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Abstract

Graphene-related materials with tuneable pore sizes in the nanoscale range offer the
potential to address significant challenges in biomolecule separation, controlled delivery of
drugs, selective biosensor, rechargeable batteries, supercapacitors and solar cells. Layered
assemblies of graphene-related sheets with physical and chemical cross-linkers between
the sheets have been recognized as one possible strategy for making such nanoporous
materials. However, current approaches give very limited control over the pore size
distribution, particularly with regards control of the mean pore size and the degree of

spread around it.

This work particularly outlined the design, synthesis and characterization of a
nanoporous layered graphene hydrogel produced via peptide-mediated self-assembly of
reduced graphene oxide (rGO). The peptides have been designed using molecular
dynamics (MD) simulation to self-assemble the rGO sheets with a desired inter-sheet
spacing (pore size). The hydrogel material was synthesized and characterized using a range

of methods to demonstrate the desired pore size is achieved.

In the second body of this work, the rGO binding peptide hydrogel, denoted rGOPH,
showed to be a promising candidate for the controlled delivery of an anti-cancer drug. In
particular, it was shown that the rGOPH has a high doxorubicin (DOX) loading capacity
achieved through physical adsorption within its nanoporous structure. Design of
experiments (DoE) and statistical analysis on different preparation parameters revealed

that pore size and drug loading capacity are tuneable.

In the final part of the work, a desirable pH-dependant drug release properties was
shown by rGOPH nominating such hydrogels as promising candidates for cancer therapy.
In addition, the hydrogel materials exhibited a high biocompatibility to the healthy cells for
their attachments and proliferation. The cytotoxicity of the hydrogel materials

demonstrated to be low.

The work reported in this thesis has provided new computational and experimental
understanding for fabrication of graphene based nano-constructs with tuneable pore size as



well as new methodologies and approaches. Although the focus was only on one designed
peptide, the design and methodologies developed here are quite potent and, therefore, lay
the foundations for fabrication of nanoporous graphene based materials of virtually any
pore size to suit the needs of users in broader applications ( such as nanomedicines,

nanobiotechnology, nanoelectronics, biosensors and biomolecular and nanoparticle
separations).
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Chapter 1: Introduction

1.1 Introduction

Hydrogels are highly cross-linked materials possessing a tri-dimensional (3D) and
flexible structure with hydrophilic and polymeric networks able to hydrate and swell when
they are immersed in aqueous solutions [1]. In fact, each individual building block of
hydrogel might be soluble in aqueous, but their chemical or physical cross-linking avoids
their solubilization. However, water and biological fluids can penetrate through the
hydrogel networks without breaking the strong interactions of polymeric binding structure.
Due to their peculiar features and changes in properties in response to external stimuli (e.g.
solvents, temperature, pH, ionic force, etc.) hydrogels have become the focus of
considerable research interest in pharmaceutical and biological fields. Some examples of
hydrogel usage are contact lenses, membranes for biosensors, reconstruction of cartilages,
artificial tendons, skin, and organs, gene and drug delivery systems [2-9]. A detailed state
of the art on hydrogels, and in particular graphene based hydrogel is presented in Chapter 2
of this thesis. Hydrogels in pharmaceutical applications can be categorized as stable and
degradable ones, with the latter having hydrolytically or enzymatically labile bonding
structure. For drug delivery purposes in particular, breaking these bonds will add more
complexity to the system for which complicated mathematical modeling is required to
interpret the delivery mechanism of the drugs. Thus, hydrogels with stable structures are

the focus of this study.

It is widely known that the traditional hydrogels have been extensively used in
biomedical fields due to their excellent properties. These include biocompatibility, rubber
elasticity, equilibrium swelling, network structure characteristics and environmental
sensitivity. However, traditional hydrogels and aerogels have drawbacks, such as poor
mechanical properties and limited functional properties. Graphene as a planar monolayer
of sp? hybridized carbon atoms, arranged into a two-dimensional (2D) honeycomb lattice,
has attracted immense research interest to improve traditional hydrogels (reference for
graphene hydrogels) due to its outstanding thermal conductivity and mechanical stiffness
(~3,000 W m™* Kt and 1,060 GPa, respectively) [10, 11]. In addition to the stability, the
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surface area and porous structure of the hydrogels [12-14] play key roles in different
applications. Three-dimensional (3D) graphene macrostructures, such as hydrogels [15-
18] and aerogels,[17, 19-21] not only possess the large accessible surface areas from the
graphene nanosheets, but also have highly porous structures with pore sizes ranging from
nanometers to several micrometers, which makes them suitable candidates for drug

delivery to tissue engineering applications.

Three dimensional graphene macrostructures can also be materialized in composite
hydrogels which are stimuli-responsive for example in pH sensitive, electro-responsive,
thermo-sensitive hydrogels. Since Bai et al. [22] reported a pH-sensitive GO/poly(vinyl
alcohol) (PVA) composite hydrogel prepared by a direct mixing method for drug delivery,
some other graphene-based hydrogel materials began to emerge, such as electro-responsive
graphene/poly (methacrylic acid) (PMAA) composite hydrogels [13] and temperature-
sensitive GO/Poly(N-isopropylacrylamide) (PNIPAAmM) nanocomposite hydrogels that all
use graphene derivatives and copolymer cross-linkers. However, graphene hydrogels can
be formed using solely graphene or GO dispersions, but nanosheets are particularly prone
to self-assemble and aggregate. They restack due to strong m—m stacking interactions
between graphene sheet and hydrogen binding between oxygen functionalities,
consequently, deducing its accessible surface area to uptake biomolecules such as drug

molecules.

In order to solve this problem, layer by layer (LBL) assembly of graphene and
graphene oxide (GO) sheets “with” and “without” the presence of spacer has attracted
considerable attention from researchers [23], aiming to create out-of-plane pores (or inter-
sheet distance) which result in the enhancement of their adsorption characteristics. The
advantage of graphene LBL assembly is a high level of control over layering and the
thickness of the obtained construct which arises due to the linear growth of the films with
the number of bilayers [24] The out-of-plane pores will benefit different applications and
devices, for instance, proposed for water treatment where the pore size and water flow rate
matter [25], in gas and energy storages where the accessibility to the active surface areas is
the key issue [26, 27] and in drug delivery where the poor solubility of the drug, yield of
drug uptake as well as the release rate are the main concerns [28, 29].
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In the field of fabricating porous media, it is extremely important to construct them
with an ordered microstructure and uniform pore size, [14, 30, 31] particularly for the drug
delivery application, as the uniform spatial structure and pore distribution will ensure that
the drugs are homogeneously loaded and distributed. Similar to other porous media, tuning
the pore size in graphene based hydrogels is vital in the sense that the loading and release

of the drug may be conducted in a more controllable, reproducible and predictable manner.

The graphene based hydrogel fabricated without presence of inter-sheet spacers
exhibited the inter-sheet distances varying from 0.39 nm for rGO [32, 33] to ~1.2 nm for
GO [34]. This range is not suitable for taking up biomolecules as their sizes are about the
same size or larger than inter-sheet distance. Therefore, the attentions of researchers went
toward using spacers. Different types of spacers including carbon materials, (such as
carbon black [35, 36], CMK [37] and CNTs [38, 39]), metallic particles (iron oxide
nanorods [40], ruthenium dioxide nanoparticles [41], gold nanoparticles [42-44] and tin
oxide nanoparticles [45]), polymers (such as polyaniline (PANI) [36] and polypyrrole
(PPy) [46]) and biomolecules (such as DNA [47], Amino Acids [48] and peptides [49]
were used between graphene sheets, to effectively prevent the self-restacking of the
graphene sheets and to increase the size of out of plane pore. None of the above
approaches had a satisfactory degree of control over the pore size anything beyond 1 nm
and well into the mesopore size range as defined by IUPAC. Such a control of pore size

remained as main gap in the field of fabricating graphene based hydrogel.

In addition, many of the mentioned approaches involve layer-by-layer manufacturing
where the macroscopic material is built up by putting down on a substrate successive layer
of graphene or graphene-related material and spacer in an alternating fashion. This process
leads to only a small fraction of the graphene or graphene-related material being separated
by the spacers, with the remainder being essentially multi-layer graphene or graphene-
related material or even more disordered than this. It also has the disadvantage that it is a
cyclic process requiring significantly more than one cycle to be undertaken to achieve the

final product.

In this study, one step self-assembly of graphene hydrogel using peptide as spacer
was proposed. Amongst mentioned spacers, peptides are of particular interest, due to high
3



biocompatibility and degree of control over their sizes and interactions with graphene
sheets through adjustment in their amino acid sequences. Thus, the formation of graphene
hydrogels with uniform and desirable pore sizes (h) was expected via a simple peptide-
mediated self-assembly of graphene sheets as schematically shown in Figure 1-1. Only a
small fraction of the prior art involves a self-assembly process in the manufacture and,
even then, they do not lead to structures akin to those proposed here in any way, nor
provide the degree of control over the pore size proposed here.

Pep"de / / /\ Self-assembly T [ Jh

process
Graphene —7‘ I h
‘N
Water <—— \ \ /\ h

Figure 1-1. Self-assembly of graphene hydrogel construct with tuneable pore size (h)

1.2 Aim and Objectives of thesis:

The main aim of this thesis was two-fold: Develop a graphene based layered
hydrogel material with tuneable pore sizes in the nm-range, and demonstrate its application
for controlled drug delivery systems (DDS). This aim was achieved by meeting the

following objectives:

(1) Using molecular dynamics (MD) simulation to design a peptide that induces the self-

assembly of graphene for forming nanoporous graphene hydrogel constructs.

(2) Experimental implementation of the peptides designed in Obj. 1 and validation the self-

assembled graphene nano-constructs.

(3) Assessing the self-assembled nanoporous graphene hydrogel in the controlled drug

delivery application.



1.3 Organization of thesis:

The thesis is divided into seven chapters covering the major objective of the present
work; that is, to develop a design approach suitable for the peptide-mediated self-assembly
of layered graphene hydrogels and their application for drug delivery systems. However,
before the synthesis and applying these hydrogel materials for the drug delivery purpose, it
is prudent to understand the graphene binding peptide self-assembly mechanisms, the

process of hydrogel preparation as well the different mechanisms of controlled DDS.

In Chapter 2, we review and explain various types of available DDS and their
mechanism for particular use of hydrogels. We also review recent contributions made to
find suitable spacers, and how they might help with the self-assembly of the graphene
sheets preparation of layered graphene hydrogel constructs. Later, the potential drugs that

could be effectively loaded and delivered using such hydrogel materials are reviewed.

Chapter 3, summarizes the general strategies utilized in the whole PhD project,
including MD simulation, materials, synthetic methods for graphene based hydrogels, their
applications and the techniques for material characterizations and biological evaluations.
However the detailed experimental procedures for different characterizations and

applications of prepared hydrogels will be explained in their relevant chapters.

Chapter 4 describes a novel systematic design approach based on the nature of the
peptide and graphene sheets in order to realize the feasibility of peptide binding to the
single graphene surface through both simulations and experiments. The spatial structuring
of interfacial solvent as a key determinant in peptide adsorption mechanism, peptide
structure on the graphene surface and the stability of the system are also discussed here

through statistical analysis of the extensive simulation results.

Chapter 5 discusses the results of MD simulations for the peptide mediated self-
assembled graphene to form a nanoporous hydrogel construct of tuneable pore size
(interlayer spacing). In this chapter, the designed systems are experimentally implemented

in order to synthesis the layered graphene hydrogels. The hydrogels underwent the



validation process to determine whether the desirable pore size is achieved. The hydrogel

structural stability both in the wet- and dry-states are also widely discussed.

Chapter 6 deals with drug (DOX) loading on the prepared hydrogel materials with
the focus on the effective parameters on pore size and the yield of drug uptake. Design of
experiments (DOE) is employed as a systematic method to statistically analyze the data,
and determine the relationship between the effective parameters and their optimizations in
order to reduce costs, and more importantly the time of conducting experiments. In
addition, the influences of the hydrogel pore size on drug adsorption mechanism are

studied from both simulation and experiment perspectives.

In Chapter 7, the drug releases of the drug loaded hydrogel (from chapter 6) in three
environments of acidic, basic and neutral are discussed. This is to elucidate whether the
hydrogel material are pH sensitive for the release of the loaded drug, and also to find out
whether it is suitable for cancer therapy. The cytotoxicity tests on the hydrogels with and
without loading of the drug are conducted to measure the cell viability after their treatment
with the prepared graphene hydrogels.

Chapter 8 summarizes the general conclusions of the present work and the potential

of the graphene layered hydrogel materials for future research.



Chapter 2: Literature Review

2.1 Brief overview of graphene, GO and rGO

Graphene, a single-layer carbon sheet with a two-dimensional (2D) hexagonal
packed lattice structure of carbon atoms has remarkable electronic, mechanical, thermal
and optical properties. It has many unique properties, including high carrier mobility at
room temperature (~10,000 cm? V! S [50], large specific surface area (2630 m? g?)
[51], good optical transparency (~97.7%) in the UV-Visible range [52], high Young’s
modulus (~1 TPa) [53] and excellent conductivity (3000-5000 Wm™ K™) [54]. Single
layer of graphene sheet can be obtained by ripping off graphite flakes. The single sheet of
graphene is flexible, and hence, can be “wrapped up into fullerence and rolled into

nanotube or even stacked and back to original graphite” (as is shown in) [55].

Single Layer Graphene

'''''''''
o oo o o]
TR Lt

Fullerene  Carbon Nal;)tube Graphite
(CNT)
Figure 2-1. Single layer graphene presented as a material from which other structures such
as fullerenes, carbon nanotube (CNT) and graphite can be built.[55]

Real life applications of this outstanding material have been retarded due to the need
of developing challenging and costly processes to synthesize it purely and on a large scale.
It is worth noting that depending on the applications, different amounts, sizes and qualities
of graphene sheets need to be produced. Accordingly, there has been considerable effort
directed towards synthesizing graphene with required properties.



2.1.1 Graphene synthesis methods

In general, graphene can be produced in two manners (schematically shown in
Figure 2-2): (1) growth on substrate; growing a single graphene layer directly on a
substrate surface, and (2) exfoliation; detaching graphene from an already existing graphite
crystal. The former, due to high level of control in size and geometry of produced
graphene, has received attention for limited applications, whereas the latter, because of
producing a large amount of graphene with reasonable quality, has recently received

considerable research interest. Each of these methods is reviewed in details as follows;
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Figure 2-2. Schematic illustration of the main graphene production techniques including
exfoliation and growth on substrate. [56]

2.1.1.1 Growth on Substrate
Epitaxial Method

As early as 1975, van Bommel et al. [57] discovered that carbon layers ordered into a
graphene structure by heating a silicon carbid (SiC) at ultra-high vacuum condition. This
vaporized the silicon face and left behind a carbon-rich surface as a source for graphene
production (shown in Figure 2-2a). Generally, a single-, bi-layer, or few-layer graphene

can be formed on the SiC crystal simply by heating and cooling down the substrate. This
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idea has been welcomed in the last decade by researchers, who reported a noncatalytic and
catalytic production of graphene sheets on SiC [58, 59] and NiC [60, 61] substrates. In
both systems the carbon face of the substrate acted as the solid carbon source for graphene
production. In the instance of NiC, Weatherup et al. [61] found that the thick layer of
Ni(111) substrates not only act as a catalyst, but also played the role of diffusion barrier
which further widened the window of synthesis to result in a more stabilized monolayer of
graphene. However, in the instance of SiC, sputtering carbon films on the Si- and C-faces
formed a diffusion barrier suppressing the growth of CNT and mainly forming the stable
graphene sheets. Besides the role of diffusion barrier, it is also worth noting that the
epitaxial method is highly dependent on the parameter control, such as temperature,
heating rate, or pressure. For instance, nanotube instead of graphene was synthesized when
the reaction temperatures and pressure were set too high [59]. Thus, a sophisticated setup

with high controllability is required to produce the desired graphene sheets.
Chemical vapor deposition (CVD) method

CVD is a popular and widely used process in which a substrate is exposed to gaseous
compounds, particularly carbon precursors for production of graphene, CNT or fullerene.
The type of carbon source is highly dictated by the availability, the desired amount and
quality of the product, and more importantly, the cost effectiveness for specific application
[56]. Depending on all these factors, different types of CVD process; for example thermal,
plasma enhanced, cold wall, hot wall, reactive, and many others have been introduced.
Thermal CVD on metal surfaces in the presence of carbonaceous precursor led to the
formation of thin graphite film [62], and few layer [63] and single layer [64] graphenes
(shown in Figure 2-2b). Since then, the CVD based production of graphene has
consistently received interest, particularly for electronic and semiconductors applications.
Li et al. [65] reported for the first time, the uniform large area of graphene (~cm?) on
copper foils using CVD technique. Although large size graphene sheet was attained, such a
technique was self-limiting as the graphene growth ceased as two or three layers of
graphene fully covered the metal surface [65, 66]. As the graphene size and shape matter
when it comes to the use of this material in device applications, Kim and co-workers grew

a large scale graphene (with various sizes and shapes of graphene film) by decomposing
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methane as carbon source on an arbitrary substrate of Ni at the temperature about 1000 °C
[67]. In this CVD process of using methane, the hydrogen evaporates, the carbon diffuses
into the Ni followed by nucleation and then nuclei grow into large domain. Consequently,
the graphene layer can grow on the surface right after cooling down to room temperature.
Similar to epitaxial method, temperature, heating rate and experimental pressure are the
key parameters in CVD to optimize the formation and quality of graphene. Although there
are some controls on the size and the amount of graphene produced by epitaxial and CVD
method, they both require a complex and costly setup and careful control of synthesis

parameters in order to grow graphene of reasonable quality.
2.1.1.2 Exfoliation method

Exfoliation of graphene film from graphite flakes can be performed in dry or liquid
phase. In the dry phase, the splitting of layered materials into atomically thin sheets of
graphene occurs via mechanical, electrostatic, or electromagnetic forces, whereas in the
liqguid phase the graphite flakes are dispersed in liquid environments followed by
exploiting ultrasound to extract individual graphene layers [56].

The “Scotch tape method”

One common technique in micromechanical exfoliation (or micromechanical
cleavage) of graphene is known as the “Scotch tape method,” in which a piece of adhesive
tape is used to peel multilayer graphene flakes off from a chunk of graphite. This was first
demonstrated by Novoselov et al. [68], who achieved micrometer-sized graphene using a
scotch tape, as shown in Figure 2-2c. In 1999 and before the discovery of scotch tape
method, Lu et al. [69], reported a controlled method of cleaving graphite to achieve
multiple or even single atomic layers of graphite plates simply by rubbing graphite surface
against other flat surfaces. However, the product was mixture of sheets with different
numbers of layers where it was difficult to search for individual single sheet among
multilayers. Later, the scotch tape method helped with detaching transparent monolayer
graphene from graphite. In this method, first the multilayer of graphene is peeled off from
graphite crystal by the adhesive tape attached to SiO; or Si substrate [68, 70, 71]. The glue

needs to be solved in solvent, for example by acetone, in order to detach the tape, then the
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peeling of the multilayer with the tape is repeated until it becomes thinner and thinner and
no thick flakes are visible on the substrate. Finally, the last peeling leads to graphene
sheets where the sizes vary between nanometers to several micrometers for a graphene
monolayer, depending on the preparation method of the used substrate. The graphene
monolayer is visible on the SiO,/Si substrate because it adds up sufficiently to impact on
the optical path of reflected light. Nevertheless, it is possible to see graphene monolayer
under a light microscope, due to interference color effects with respect to the one of an

empty substrate (phase contrast) [68, 72].

The advantages of scotch tape method include the production of high quality
graphene with almost no defects, and the low complexity of this technique. Nevertheless
finding and separating the individual graphene sheets from the substrate surface at the end
might be challenging. However, the major disadvantages of this technique are the
difficulty in obtaining large amount of graphene by this method, and the lack of

controllability of this method.
Graphite dispersion

Graphene can also be prepared from the dispersion of graphite crystals in liquid-
phase (shown in Figure 2-2d). The easiest method to obtain large amount of graphene is to
disperse graphite in an organic solvent with similar surface energy as graphite [73]. Ideal
solvents are those that can minimize the interfacial tension between the liquid and
graphene flakes [74]. If the interfacial tension between the immersed solid and liquid is
high, there is poor dispersibility of the solids in liquid [74-76]. This has been demonstrated
for the graphitic flakes in a liquid with a high interfacial tension and as a result the flakes
due to high cohesion between them tend to adhere to each other. Solvents with surface
tension (y) of about ~40mN/m, [77] are the “best” candidates for the dispersion of
graphene and graphitic flakes since the interfacial tension between them and graphene is
minimum. When the interfacial tension is minimized, the energy barrier to detach a
graphene layer from the crystal is also reduced. In addition to solvent, other external forces
like ultrasonication or voltage need to be applied, possibly for several hundred hours to
help the formation of dispersion [78-81]. The dispersion then needs to be centrifuged in
order to dispose the thicker un-dispersed flakes [82]. Similar to micromechanical
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exfoliation, the quality of the obtained graphene flakes is high and does not need a
complicated setup. This method allows preparing large amount of graphene, however, the
size of graphene sheets obtained here is small, due to lack of control over the process.

Graphite oxide exfoliation followed by reduction

Liquid phase exfoliation of graphite is known as a versatile technique, exploited not
only for the exfoliation of pristine graphite, but also for the exfoliation of graphite oxide
and graphite intercalated compounds which have different structures and properties with
respect to pure graphite [56]. Graphite oxide and graphene oxide (GO) do not differ from
each other in chemical composition. Although they are only structurally different in terms
of the number of stacked graphene layers [83], they can both be addressed as GO. The
oxidation of graphite generates several functional groups such as epoxide, hydroxyl and
carboxyl, which results in the graphene surface dispersing in water when followed by

sonication or stirring.

The earliest examples of graphite oxide preparation were reported in the presence of
nitric acid (HNO3) [84] or sulphuric acid (H,SO,) [85]. Each of these was mixed with
potassium chlorate (KCIO3). Because this approach was time consuming and produced
explosive gas chlorine dioxide (ClO,), researchers investigated a safer and quicker method
with no explosive byproducts. In 1958, Hummers and Offeman [86] modified the
oxidation process using a mixture of sodium nitrate (NaNOs3), sulphuric acid (H,SO,) and
potassium permanganate (KMnQO,) which is widely known as “Hummers method”. Later,
many researchers replaced the sodium nitrate with less corrosive phosphoric acid (H3PO,)
as an “improved hummers method” in order to prepare improved GO with fewer defects in
the basal plane as compared to the GO prepared by the original method [87-90]. In such
aggressive chemical methods (all Hummers based methods), the sp®-bonding structure of
graphene surface is partially disrupted and introduces oxygen containing groups. For
instance, hydroxyl or epoxide groups on the basal plane [91-93] with carbonyl and
carboxylic groups attached to the edges [93-96] of graphene sheets (shown in Figure 2-2¢).
These functional groups endow high negative charge and electrostatic repulsion to each
individual graphene sheet, making them highly hydrophilic, and consequently inhibiting
their recombination and aggregation in water [97, 98] or polar organic solvents [99-102],

12



such as acetone, methanol, ethanol, ethylene glycol, [103] propanol, dimethyl sulfoxide
(DMSO), N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), and
tetrahydrofuran (THF) [102, 103].The graphite oxidation method is almost similar to liquid
based exfoliation of pristine graphite. The main difference is to use several chemicals to
oxidize graphite, and the obtained graphite oxide possesses the layered structure with
lighter color (brownish) than dark graphite due to partially loss of conjugation during
oxidation where the hybridization of planar sp® carbon changes to tetrahedral sp®.

If the goal is to produce exfoliated graphene, the GO dispersion needs to be
chemically [99, 104-108] or hydrothermally [15, 40, 109-112] reduced, resulting in a
suspension of nanosheets which closely resemble to the structure of graphene [83, 113-
115]. Nevertheless, eliminating all oxygen containing groups on GO is impossible. The
graphene nanosheets produced chemically are generally called chemically-reduced
graphene oxide [104, 105, 116], chemically-modified graphene [106, 107, 117] or
chemically converted graphene (CCG) sheets [99, 108, 118]. This distinguishes them from
the more pristine graphene layers isolated via micromechanical exfoliation [56, 119]
techniques. One of the earliest reports of graphite oxide chemical reduction occurred in
1963 when Brauer, in his “Handbook of Preparative Inorganic Chemistry”, noted a number
of reducing agents such as hydrazine, hydroxylamine, hydroiodic acid, iron(Il) and tin(Il)
ions [120]. Numerous other methods of chemical reduction of graphite/graphene oxide
involving different reducing agents with either ‘well-supported’ or ‘proposed’ mechanisms
were extensively reviewed by Chua and Pumera [83]. The most widely used reducing
agent, albeit toxic and dangerous, is hydrazine (N2H,4) [98, 121], typically known to form
hydrazone with carbonyl groups of GO. It is a powerful and efficient reducing agent that
can inactivate free radicals and as a result can break down into nitrogen and water. The
reaction is known as the Wolff—Kishner reduction and Figure 2-3 outlines four different

proposed routes of epoxide reduction).
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Figure 2-3. Proposed mechanisms for the reduction of epoxide groups with hydrazine via
four different routes [83].

In order to avoid the generation of toxic chemicals and produce graphene sheets with
less defects, hydrothermal reduction (hydrothermal dehydration) was proposed, which
provides a simple, clean way to deoxygenate the GO [112]. In the hydrothermal method, a
sub- or supercritical water is produced varying the pressure and temperature [122]. Due to
behaving like a water-like fluid with strong electrolytic solvent power, high diffusion
coefficient and dielectric constant, the supercritical water plays the role of reducing agent.
A plausible mechanism for deoxygenation of GO under hydrothermal conditions was
proposed where the hydrogen ion initiates the dehydration (where water acts as a source of
H™) by reducing of epoxide, hydroxyl and carboxyl groups, thereby promoting the recovery
of m-network conjugations [112, 122, 123]. The experiment of hydrothermal treatment
contains autoclaving GO dispersion under supercritical conditions and then cooling it
down to room temperature. Usually, the hydrothermally treated GO possesses minimum
level of defects and nearly perfect m-network conjugates. It aggregates quickly, and
precipitates at the bottom of the autoclave container as a black powder. However, it can be

re-dispersed in water via ultrasonification and adjustment of the pH to basic condition
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(where most of functional groups exist in deprotonated states), although the dispersibility

IS not comparable to what is achieved in chemically reduced GO.

In addition to the chemical and hydrothermal reduction for GO dispersion, there is
another popular reduction technique called “thermal reduction” which unlike the other two
is in the dry-state. That is a high-temperature treatment (~>1000 °C), resulting in so-called
“annealing”, from the dry GO film which gradually pyrolyzes and eliminates the oxygen
containing groups from the GO sheets, reducing them into the more conductive and

temperature-stable graphene [91, 124-127].

All three methods mentioned above for reducing GO result in graphene of varying
properties and performances in terms of electronic, structural, physical and surface
morphological properties. Depending on the applications, one would choose more suitable
method(s). Although the chemistry of graphene oxides reduced using different techniques
is not unique, they are all generally known as reduced graphene oxides (rGO). Compared
with the pristine graphene, the produced rGO is of very poor quality, because they contain

structural defects and broken bonds, nevertheless GO could be the desired product.

2.1.2 Properties and applications of graphene

Physicochemical properties

The graphene with one atom thickness and a honeycomb lattice structure contains
two equivalent sub-lattices joined together by ¢ bonds with aromatic ring carbon atoms
having free m electrons contributing towards a delocalized electron network [128]. The free
n electrons in planar structure endow graphene with participation in a number of reactions
like click reactions, cyclo-additions and carbine insertion reactions, transformation from
the sp? to the sp® arrangements. This leads to generation of topological defects (pentagon,
heptagon, their combinations), vacancies, cracks, edges, and impurities [129]. The
geometrically strained areas and zigzag edges of graphene exhibit better chemical
reactivity compared to the unstrained areas or arm-chair edges because of the ease of
electron displacement from upper plane of the aromatic ring. Therefore, geometric strains
or defects are deliberately formed on graphene for the applications requiring high chemical
reactivity [128, 129].
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Pure and perfect graphene sheet is hydrophobic (poorly dispersible in water) in
nature with the water contact angle in the range of 95-100°[130]. Hence, surfactants or
other stabilizing agents are required to prevent their agglomeration to achieve better
suspension in biological fluids. The oxidized form of graphene sheet (GO), on the other
hand is hydrophilic with the water contact angle of about 30.7° [131] which can form
hydrogen bonds with water molecules due to the polar oxygen functionalities [128].
Reduced form of GO which contains less of oxygen containing group with basal vacancy
defects that occurred during oxygen removal endows the graphene sheet with amphiphilic
properties and with less basal reactivity than GO [132, 133]. Physicochemical properties
like unique planar 2D structure, high specific surface area and availability of free =«
electrons strengthen the physiochemical properties and hence, make it a promising

candidate for its interaction with organic molecules, in particular drug molecules.
Thermal and electrical properties

Graphene sheet due to its unique conjugated structure and its strong carbon bonding
exhibits an excellent thermal and electrical conductivity [128]. The single layer and defect-
free graphene sheet possesses about ~ 4500 to 5200 W/mK of thermal conductivity
significantly higher than that of GO sheet~ 2000 W/mK). It also exhibits the electrical
conductivity as high as 10* S/cm at room temperature which is yet larger than that of GO
with the value of 10! S/cm [115]. The heat and electrons over the graphene sheet reduces
when chemical modification and defects are introduced thereby reducing the conductivity
[134-136]. Electronic devices [137]in particular biomedical devices can benefit from the
exceptional thermal and electrical conductivity of the graphene sheet specially for
measuring cell potential and as a substrate for conductive cell culture devices and
biosensors [138-141].

Optical properties

To date immense interest was gained by graphene based materials for their excellent
electric charge transport and optical properties. A graphene sheet exhibits light
transmittance of about 97.7% of the total incident light over a wide range of wavelengths

[52]. However with increasing the number of graphene layers the light absorption and the
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optical image contrast will also increase [142]. The use of such properties in optoelectronic
devices including tunable IR detectors, modulators and emitters by electrical gating and
charge injection [143]. By cutting graphene sheets into nanoribbons and quantum dots, one
can make luminescent material with a suitable band gap. Their connectivity of the =
electron network can also be declined by physicochemical treatment using different gases
[144-146]. Photoluminescence is another properties of graphene sheets which comprise of
luminescence properties and electron—hole pairs [128]. Large photoluminescence, high
light transmittance and high charge mobility of the graphene based materials made them a

great candidate for biomedical imaging applications [147, 148].
Biological properties

Graphene based materials with their different physicochemical properties exhibit
unique interactions with biomolecules, cells and tissues. It is also vital to understand the
impacts of such graphene interactions from two different perspectives; their biomedical
applications and their toxicity or biocompatibility [128]. Sanchez et al. [149] and Bianco
[150] provided a comprehensive discussion on biological properties of graphene based
nanomaterials and their toxicity. The biomolecule—graphene and cell-graphene interactions
were briefly overviewed by Goenka’s group [128]. Such unique interaction between
graphene-based materials and biomolecules like DNA and RNA, can be utilized for DNA
or RNA sensing and delivery. Hydrophilic GO exhibits preferential adsorption of single
stranded (ss) DNA rather than double stranded (ds) DNA and hence, protects the adsorbed
nucleotides from attacking by nuclease enzymes opening up a broad range of application
[47, 151, 152]. At very low pH, the GO sheets can interact with the negative charges on
DNA and further enhances the adsorption of small oligomers in high ionic strength
solution [153].

In contrast to the graphene —-DNA (or RNA) interactions, other larger biomolecules
such as proteins and lipids lack of detailed information about their interactions with
graphene base materials. Therefore, Titov et al. [154] used coarse grained MD simulations
demonstrated the formation of stable and functional hybrid structures through graphene

interacting with lipids. Although experimental data is necessary support the MD simulation
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results. Such investigations will be crucial in order to understand the interactions of

graphene with lipid bilayer on cell membrane.

Graphene similar to other carbon-based materials shown to be non-biodegradable
leading to potential lung toxicity and environmental hazards [155, 156]. However, they are
removable if their robust films are used in the forms of implants in body. Single wall
carbon nanotubes (SWCNTs) show no biological degradation; however carboxylated
SWCNTSs can undergo degradation on exposure to hydrogen peroxide and horseradish
peroxidase, or hypochlorite and the mammalian myeloperoxidase [157-159]. Following
this data, the experiments conducted by Kotchey et al. [160] showed that the presence of
oxygen containing groups on graphene sheets can participate oxidative attack using
hydrogen peroxide and horseradish peroxidase leading to a susceptible to biodegradable.
Such studies may lead to a potential design of graphene based materials for their safer

biodegradable properties with minimum environmental and health hazards.

Most of the recent reports on the use of graphene based materials (either in the form
of dispersion or film) have demonstrated the superior biocompatibility of these materials
which provide a favourable environment for the effective proliferation of human and
mammalian cells. Such outstanding characteristics seem to indicate that graphene based
materials could be promising agents to be used in tissue engineering, tissue implants,
wound therapy, gene and drug delivery applications. Nevertheless, it is worthwhile to
underline that before using graphene based materials in such biomedical applications,

understanding its cytotoxicity and biocompatibility is crucial.
2.2 Graphene toxicity and biocompatibility

The toxicity of graphene based materials has been a hot topic in research in the
delivery of genes, pharmaceutical compounds, and in tissue engineering, as it concerns the
potential short-and long-term health issue of patients. Since the history of serious research
on graphene biomedical applications has not reached to even a decade, the general concern
of the public is related to the use of such new nanomaterials and their nanotoxicology, and

the verification of their acute and chronic toxicity.
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There are three ways of introducing nanomaterials into the body; (1) inhaling into the
lungs (biocompatibility test of graphene platelets in the mouse lung from
biomedical/therapeutic point of view [161, 162]) (2) injection intravenously for drug or
gene delivery [163, 164] or (3) using them as an implant for drug delivery and tissue
engineering [165-167]. Sanchez and co-workers [149] reviewed research on the putative
toxicity of graphene family. They reported that biological interactions of target cells can
vary across the graphene family depending on layer number, lateral size, stiffness,
hydrophobicity, surface functionalization, and dosage. However, the short- and long-term
toxicities of graphene based materials are yet to be clearly defined and discussed. In
contrast to other carbon nanomaterials such as activated carbon, carbon black and carbon
nanotubes, there is inadequate information confirming the interactions of graphene based

materials with different types of target cells and their potential toxicity.

2.2.1 Bacterial Toxicity

Since the highly purified CNTs confirmed its antibacterial activity after inactivating
E. coli. [168, 169], a number of researchers have reported the effects of graphene based
materials on bacterial toxicity, and their findings have opened up pathways for future
applications in antimicrobial products. For instance, Akhavan and Ghaderi investigated the
antibacterial activities of both GO and rGO against Gram-negative, E. coli, and Gram-
positive, S. aureus bacteria. Both graphene based materials were shown to be effective
agents for killing these bacteria, with rGO exhibiting the higher antibacterial effectiveness
[170, 171]. Their results showed that GO can be reduced to rGO due to exposure to the
bacteria and through the metabolic activity of the surviving bacteria via their glycolysis
process. Similarly, Hu and co-workers [172] showed a reduction of E. coli cell metabolic
activity to almost 70% and 13% in the presence of GO at the concentrations of 20 and 85
ng.mL™. However, only 10% of the bacteria survived when they used rGO with
concentration of 85 pg.mL™. Such a significant difference in microbial cytotoxicity was
attributed to different surface charges and oxygen containing groups on the surfaces of GO
and rGO. The lesser the oxygen group, the lesser the metabolic activity and the greater the
fatality of the bacteria. The authors confirmed these results using transmission electron
microscopy, which revealed the loss of integrity and damage on bacterial cells membrane

upon contacting with GO and rGO nanosheets. Nevertheless, the fundamental toxicity
19



mechanism and its relationship to structural properties of graphene based material remains

to be elucidated.

Contrary to these findings, Wang et al. [173] found that the Shewanella family of
bacteria containing iron in their chemical structures (in decaheme c-type cytochromes) are
capable of metal reduction and to reduce GO in suspension cultures without any inhibition
of bacterial growth in an aerobic condition. Salas et al. [174] also reported the rGO
production by Shewanella cells as electron donor under strictly anaerobic conditions,
where the GO sheets served as the sole electron acceptor. Such microbial reduction of GO
provides a unique, environmentally friendly and nonhazardous approach for the synthesis

of graphene sheets.

2.2.2 In Vitro Cell Toxicity

Several efforts to date have been devoted to explore the in vitro cytotoxic effects of
graphene based materials [175-178]. The CVD prepared graphene layers used by Zhang
and co-workers [178] induced a larger metabolic activity and lower cytotoxicity of
neuronal PC12 cells than that of CNTs. This was due to an increase in the activation of
caspase 3 (apoptosis marker; known as an effector for death signal), and hence, the release
of lactate dehydrogenase, and consequently the generation of reactive oxygen species
(ROS) in neural PC12 cells. The GO cytotoxicity effect against human fibroblast cells was
demonstrated by Wang et al. [175]. They found dose- and time-dependency for the
cytotoxicity; where GO at a concentration less than 20 ug.mL™ did not exhibit significant
toxicity to human fibroblast cells, whereas the concentration above 50 pg.mL™ resulted in
the largest fatalities. In this instance, excessive water-soluble GO can enter into the
cytoplasm and nucleus, decreasing cell adhesion, inducing cell floating and apoptosis and
consequently killing majority of the cells. Their transmission electron microscopy (TEM)
images showed that as the culture time increased, the amount of GO inside human
fibroblast cells increased accordingly. This was evident in the presence of many black dots
(GO) scattered in the cell cytoplasm around cell nuclei and several located inside nucleus.
When the dose of GO in the medium reached 100 pg.mL™, the cell could not survive for
24 hrs, however, the cells cultured with 5 pg.mL™ GO stayed alive and showed normal cell
morphology for more than 100 hrs.
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The cellular uptake and cytotoxicity of the GO dispersion against a mammalian lung
cell line, A549 was evaluated by Hu and co-workers [172]. They also demonstrated that
the cell metabolic activity with GO dispersion is concentration and time dependant. GO
with a concentration of 20 pg.mL™ was found to have low cytotoxicity to A549 within the
first 2 hrs of incubation, but the cell viability decreased slightly (~20%) after incubation
for 24 hrs. In addition, the higher concentration of GO (85 pg.mL™) led to a significant and
unacceptable cytotoxicity (~50%) within 24 hrs of incubation. Later, Chang and co-
workers [179] added the parameter of GO sheet size to the dosage dependency cytotoxicity
of A549 cell line. They found that the large-GO (780 +410 nm) and medium-GO
(430 = 300 nm) resulted in no significant loss on the viability of A549 cells because they
could not penetrate into the cell membrane. The highest GO concentration of 200 pg.mL™
for large- and medium- size sheets exhibited more than 80% cell viability. However, small-
GO sheets induced the viability loss more than large-GO and medium-GO with the cell

viability of 67% at GO concentration of 200 pg.mL™.

In contrast to the high antibacterial properties of rGO, Hu et al. [172] observed a
remarkable cytotoxicity to the same cell line (A549) after treating them with by hydrazine
reduced-GO (cytotoxicity of ~47% and ~15% with rGO dispersion of 20 and 85 pg.mL™).
Again, this could be attributed to the difference in surface charges and functional groups of
GO and rGO [180, 181]. Unwanted —NH, functionalities on hydrazine treated rGO (see in
Figure 2-3, route 3) probably initiates oxidative stress in cells that is followed by their
aggregation and subsequent damage to the cells. Similar effects were seen from —NH,
functionalities on fullerene when S. oneidensis MR-1 and E. coli W3110 were
treated [180], however, this endowed great antibacterial properties to the functionalized
fullerene. Another possibility was raised by Akhavan and Ghaderi [170], who attributed
the higher toxicity of hydrazine-reduced GO compared with GO, to the sharp edges of
graphene sheets after losing oxygen containing groups in the reduction process. They
believed that the sharpened edges of rGO led to stronger interaction with cell membrane
and consequently a better charge transfer between bacteria and the edge of rGO. In
contrast, Liao and co-workers [182] found a lower hemolytic activity (cell membrane
disruption) of red blood cells (skin fibroblasts) when they were treated with rGO than with

dispersed GO sheets that possess higher surface oxygen content. The membrane disruption
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of the red blood cells was attributed to the strong electrostatic interactions between
negatively charged oxygen functional groups on GO surface and positively charged
phosphatidylcholine lipids presented on the outer surface of membrane. In another report,
Sasidharan et al. [183] examined the cytotoxicity effect of graphene sheets toward monkey
renal cells before and after functionalizing the graphene surface with carboxyl groups. The
pristine graphene, with its strong hydrophobic interaction with the cells membrane
accumulated on the cell and deformed the membrane. This eventually resulted in high
oxidative stress and led to apoptosis of the cells, whereas carboxyl modified hydrophilic
graphene was welcomed and internalized the cells without causing any significant

cytotoxicity.

Most of the cell fatalities reported in literature were due to induced cell apoptosis,
hemolysis, and oxidative stress [179, 180, 182, 184]. One possibility for inducing the
oxidative stress and toxicity is that graphene can adsorb the nutrients in culture medium,
resulting in the depletion of nutrients for the cell growth. The solution to overcome this
would be incubating graphene based materials in cell culture medium one night before
treating cell with them, thus, they are saturated of the medium and therefore no further
need to adsorb nutrients. The other factor which induces the oxidative stress is the strong
interactions between the cell membrane and graphene based materials and/or charge
transfer between them [170, 171, 185]. Hence, regardless of using GO or rGO, the
graphene surface functionalities (charge groups) and the nature of cell membrane play an
important role in controlling the interactions and minimizing the oxidative stress and

mortality.

In order to find a solution for apoptosis and hemolysis, chemical modification of
graphene surface with biocompatible groups was suggested. For instance, PEGylation
[164, 186] and chitosan coating [182] of the GO sheets improved the biocompatibility of
GO. As Liao and co-workers [182] reported, coupling of biocompatible polymers to the
GO surface either serves as a protective layer, hampering the electrostatic interactions
between the cell membrane and oxygen containing groups of the GO, or aggregates the
graphene based particles to minimize the cell-contactable surface area and consequently

minimize the level of toxicity. Another example is biocompatible PEGylation of the GO
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surface with the which exhibited neglectable in vitro toxicity to many cell lines, including
lymphoblastoid cells; Raji [187], colon cancer cell lines; HCT-116 [186] human ovarian
carcinoma cell line; the OVCAR-3, a glioblastoma cell line; U87MG [188], MDA-MB-435
[189], mammalian lung cell line; A549 and breast cancer cells; MCF-7 [190], even at high
concentrations. However, the chemical bonds coupling GO with modified polymer is a
crucial issue that needs to be carefully considered as their breakage in in vivo systems can
induce in vivo toxicity [191].

In comparison with the in vitro studies reviewed above for cytotoxicity of graphene
based material in dispersion form, some results have shown such materials in the form of
film, and paper or slabs can exhibit excellent biocompatibility with no viability inhibition
of the treated cells. Agarwal and co-workers [192], examined the cytotoxicity effects of the
rGO in the form of a film treating three types of cells, such as rat pheochromocytoma
(PC12) cells, human oligodendroglia (HOG) cells, and human fetal osteoblast (hFOB)
cells. In agreement to their observations of cell proliferations, they found biocompatibility
of rGO being with all these cell types. Their comparative studies of rGO film and CNTs
network revealed that topographic features in nanoscale (shown in Figure 2-4 a and b)
results in a profound influence on cell functionalities (inhibitory effects such as; cell
proliferation, viability, and neuritegenesis). Such influences of nanotopographic features
on the cell functions have been extensively reported elsewhere [193, 194]. Agarwal and
co-workers [192] believe that 10—20 nm bundles of CNTs may induce deformation of the
thin cell membrane (5 nm thick) and hinder cell proliferation (shown in Figure 2-4 ¢ and d)
by inflicting negative impacts to the cell functions such as fluidity of the lipid membrane,
mobility, and reorganization of membrane proteins. However, different cell types respond
differently and show distinct sensitivities to the nanotopographic features of carbonaceous

nanomaterials, however the underlying molecular mechanisms are yet to be discovered.
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Figure 2-4. SEM images of (a) rGO film and (b) CNTs network (Scale bars = 1 um).
Phase-contrast images of PC12 cells grown on (c) rGO film and (d) CNTs network for 5
days (Scale bars = 100 um) [192].

Later, in 2011, Ruiz et al. [195] investigated the role of GO film (10 ug of GO coated
on the glass slide) on the mammalian colorectal adenocarcinoma HT-29 cells. They
examined the cell functions of attachment and proliferation using optical microscopy for
the glass substrates with and without GO coating (shown in Figure 2-5). Their results
indicated that HT-29 cells were attached more efficiently to the GO films without damage
to the cells morphology and without any enlargement. The GO film surface was
demonstrated to be non-toxic and biocompatible to the HT-29 cells as it promoted the cell
proliferation immediately after their attachment to GO up to 5 days. In contrast to previous
reports on the antibacterial properties of the GO film, Ruiz and co-workers [195] found
GO was a friendly material to the E. coli bacterial cells. Controversially, they believed that
the residual contamination retained from the GO preparation might be responsible for

some of bacteria mortalities which were observed in previous reports.
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growth on glass slides (a) without or (b) with GO film.[195].

2.2.3 In Vivo Toxicity

After confirming the high biocompatibility of graphene based materials toward the
cultured cells (in vitro), several other groups continued investigating the potential in

vivo toxicity of graphene in animals.

In two different studies, the as-prepared GO showed dosage dependent behaviours
and a severe toxicity when it was overdosed. Zhang and co-workers [163] showed that as-
prepared GO predominantly accumulated in lungs and had a long retention time after being
intravenously injected into rats or mice. This induced dosage-dependent pulmonary
toxicity and significant pathological changes, and toxicity was clear when it reached to a
dose of 10 mg/kg body weight of the mice. Similarly, Wang et al. [175] injected GO
dispersion intravenously with three different dosages of 0.1, 0.25, and 0.4 mg
corresponding to mild, medium and high, doses respectively. GO nanosheets of mild (0.1
mg) and medium dosages (0.25 mg) did not exhibit obvious toxicity to mice, however,
increasing the dosage to 0.4 mg resulted in severe chronic toxicity. The side effect was
death of 4/9 mice, and there were pathological effects on the lung, liver, spleen, and kidney
because they had the highest accumulation of GO. The possible mechanism of GO
inducing these side effect in mice suggested by Zhang et al. [163] is as follows: when GO
is intravenously injected into blood circulation system, it should be recognized and tracked
by immune cells as a foreign body agent. With the exception of the brain, which has blood
barrier, GO rapidly distributes into other organ like lung, liver, spleen, and kidney. GO
nanosheets are captured and wrapped by immune cells as soon as they enter into lung, and
this results in lung granuloma formation. Due to their flake-shapes, GO nanosheets cannot
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be fully removed by liver, spleen, and kidney, and remain as long-term causes of
inflammation. When the GO dose is low, there are not significant side effects and the
organs maintain their normal function, but with a high dosage of GO, there is damage to
homeostasis. This severely influences the function of these organs and results in organ

failure and the fatality of mice.

Although the as prepared-GO nanosheets were used for biomedical applications such
as cell imaging and drug delivery [187, 196, 197], because of its long-term side effects and
toxicity to organs such as lung, liver and kidney, it is not a good candidate to be used in
human body applications. However, further functionalization of the GO surface is likely to
improve water dispersion. Moreover, better stability of GO will prevent its non-specific
binding with proteins and decrease its electrostatic interactions with cell membrane [186].
These factors may increase its mobility and reduce the extent to which it remains in

organs.

One of the earliest examples of exploring the in vivo behaviours, applications, and
potential toxicology of modified graphene in animal models was reported by Yang et al.
[198] who injected PEGylated graphene sheets for photothermal therapy of tumour using
intravenous administration. This in vivo study did not show any obvious sign of toxicity or
side effects in the treated mice at the dosage of 20 mg.kg™ body weight within 40 days.
Neither the injection of modified graphene nor the laser irradiation could cause in any side
effects (such as body weight loss or death). After one year they studied the
pharmacokinetics and biodistribution of graphene using 1251 radionuclide labelled
PEGylated graphene sheets and also carried out more systemic toxicology examination of
such modified graphene material in mice [199]. Their examination on blood biochemistry,
hematological analysis, and cell histology analysis did not show any appreciable toxicity to
the treated mice even over the period of 3 months. The biodistribution revealed that the
presence of PEGylated graphene were minor in any organs of the mouse, except in the
liver and spleen. In recent comparative studies, Yang’s group also characterized the fate of
PEGylated GO from two different ways of administration; oral feeding and intraperitoneal
injection into healthy mice [200]. Their investigations showed no uptake of PEGylated GO

nanosheets via oral administration, demonstrating limited intestinal absorption of the
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nanosheets, with approximately complete excretion. In contrast, injection spread the

PEGylated GO widely in mouse organs, with some accumulation in the liver and spleen.

Zhang et al. [201] functionalized GO with dextran to improve its stability,
biocompatibility, pharmacokinetics, and thus biomedical functions of carbonaceous
materials. Dextran exhibits a spherical shape and is fully degradable in living biological
systems. The GO conjugated dextran with enhanced stability demonstrated an obvious
excretion from mouse body after intravenous injection. This was without causing any

noticeable toxicity to the treated mice over the course of a week.

Duch et al. [161] in agreement with other previous reports, found that oxygen
containing functional groups of GO mainly contribute to the pulmonary cytotoxicity in
mouse alveolar macrophages (MHS) and epithelial cells (MLE 12) after being injected
directly into the lungs of six C57BL mice. The toxicity of GO raised by generating the
reactive oxygen species, activating inflammatory and apoptotic pathways and led to severe
lung injury. In order to minimize the oxidation process, they administered the solutions of
unoxidized (pristine) graphene and Pluronic (copolymer) dispersed graphene. These two
species due to lack of oxygen containing groups did not generate any obvious intracellular

reactive oxygen and resulted in minimal histologic evidence of lung inflammation.

In summary, the in vivo cytotoxicity of graphene based materials depends on dosage,
administration approach, and surface oxidation degree and polymer functionalization.

2.3 Controlled release in drug delivery technology

2.3.1 Overview of drug delivery options and why controlled release is
desirable?

The term “drug delivery system (DDS)” refers to the technology utilized to present a
pharmaceutical compound (drug) to the desired body sites to achieve therapeutic effect in
humans or animals [202]. There are three major types of drug release; (1) conventional
(traditional) release, (2) first order sustained release and (3) zero order controlled release.
The conventional DDS has been denoted by immediate release and repeated dosing of
drug, which might lead to the risk of dose fluctuation and side effects. The major

drawbacks of the conventional DDS are poor patient compliance for frequent necessary
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administration and the unavoidable fluctuation of drug concentration which may lead to
under or over medication. In order to resolve these issues, the formulation of a release
system that points towards the increased time of drug delivery at a slow and a near
constant rate is required. This often translates into better patient compliance, and enhances
clinical efficacy of the drug for its proposed use. The sustained and controlled release
formulations could be the solutions to the above problem because they might both achieve
immediate therapeutic response and maintaining desired drug concentrations. Although
sustained and controlled release systems perform similar functions, the latter is more

preferred for the following reasons;

(1).Loading: Drugs are coated with resinous plastic materials in sustained drug
delivery [203] whereas in controlled drug delivery the drug is delivered through a semi-
permeable membrane [204]. The hydration occurs in membrane core, therefore, there will
be a stationary concentration gradient across the membrane and release will proceed at

constant rate.

(2).Release kinetics: Both Sustained and controlled deliveries offer prolonged drug
release, however, controlled release systems offer release at a specific controllable or
predetermined rate. The kinetics in controlled drug delivery is zero order and the release
take place at constant rate independent of initial drug concentration [205], whereas the
sustained drug delivery tries to achieve zero order kinetics but follows first order kinetics
[206].

(3).Therapeutic effect: Controlled drug delivery has the largest contribution to the
therapeutic range, whereas the other methods meet either the toxic or minimum effective
level (as shown in Figure 2-6). Note that it is desirable, after an initial period of time, that
the released drug concentration is constant and between the toxic and the minimum
effective level [202].
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Figure 2-6. Released drug concentration over time (gathered from ref [202, 205, 207]. The
lines that indicate the toxic and minimum effective levels of the drug are coloured red and
green respectively. The desirable-controlled drug release is shown in blue solid line. Two
cases of problematic drug release (either conventional or sustained release) indicate the
drug release ending too soon or, occasionally, being below the minimum effective level or
higher than the toxic level and these are shown in grey dash lines.

2.3.1.1 Drug loading into hydrogels

Depending on hydrogel preparation methods, drug can be incorporated into hydrogel
matrices via the following ways [208, 209]: (1) post-loading. In this method, the hydrogel
matrix is formed prior to the drug incorporation into the matrix. When an inert hydrogel
system is used, the major force for taking up drug is diffusion, whereas in the instance of
drug-binding hydrogels the drug/hydrogel interactions will be added to the diffusion as
driving forces for both loading and releasing. (2) in-situ loading. In this case, a hydrogel
precursor binds with drugs or drug-polymer conjugates through a mixing process. The
hydrogel network construction and drug incorporation are accomplished simultaneously. In
such an instance, the drug loading and release are dominated by diffusion, hydrogel
swelling, reversible drug hydrogel interactions or the degradation of labile covalent bonds.
In practice, the post-loading is preferred over the in-situ loading due to its simplicity of the
operation, significant drug encapsulation, and more accurate traceability on drug loading
and release dosage. Furthermore, the rates of drug loading/release and encapsulation
efficiency can be easily modulated in post-loading [209], whereas modeling drug release
from in-situ forming hydrogels is very challenging for several reasons [208]. Firstly, there

are difficulties in quantifying the extent of drug/hydrogel interactions because they are
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dependent on hydrogel and drug chemistries together with the method of hydrogel
fabrication. Secondly, there is no control over the shape of in-situ formed hydrogels, which
increases the model complexity. Thirdly, it contributes to non-uniform drug distribution
within the hydrogels. This further increases the difficulties in accurately representing the
real system in a mathematical construct and experimental measurements, and also involves

excessive risk when it comes to clinical applications.
2.3.1.2 Drug delivery mechanisms for hydrogel formulations

The first step for the prediction of release profile from hydrogels, in particular the
drug release, is to better understand the release mechanisms. The next step is to identify the

key factors which govern the drug release from hydrogels.
2.3.1.2.1 Diffusion-controlled delivery systems

Diffusion is of the most vital mechanism employed to control the drug release from
pharmaceutical devices and the resulting release kinetics depend on the size and shape of
the drug carriers [210]. By adjusting the geometry and the structure of hydrogels, one can
achieve the desired release profiles. For hydrogels, when the pore sizes are much larger
than drug molecules, the diffusion coefficient can be directly related to the porosity and
tortuosity of the hydrogels [211]. Typically the pore sizes of hydrogels are larger than most
small-molecule drugs, hence, the diffusion of drug molecules are not significantly retarded
in hydrogel matrices [208]. However, for the hydrogels with the pore sizes comparable to
or smaller than the drug molecular size, drug diffusion coefficients are decreased because
of the steric hindrance introduced by the hydrogel matrices [1, 208, 211]. In such systems,
the average accessible pore volume per available drug molecule is decreased and the
hydrodynamic drag experienced by the drug is increased, thereby deducing the
permeability [212, 213]. As stated earlier, hydrogel networks usually possess high water
permeability and water-soluble compounds can uniformly disperse but tend to diffuse out
fast during releasing [214], which is not favorable for sustained drug delivery applications.
To reach to an optimization between the pore size of hydrogel matrices and the drug

molecules dimension for a desired delivery process, most research efforts have focused on
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understanding diffusion-controlled release and diffusion coefficient of encapsulated drugs

in relation with the geometry of 3D hydrogel matrices.

Several efforts have undertaken to empirically determine diffusion coefficients for
diffusion-controlled drug delivery from hydrogels. The drug release ratio up to any time t
(My) to the final amount of molecule release (M..,) can be expressed by best fitting curves
according to (2-1 below [208, 215, 216]:

—(2n+1)?n’D t} (2-1)

1 o0
M, nZ:(:‘(Zn+1)2 2 Xp{ L

where M; represents the cumulative amount of drug released at time t; M,, cumulative
drug amount after an infinite time; D the drug diffusion coefficient within the hydrogel
network and L the thickness of the drug-releasing implant. Although this equation is used
for several diffusion-controlled drug release systems, the model complexity will increase if
hydrogel-drug interactions are involved, and when non-spherical drugs molecules are
used. It is also noted that the equation above is only valid for slab (film) shape hydrogel,
however, models for other geometries (e.g. spherical and cylindrical) have been

extensively reviewed elsewhere [216].
2.3.1.2.2 Stimuli-sensitive swelling-controlled release systems

The swelling-controlled delivery is another mechanism for drug delivery in which the
hydrogels may undergo a swelling-driven phase transition. The transition results in
entrapped immobile drug molecules rapidly diffuse into medium. The swelling process
takes place in three different steps: (a) diffusion of water molecules through hydrogel
matrix, (b) relaxation of hydrogel via hydration, and (c) expansion of hydrogel network

upon relaxation.

In such delivery systems, the rate of drug molecule release depends on the rate of
hydrogel swelling. Environmentally-sensitive hydrogels are able to exhibit dramatic
changes in their swelling behavior in response to the changes in external environments
such as the pH, (ionic strength) or temperature [217]. Due to their outstanding swelling

nature, hydrogel materials can be employed in broad variety of applications, such as
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separation membranes, biosensors, artificial muscles, chemical valves and drug delivery
devices [217].

pH-sensitive hydrogels

The hydrogels showing pH-dependent swelling behavior can be swollen using the
ionic networks containing either acidic (anionic) or basic (cationic) groups [218-220]. The
swelling occurs as a result of the electrostatic repulsion when functional groups are ionized
in aqueous media of appropriate pH associated with hydrogel expansion, hence, the uptake
of solvent into the hydrogel matrix increases [221, 222]. lonic hydrogels containing
anionic groups such as carboxylic acid exhibit sudden or gradual changes in their dynamic
and equilibrium swelling behavior when the pH of the environment goes above the pKa of
the ionizable species [218, 221, 222]. In contrast, cationic materials contain functional
groups such as amines ionize in the media at a pH below the pKa of the ionizable groups
[218, 221, 222]. Consequently, as the degree of ionization increases, the charge density
increases, causing increased electrostatic repulsions between individual chains. Hence, the

hydrogel becomes hydrophilic with a great swelling ratio.

In the case of graphene hydrogels, the same phenomenon applies when the presence
of coion and counter-ion impacts on swelling and deswelling. For instance, Huang et al.
[223] found that the presence of (Na+) counter-ion could induce a significant decline of
electrostatic repulsion between the charge groups of -COO in poly(acrylic acid-co-
acrylamide) bound GO hydrogel (GO/P(AA-co-AM)) and lead to a decrease of the osmotic
pressure and swelling of hydrogel networks. Conversely, they observed a dramatic
swelling capacity when they increased the pH value from 3 to 7, as a large number of
COOH groups were ionized and converted into COO—. Consequently many hydrogen
bonds were broken and the electrostatic repulsion of anionic groups results in the swelling
of GO hydrogel networks. The effect of oxygen containing functional group on graphene
sheets on swelling behavior was later investigated by Tai and co-workers [224]. They
prepared polyacrylic acid [225] hydrogels with and without presence of GO and then
compared the swelling curves of these two hydrogels. A higher swelling capability from
the GO/PAA composite hydrogel than that of the PAA hydrogel (~1.4 times higher) was

achieved. The increase of the swelling capability was attributed to both structure and
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chemistry change of the hydrogel upon adding GO. The hydrogel turned into a fluffy
structure and introduced several other oxygen containing groups after adding GO, thereby
catching some additive water and resulting in the increase of the swelling ratio. Similarly,
Jiang et al. [226] investigated the swelling behavior of a composite hydrogel prepared by
cross-linking GO and PAA through whole pH ranges from 1 to 14. Their measurements
indicated that regardless of GO concentration, the swelling gradually increased until pH11,
because most of the oxygen containing groups were ionized and generated the highest
electrostatic repulsion that interrupted the hydrophobic interaction and hydrogen bonding
inside the hydrogel. Further increase of pH by adding sodium hydroxide resulted in a sharp
decrease of the swelling ratio because the reaction between GO and sodium hydroxide led
to strong interaction between GO and then outflowing of water from the hydrogel networks
[226]. They also realized that at any constant pH, increasing the GO concentration would
decrease the swelling ratio of the hydrogel because the higher the concentration of GO the

higher hydrophobic interaction occurs.
Temperature-sensitive hydrogels

Temperature sensitive/responsive hydrogels are the most studied class of stimuli
sensitive hydrogel systems in the biological field, particularly in drug delivery research.
This is because it is easy to change and to control the temperature of hydrogel surrounding
fluids, hence, making it widely applicable for both in vitro and in vivo studies.

To be more specific, the temperature responsive hydrogels are materials that exhibit
significant changes in volume and solvation state at certain temperature (volume phase
transition temperature (VPTT)) which is accompanied by coil-to-globule shape transition
of hydrogels. Altering the temperature across VPTT may result in contraction or expansion
of the hydrogel structure as a consequence of the optimization of the hydrophobic and
hydrophilic interaction between hydrogen and aqueous solution. Thus, such hydrogels can
be categorized as positive or negative temperature-sensitive systems. The positive
temperature-sensitive hydrogel has an upper critical solution temperature (UCST). These
hydrogels deswell when the temperature goes below the UCST and swell at higher than

given temperature. Conversely, the negative temperature-sensitive hydrogels possess a
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lower critical solution temperature (LCST) meaning that they deswell upon heating above
the LCST and swell upon cooling below the LCST [1].

Tanaka and co-workers as one of the pioneers in the field temperature-sensitive
hydrogels introduced PNIPAAmM as the best example of negative temperature-sensitive
hydrogels [227, 228]. There are numbers of polymers in the thermo-sensitive hydrogel
family possessing hydrophobic groups of methyl, ethyl and propyl, such as poly(N,N’-
diethylacrylamide) (DEAM) [229-231], poly(N-acryloyl-N’-propylpiperazine) (PAcrNPP)
[232, 233], and poly(methylvinylether) (PMVE) [234-236]. However, PNIPAAmM due to
the LCST of 32 °C close to body temperature received extensive attention for biological
applications. After the introduction of PNIPAAmM, Hitotsu et al. [228] conducted research
on cross-linked PNIPAAm and found the LCST of their PNIPAAm gels is ~34.3 °C. They
also found that the LCST could be increased through adjusting ionic interactions by adding
small amounts of ionic copolymers into the hydrogels. A similar result was attained by
Beltran and co-workers [237] by adding ionic comonomers into PNIPAAmM hydrogels.

In order to enhance the stimuli responsive properties of PNIPAAm hydrogels, Ma et
al. [238] introduced in-situ polymerization with GO to prepare a composite hydrogel
material with enhanced swelling capability and mechanical properties. Combination of GO
and PNIPAAm offers both electro- and thermo-sensitivity to the composite hydrogels.
They achieved the equilibrium swelling ratio for GO/ PNIPAAm is almost two times larger
than that of pristine PNIPAAm, and the final water retention of the composite hydrogels
was also slightly higher than that of pure PNIPAAmM hydrogel. Thermo-sensitivity of
PNIPAAmM in conjunction with hydrophilic groups on GO sheets cause more water
molecules to hold in the composite hydrogels, thus leading to the increase of the

equilibrium swelling ratio.

Peptides and polypeptides [239] due to their amphiphilicity (via charge interactions,
hydrogen bonding, and hydrophobic interactions, n-x stacking), they can self-assemble to
form thermo-sensitive hydrogel networks in the form of either nanofibril [240] or scaffold
shapes [241, 242]. They possess excellent biocompatibility and structural controllability
making them suitable candidates for therapeutic applications. Pollock et al. [243] revealed

that introducing the hydrophilic moieties such as poly(ethylene glycol) (PEG), hydrophilic
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polypeptide, and methacrylate into PNIPAAmM bestowed thermogelling properties to the
polymer aqueous solution. Elastin-like polypeptides or their copolymers with other
thermo-sensitive polymers, like PNIPAAm, have been used in vitro and in vivo for cancer
treatment. An example of thermo-sensitive polypeptide used for cancer therapy was
reported by Dreher etal., [244], who conjugated a common anticancer drug doxorubicin
(DOX), to polypeptide hydrogels (made by incorporation of Val, Ala and Gly residues
with different ratios) resulting in a broader transition than the parent polypeptide above the
LCST. Interestingly, both the polypeptide/DOX hydrogel and the free DOX exhibited near
equivalent in vitro cytotoxicity because almost all the drug was released at the LCST,

indicating outstanding thermal responsive properties of the hydrogel.

In summary, from the drug delivery perspective, the design and usage of polypeptide
and PNIPAAmM either as polymer or copolymer in hydrogels are vital because they should
uptake drugs at the temperature below their LCST and release entrapped drugs in response
to the LCST transition. This transition is thermodynamically reversible. The drug release
occurs when hydration surrounding the hydrogel networks is mostly released upon
reaching to LCST point through the hydrophobic collapse of the hydrogel, leading to
hydrogel aggregation and separation from the aqueous phase. Although the LCST behavior
of polypeptide and PNIPAAmM hydrogels are thermodynamically similar, each hydrogel
needs to be carefully considered due to its distinct advantages and disadvantages as a

carrier for therapeutics.
Chemically-controlled delivery systems

In addition to diffusion and swelling, there is a third type drug release mechanism in
DDS called, chemically-controlled delivery. The chemically—controlled system can be
further classified into two systems of erodible and pendent chains [1]. In erodible systems,
the drug release rate is controlled by degradation or dissolution of the polymer carrier and
depends on whether diffusion or erosion is the rate-controlling step. When erosion of the
hydrogel matrix is much slower than the diffusion of the drug through the hydrogel, then
the drug release is diffusion controlled. The other possibility is that the drug remains
incorporated in the hydrogel matrix due to the low rate of diffusion, and therefore, drug
release is erosion-controlled. On the other hand, for pendent chain systems, there is a
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different scenario in which the drug is attached to the hydrogel via a hydrolytically or
enzymatically labile bond. In such a case the drug release is based on reaction-diffusion
which is controlled by the rate of degradation of the bond [208].

2.3.2 Overview of drug delivery technology for DOX

The exploration of graphene derivatives based drug delivery derives from anticancer
drugs to other drugs for non-cancer diseases treatment. Comparing to covalently bonded
drugs, the physical binding of drugs onto graphene sheets would maximally preserve the
biological activity, owing to the lack of chemical reactions between them [245]. Hence, the
focus of most research was on choosing drug molecules which non-covalently incorporate

with graphene (through either n-n stacking and/or hydrogen bonding).
Cancer treatment

Chemical drugs such DOX [28, 196, 197, 246-249] and camptothecin (CPT) [196,
245, 249-253] have a high density of n-electron clouds and more than two aromatic rings
have been used broadly as anticancer agents. camptothecin (CPT) has one aromatic ring
containing molecule [254-256] and is also considered as common anticancer drug used in
the treatment of solid tumors [257]. Although it can have both n-n stacking and hydrogen
bonding interaction with graphene derivatives, the interactions are not comparable to that
of DOX and CPT as they contain more aromatic rings.

Non-cancer treatment

Rana and co-workers [258] reported the delivery of Ibuprofen as an anti-
inflammatory drug via using a chitosan-grafted GO with a drug loading rate of 9.7%. They
demonstrated that controlled drug release can be achieved by the adjustment of pH.
Another example pH dependent delivery is the release of antibacterial ciprofloxacin (CF)
loaded on the polyethyleneimine (PEI) cross-linked GO film [259]. The loading and
release of drug molecule is based on different electrostatic interactions between the drug
and the carrier at different pHs.

Among all chemotherapeutic agents, particularly for cancer treatment, DOX has been
shown to be exceptionally active in a large variety of cancers including hematopoietic
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malignancies, carcinomas of the breast, lung, ovary, stomach and thyroid, as well as
sarcomas of bone and soft tissue origin [244]. However, there are several side-effects such
as cardiotoxicity, alopecia, vomiting, leucopenia, and stomatitis which have hindered the
successful use of DOX. In order to diminish the undesired effects without reducing drug
potency, DOX has to be encapsulated into drug delivery agents. These agents should be
able to efficiently take up the drug, protect it, and selectively release it in specific sites
without having adverse effects to surrounding tissues [260]. Moreover, it is difficult to
incorporate drugs with low water solubility into the sustained and controlled release
mechanism where a constant rate of release is required. Hence, graphene derivatives
offering both n-n stacking and hydrogen bonding interactions can help most insoluble
drugs, in particular, DOX to load and release in a controlled way by tuning the
hydrophobicity/hydrophilicity degree of graphene sheets. Yang et al. [248] found that the
loading ratio of DOX to GO as carrier could reach 200%, much larger than that of other
nanocarriers which usually have a loading ratio lower than 100%. They demonstrated that
graphene derivatives can be employed as efficient nanocarriers for the loading and delivery

of water-insoluble aromatic drugs.

2.3.3 pHresponsive graphene-based materials in drug delivery

One of the smartest properties of graphene derivatives is controlled drug delivery
based on drug-graphene interactions (e.g., hydrogen bonding, hydrophobic, n-n stacking
and electrostatic interactions) that respond to the stimuli release by adjusting pH,
temperature, ultraviolet or visible lights, chemical substances or electric fields [258, 261,
262]. Moreover, graphene sheets as drug carriers are interesting because both sides of
single graphene sheet could be accessible for drug binding [263, 264]. Graphene with
extremely large surface area of about ~2,630 m%g, allows for ultra-high drug loading
efficiency on the sheets as compared to CNT surface with the surface area of almost half
that of graphene[265].

Recently, the functionalization chemistry has rationally focused on endowing
graphene with more aqueous solubility [261] and biocompatibility [160]. The oxygenated
functional groups on GO surfaces also enabled it to serve as a physical cross-linker in the
formation of a hydrogel. Bai and co-workers [22] reported a pH-sensitive GO-poly(vinyl
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alcohol) composite hydrogel by a direct mixing method for drug delivery, which exhibited
a storage modulus of ~200Pa and was able to release 84% of the loaded vb12 molecules
into a neutral solution after 42 hrs as opposed to 51% into an acidic solution. The basic
functionalization of graphene that have been reported to date mainly concerns introducing
chemically reactive oxygen-containing groups, including carboxylic acid groups which
situate at the edges of the sheets as well as epoxy and hydroxyl groups on the basal planes
[106, 129].

In the instance of graphene based material in the dispersion phase, the gradual release
of drug into blood circulation after injection is necessary whereas the rapid release rate of
drug in endosomes and lysosome is favorable. This issue has been address by the
investigations of [266] pH-responsive drug delivery. [28] demonstrated the reactive
oxygen species (ROS) generation and anticancer effect of graphene based carbon nitride
(9-C3N4) nanosheets under low intensity light irradiation with low cytotoxicity and
excellent biocompatibility. These nanosheets exhibited the pH-responsive behavior for the
delivery of the anticancer drug, DOX. Nanosheets had a significant release of DOX of
about ~ 41.4% under acidic condition (pH=5.0) whereas the DOX release in neutral
(pH=7.0) and basic (pH=9.0) mediums were as low as 6.1% and 2.8%, respectively. This
mainly attributed to increased protonation and enhanced solubility of DOX under acidic

environment.

Similar pH dependent release of DOX was also reported by Wu et al. [246] who
observed the highest release in the acidic pH=3.4 where the electrostatic repulsion
interactions between positively charged DOX and GO was the main reason of such large
release. In contrast, in basic pH, negatively charged GO formed strong electrostatic
interactions with the positively charged DOX, hence remaining most of the drug on the GO

sheets.

Similar phenomenon of release applies for the graphene based materials in the form
of films. Huang et al. [259] reported a pH dependent in vitro drug delivery of ciprofloxacin
CF using the polyethyleneimine (PEI) cross-linked GO porous film. They found that
accelerated CF release in acidic pH compared to that neutral and basic medium, due to
weakened electrostatic interactions between CF and PEI modified GO porous film. In
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acidic environment, the PEI chain undergoes electrostatic repulsions via the ionization of
amine groups which results in the chain stretch, decreased diffusion resistance and
consequently enhanced drug release. The CF loaded porous film also exhibited significant
antibacterial properties compared to that of plain film demonstrating the successful release

of antibacterial agent of CF.
2.4 Graphene based materials with contolled structure

In the field of fabricating porous media, it is extremely important to construct the
media with an ordered microstructure and uniform pore size, [14, 30, 31] particularly for
drug delivery applications, as the uniform spatial structure and pore distribution will ensure
that drugs are homogeneously loaded and distributed. The use of mesoporous, microporous
and nanoporous graphene based hydrogels as carriers in drug delivery systems is a part of a
growing body of research [18, 263, 267, 268]. Similar to other porous media, tuning the
pore size in graphene based hydrogels is vital in the sense that the loading and release of
the drug may be conducted in a more controllable, reproducible and predictable manner.
LBL assembly of graphene, GO sheets has attracted considerable attention from
researchers [23] to create out-of-plane pores which results in the enhancement of their
adsorption characteristic. This out-of-plane pore benefits different applications and
devices, for instance, in water treatment where the pore size and water flow rate matter
[25], in gas and energy storages where the accessibility to the active surface areas is the
key issue [26, 27] and in drug delivery where the poor solubility of the drug, yield of drug
uptake as well as the release rate are the main concerns [28, 29]. The advantage of
graphene LBL assembly is a high level of control over layering and the thickness of the
obtained construct, which arises due to the linear growth of the films with the number of
bilayers [24]. As in the construction of self-assembled materials, the control of the periodic
structures and physiochemical properties of the hybrid graphene materials over a large
scale is crucial. Particularly, when it comes to applications because the integration of the
properties of disparate materials is beneficial. With LBL 3D assembly of the graphene
sheets with desired pore size; one can tune the physiochemical properties and consequently
address all the issues mentioned above. The best strategies are to materialize graphene

constructs in a manner that avoids re-stacking and agglomerate formation, and contributes
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to the material’s active surface. This would benefit many different applications. Currently
used protocols for the synthesis of this sort of graphene constructs can be classified into

two types of “with” and “without” spacers, which are explained in detail below.

2.4.1 LBL assembly of graphene hydrogels without spacer

Recent researches on the facile self-assembly of layered graphene materials report
the success in manipulating the assembly of graphene using the principles of colloidal
chemistry and without using additional matter. [32, 269, 270] The principle is serving soft
matter, “water” acting as an effective “spacer” to prevent the restacking of graphene
sheets. Without a spacer, the self-assembly driving force is the strong van der
Waals interaction between graphene sheets. The pore size can be altered via differing
reaction parameters in graphene preparations [26] and also the applied pressure on layering
graphene sheets [269, 271]. In most of these experiments, the graphene sheets orient in
nearly parallel manner, nevertheless, the precise controlling of the interlayer spacing (pore
size) is difficult. From natural graphite, Kovtyukhova et al. [24] prepared monolayer and
grew multilayer of thin GO films on cationic surfaces via electrostatic self-assembly. They
are one of the pioneers in the field of LBL assembly, and interestingly, they achieved
unilamellar GO sheets by alternate adsorption of anionic GO sheets and cationic
poly(allylamine hydrochloride) (PAH). With only GO sheets, the monolayer GO films
showed the thickness in the range from 10 to 14 A with GO out of plane (c-axis) spacing
of 6.91 A, which falls within the range of 6.3—7.7 A reported in the literature.[272-275].
However, sequential adsorption of GO sheets and polycations via electrostatic interactions
invariably resulted in a thickness change, which was 2—3 times by average larger than the
GO monolayer thickness. The graphene interlayer distance for graphite oxide can be varied
within the range of 6.87 to 8.72 A depending on the extent of oxygen content and
dehydration. Nakajima et al. [273] discovered that when the dried graphite oxide (1ID=6.87
A) was exposed to air, the interlayer distance increased to 7.75 A, within 10min, and to
8.72 A after 16 hrs. The moisture adsorption is very fast. Thus, a number of preparation
parameters including pH, level of functionalities, and applied pressure need to be carefully
considered for controlling the LBL assembly of graphene constructs. Also, a number of
approaches including hydrothermal reduction [15, 111, 269], vacuum filtration, [32, 276,

277] spin-coating [125, 278], dip-coating [279-281], Langmuir—Blodgett assembly [95,
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282], and direct chemical vapor deposition [39, 67, 283] have been employed to assemble
GO and rGO nanosheets constructing thin films with tailorable properties. Here, we focus
on reviewing the first three methods, as they are simple and economical methods that have

been widely used to prepare 3D graphene.
2.4.1.1 Hydrothermal method

Without using any spacer, Tao et al. [269] prepared different types of layered
graphene films to investigate the effect of pressure and different drying process on the pore
size distribution (PSD) of these layered materials and their electrical conductivity (shown
in Figure 2-7a). Parent samples in the form of hydrogels were first prepared using
hydrothermal reduction of GO sheets and their self-assembly through van der Waals
interactions. Hydrothermal treatment is one convenient method used to convert GO to rGO
[269, 284] and involves minimum defects on carbon graphitic structure and the facile self-
assembly of graphene sheets. Each sample was cut from the parent cylindrical hydrogel
and treated in different ways. The first sample was freeze-dried hydrogel followed by
annealing at 800°C, called PGM-800. The second and third samples were the room
temperature vacuum dried hydrogels with and without following annealing, called HPGM
and HPGM-800, respectively. In the upper part of Figure 2-7a the SEM image clearly
shows how freeze drying effectively aided fixing the 3D network constructed of
interlinked nanosheets, but in a random and spongy assembly which resulted in a mainly
macroporous structure with some mesoporousity. This demonstrates how freeze-drying can
retain the morphology of the parent hydrogel without shrinkage. For HPGM, the vacuum
drying also leads to the formation of porous structure in a disordered, but highly compact
way (shown in lower part of Figure 2-7a). The proof of highly dense and interlinked
layered morphology beside scanning electron microscopy (SEM) is the PSD analysis from
nitrogen adsorptio