functionalization, the cytoxicity profile of DES-functionalized Gr was

significantly reduced as compared to the PrGr and OxGr. This finding can be used
to solve the problem of graphene’s toxicity towards human health and
environment which hinders its application. This is the first study on the
cytotoxicity profile improvement of graphene using DESs as functionalizing

agents, and its cellular biological behavior.

. This study confirms that the DES-functionalized Gr possessed high drug loading
capacity for both TAM and DOX. This serves as a useful reference for future
studies in optimizing the yield of TAM/DOX loaded onto DES-functionalized Gr

and also in extending the application to other types of drugs.

. A significant increment in the anti-cancer activities (i.e., cell viability, reactive
oxygen species generation, cell cycle, kinetic cell growth) of the TAM- and DOX-
loaded Gr as compared to unloaded Gr. The significant toxicity for the drug-
loaded Gr could be assigned to the anti-cancer attribute of the drugs, either via the
efficient delivery of TAM/DOX or the synergistic cytotoxicity effect of

TAM/DOX and graphene against cancerous cells.

5.3 Future recommendations

This thesis has provided some promising findings which also further proved that DESs

can be used as effective functionalizing agents for CNMs, owing to their preparation

simplicity and low-cost. Although the results are promising, these are still far from
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clinical applications, with further investigation being needed prior to clinical use. Some

futher studies can be done by the following recommendations:

1. To investigate the nanoscopic properties of DES-functionalized graphene and its

functionality relationship using molecular dynamics simulations.

2. Optimizing the yield of TAM/DOX loaded onto DES-functionalized Gr. This also

can be extended to other anti-cancer drugs.

3. Controlling the kinetics of drug release from DES-functionalized Gr into

cancerous cells.

4. To investigate the cellular uptake and localization of the dox-loaded functional Gr

on cancerous cells.

5. To design specific-task DES-functionalized Gr able to target cancer cells.

6. To load more complex drugs, such as RNA, mRNA, DNA onto DES-

functionalized Grs.

7. To evaluate the efficiency of drug-loaded DES-functionalized Gr in animal

models.
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