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Summary

Graphene quantum dots (GQDs) have emerged as a new class of fluorescent materials
that show clear advantages over their currently existing counterparts. Their unique
properties of small size, biocompatibility, photostability and large surface area make them
suitable candidates for a plethora of applications. Currently the field of graphene quantum
dots is in nascent stages and is filled with challenges and opportunities. This thesis
attempts to contribute to the growing field of graphene quantum dots by developing new
synthesis strategies and by conducting systematic studies to understand the mechanism
involved in GQD fluorescence for fundamental sensing and biological applications.
Firstly, we demonstrate a novel, versatile and high throughput synthesis approach for
blue-luminescent GQDs from 3D freestanding graphene. The use of 3D graphene
electrode is suitable for lowering reaction time and producing high quality GQDs. The
simultaneous functionalization of GQDs during synthesis renders them sensitive to ferric
ions in solution. The as-synthesized GQDs are used as fluorescence turn-off sensor for
ferric ions with a lower theoretical detection limit of 7.22 uM.

Secondly, heteroatom doping in graphene and GQDs has known to introduce new and
enhanced properties. In this regard, we demonstrate a two-step synthesis protocol for
nitrogen and phosphorous co-doped GQDs. The GQDs show a high quantum vyield of
28% and a high two-photon absorption cross-section of 20000 GM. To further explore the
possibility of these GQDs as bioimaging agents, we have conjugated transferrin, an iron
binding protein for targeted uptake by cancer cells in-vitro. We observe that GQDs can be
used as robust fluorophores for cell labeling and also tracking single exocytotic and
endocytotic events in cells.

Thirdly, we demonstrate a new mechanical synthesis strategy for the production of GQDs
using ball-milling and use the as prepared GQDs as drug carriers. We have explored the

use of GQDs as drug delivery vehicle for the highly hydrophobic drug p-lapachone. The



GQD-drug conjugates exhibit a pH dependent release behavior. They also exhibit
enhanced cytotoxicity as compared to free drug in two different cancer cell lines in-vitro.
Lastly, we identified that the poor understanding of photoluminescence mechanisms
hinders the widespread use of GQDs. In this regard, we have carried out systematic
theoretical investigations on the various factors influencing GQD fluorescence with the
use of density-functional theory (DFT) and time-dependent DFT calculations. Our
findings indicate that fluorescence of a GQD is greatly influenced by its size, edge
configuration, shape and attached chemical functionalities. In addition, it is also observed
that fluorescence properties of large GQDs consisting of heterogeneously hybridized

carbon network is dependant largely on small sp? clusters isolated by sp® carbons.



Chapter 1 Background and Specific Aims

1.1 Background

Fluorescence, particularly photoluminescence is a physical phenomenon in which a
molecule/ material absorbs photons of shorter wavelength and emits photons of longer
wavelength. Materials that possess this property are commonly known as fluorophores.
Fluorophores have been an integral part of research for many decades as they find
application in bioimaging, sensing, immunofluorescence, protein studies, and dye
sensitized solar cells etc.

Currently, the commonly used fluorophores are fluorescent dyes, fluorescent proteins and
inorganic semiconductor quantum dots. Fluorescent dyes and proteins mainly find
widespread applications as fundamental tools in biochemistry, cell biology and
fluorescent sensing. However they suffer from many drawbacks that limit their
applications. For instance, fluorescent dyes undergo bleaching of fluorescence upon
repeated light excitation. They also have a narrow excitation wavelength range, making
them difficult to use for long term imaging experiments. Fluorescent proteins are
genetically expressed along with the protein of interest. They are mostly confined to in-
vitro fluorescent imaging/ sensing applications and require tedious procedures for
synthesis and purifications.

The quest to overcome the inherent disadvantages of fluorescent proteins and dyes led to
the development and use of semiconductor quantum dots. Inorganic compounds such as
sulfides and selenides of groups 1I-VI or 1lI-V elements in the periodic table are
commonly explores as quantum dots. With a particle size smaller than the bohr’s radius,
they exhibit quantum confinement effects resulting in the distinct optical and electronic
properties.

Although traditionally explored for applications in microelectronics and optoelectronics,

the past years have seen a rapid rise in the use of semiconductor quantum dots (QDs) in



biological, biomedical and sensing applications. The key developments that have allowed
these applications are the advances in the synthesis of highly luminescent QDs with high
yields, complex surface chemistry, water solubility, biocompatibility and multicolour
emission. The applications have also expanded to molecular and cellular imaging,
nanoparticle drugs conjugates for targeted therapy, disease screening, detection and
diagnosis.*

QDs show distinct advantages over fluorescent dyes and proteins. They are highly
resistant to photo bleaching, have a range of excitation wavelength, tunable emission
(change in QD size changes emission wavelength) and can be tailored to be hydrophobic/
hydrophilic. However, as they became increasingly used in biological applications,
several concerns were recognized.

Firstly, QDs were usually composed of elements such as cadmium, which pose
environment concerns and biocompatibility issues. Secondly, most QDs are bulky in
nature with a surface passivation layer or with a core-shell structure. This leads to steric
effects upon protein conjugation and makes them impractical for use in cell studies.
Thirdly, the surface defects in QDs cause “blinking” wherein there is an intermittent loss
of fluorescence signal. This makes them less preferable for long duration and live cell
imaging experiments.

The need to develop alternate fluorophores that can supersede fluorescent dyes and QDs
has made researchers search for alternate fluorophores that can circumvent their
disadvantages. Ideally a fluorophore should be bright, small sized, photostable and should
have ease of chemical modification/bioconjugation.

A relatively easy solution focused towards the development of alternative materials that
are semiconducting in nature and possess the conjugated/carbonaceous framework of
fluorescent dyes. This can be achieved from materials such as conjugated polymers,

amorphous carbon and graphene.



Graphene, a single atom thick 2-dimensional array of sp? hybridized carbon atoms has
been an important material of interest. The absence of a band gap in graphene is the most
notable property, making graphene a zero-band gap semiconductor or a semi metal,
enabling its use in numerous electronic devices.?

Pristine graphene is often limited in applications due to zero band gap, aggregation and
poor dispersion in common solvents. Modifying the dimensions and chemistry of
graphene by functionalization has become a common practice for tuning the band gap of
graphene.

Recently, zero-dimensional form of water dispersible graphene known as graphene
quantum dots (GQDs) has been reported.®> GQDs show interesting optical and electronic
properties due to quantum confinement and are receiving much attention in the fields of
sensing, bioimaging, energy and photocatalysis.*® Furthermore, the organic framework,
high photostability, and non-toxic nature of GQDs make them suitable alternatives for
conventional fluorescent materials.

Currently the field of GQDs is still at early stages and is filled with abundant
opportunities. This thesis aims to contribute to the growing field of GQDs by developing
various synthesis strategies for GQDs that find application in sensing, biology and

biomedicine and by studying the mechanisms of fluorescence in detail.

1.2 Aims and Outline

On account of the immense promise offered by GQDs to emerge as new class of
environment friendly and biocompatible fluorophores, the design and synthesis of GQDs
are of utmost importance to derive their full application potential. There has been
ongoing research to harvest the potential of GQDs but it is riddled with challenges.
Keeping in mind the current challenges GQD research this thesis is aimed at developing

new synthesis strategies for GQD synthesis and their application in fields such as



fluorescent sensing, bio-imaging and drug delivery. The thesis also focuses extensively

on the study of fluorescent properties of GQDs.

The specific objectives of this dissertation are:

1.

To develop various low cost, high throughput and rapid synthesis strategies for
GQDs using various precursor materials. Synthesis strategies will be developed to
yield high quality GQDs for specific applications.

Synthesis of GQDs towards applications in fluorescent sensing. Simultaneous
functionalization of GQDs with heteroatoms during synthesis will be conducted to
render specificity towards analytes such as metal ions.

Improving the fluorescence properties of GQDs. Several strategies for improving
fluorescence quantum yield (QY) and tuning emission wavelength of GQDs will
be investigated. The GQDs will also be surface modified with functional groups
for conjugation to biomolecules for targeted imaging.

Explore the use of GQDs as drug carriers. The extensive © conjugated structure of
GQDs offers a platform for loading drugs with m-conjugated structures. GQDs
will be investigated as drug carriers for hydrophobic drugs using simple n—=n
stacking and the loading and release behavior will be studied.

To investigate the elusive mechanisms behind GQD fluorescence. Theoretical
studies will be conducted on various GQD models to understand mechanism of

fluorescence.

Chapter 1 of this thesis highlights the current need for alternate fluorophores in biology/

biomedicine. The reason behind the exploration of GQDs as alternate fluorophores is

established. Chapter 2 summarizes the current developments in the field of GQDs. The

properties of GQDs along with various synthesis strategies and applications in biology

and environment are discussed in detail. In Chapter 3 a new synthesis strategy for high

yield production of GQDs for application in fluorescent sensing of metal ions is



discussed. It includes synthesis and characterization results for GQDs and development of
fluorescence turn-off based sensing platform for ferric ions in solution. Chapter 4 aims to
improve and modify GQD fluorescence properties for use as fluorescent probes in cell
labeling. It discusses a new strategy for co-doping GQDs with nitrogen and phosphorous
using a single precursor molecule. The influence of doping on fluorescence properties is
investigated and a proof-of-concept demonstration of GQDs for cell-labelling is
conducted.

Chapter 5 explores the application of GQD as drug carriers for hydrophobic drugs. GQDs
are assessed for loading and release of the, drug B-lapachone at various pH and optimized
for drug loading and release. The anticancer efficacy of the GQD-drug conjugates on
various cell lines are studied. In Chapter 6, a detailed theoretical investigation of factors
affecting GQD fluorescence is presented. The chapter discusses the influence of edge,
size, surface functionalization and hybridization on GQD fluorescence.

Chapter 7 summarizes the conclusions of the various other chapters that contributed to
this thesis. It also provides an outlook on the future on GQDs including improvement in

synthesis techniques, applications in biomedicine as well as other novel applications.



Chapter 2 Literature Review

Graphene quantum dots are typically few atom thick nanometer sized graphene sheets
with a size typically less than 30nm in diameter. They are usually decorated with oxygen
functionalities at the edges, which make them hydrophobic in nature. Their small size,
organic framework and crystal structure makes GQDs suitable for applications in variety
of fields such as sensing, bioimaging, energy and photo catalysis.*”’

The properties, synthesis procedures and applications of GQDs will be discussed in the

following sections.

2.1 Properties

2.1.1 Structure

GQDs, resemble the crystalline structure of single to a-few layered graphene GQDs are
typically a few nanometers although the largest size reported is ~60 nm.8 The shape of
most synthesized GQDs is circular or elliptical (Figure 2.1), although triangular, quadrate
and hexagonal GQDs have also been reported. °

The crystalline structure of GQDs has been investigated by HRTEM imaging and X-ray
diffraction. From HR-TEM measurements, a graphitic in-plane lattice spacing of 0.18 —
0.24 nm (corresponding to different diffraction planes) is widely reported.’® From XRD
measurement, a graphitic inter-layer spacing of 0.334 nm or higher has been revealed.
Depending on the synthetic routes, various defects, heteroatoms, and functional groups
are introduced, which, may significantly alter the structural and physicochemical

properties.
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Figure 2.1 Structural depiction of (a) GQDs. Adapted with permission.” Copyright 2010, Wiley-VCH.
HRTEM images of (b) GQDs showing combination of zigzag and armchair edges Reprinted with

permission®?, copyright 2012, American Chemical Society.

2.1.2 Optical properties

Absorption: GQDs usually show a prominent absorption peak at about 230 nm, and a
long tail extending into the visible range (Figure 2.2a).2° The strong UV absorption is
attributed to the m—r* transitions of the C=C bonds present in the graphene lattice of

GQDs. Functional groups may alter the absorption features.

Photoluminescence (PL): The PL properties of GQDs are the key to many applications.
Most GQDs show fluorescence in the blue to yellow region of the visible spectrum with
a unique characteristic of excitation dependent emission. The emission wavelength of
GQD:s is red shifted upon increasing the excitation wavelength (Figure 2.2b). The PL of
GQDs is highly photostable and non-blinking, making them advantageous over inorganic
QDs. GQDs prepared solvothermally from graphene oxide show insignificant
photobleaching under illumination of low power UV lamp or mercury lamp. Decrease in
PL intensity is only observed when 1000W high pressure mercury lamp is used.? Under
confocal laser illumination, the GQD fluorescence intensity remains strong (53%
remaining) after 18 min, whereas the FITC fluorescence is completely quenched after

only 2 min under the same irradiation.*®



The mechanisms underlying the tunable PL properties of GQDs are not completely
understood, largely because of the inconsistent experimental observations caused by the
large heterogeneity of individual particles from the same synthesis as well as distinct and
not precisely defined properties of GQDs obtained from different processes. For example,
the supposed size-dependent emission of GQDs (i.e., smaller diameter GQDs shall emit
shorter wavelength due to bandgap opening by quantum confinement) has not been
unambiguously demonstrated by experiments.!* Experimental determination relies on

controllable synthesis of well-defined GQDs, which is currently lacking.

Upconversion Luminescence: Non-linear emission has been reported in many kinds of
GQDs. Liu et al. reported strong two-photon induced fluorescence from N-doped
GQDs.** The two-photon absorption cross-section reaches 48000 GM, which is two
orders of magnitude larger than that of conventional organic dyes and is comparable to
semi-QDs (Figure 2.2¢). The 800 nm excitation used for this N-doped GQD can achieve a
large tissue penetration depth of 1800 um, promising for in vivo imaging. Up-conversion
PL has been observed from some GQDs and is attributed to multi-photon active
process.'® 1 However, Shen et al. suggested that the multi-photon process is insufficient
to explain the up-conversion of GQDs, because of the existence of a constant energy
difference between the emission and excitation corresponding to the energy difference
between the © and o orbitals.'” Using an energy level structural model, an anti-stokes
transition mechanism is proposed. Briefly, a low energy photon excites = electron (at
intermediate energy level) to LUMO, whereby subsequent relaxation into o
orbital (HOMO) results in the emission of a shorter wavelength photon.

Wen et al. recently argued that the observed multi-photon excitation properties in some

GQDs may be artificial and could originate from the normal fluorescence excited by the



leaking component from the second diffraction in the monochromator of the fluorescence

spectrophotometer. 8

Electrochemiluminescence (ECL): ECL behaviors of GQDs have only been identified
recently. Li et al. were the first to report that green luminescent GQDs (2-7 nm, single
layered or bi-layered) showed an ECL emission 9 times higher than background signal at
-1.45 V with K2S,0s as coreactant.’® The onset potential was found to be -0.9 V. Lu et al.
synthesized blue-luminescent single-layer GQDs (~ 4 nm), which showed a strong ECL at
-1.52V using K2S20g as coreactant. The signal was about 19.2 times more than the
background signal.?® The ECL signal was very stable with a relative standard deviation of
1.63%, upon continuous cyclic scanning for 10 minutes. In contrast, the onset potential
for the GQDs hydrothermally synthesized from GO is as low as 0.4 V.2 It is assumed that
GQDs exhibit stable ECL properties with an onset potential closer the OV possibly due to
the accelerated electron transport by high content of sp? carbon. The mechanism of ECL
for GQDs have been speculated to be oxido-reductive where during potential cycling, the
reduced state of GQD (R*) or a co-reactant species such as K2S20s (S20s ‘*) is formed at
negative potentials and oxidized state of GQDs (R™) is formed at positive potentials
(Figure 2.2d).2% 22 Electron transfer annihilation between the reduced and oxidized
species results in the formation of an excited state (R*) which, in turn, produces an ECL

signal upon relaxation to ground state.
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Figure 2.2 (a) UV-vis absorption (ABS) spectra of the GQDs aqueous solution. (b) The excitation-
dependent PL behavior of GQDs, when the GQDs were excited at wavelengths from 400 to 540 nm.
Adapted with permission.'? Copyright 2011, The Royal Society of Chemistry. (c) Two-photon-induced
fluorescence spectrum of N-GQDs under 800 nm femtosecond laser excitation. Inset: Two-photon
fluorescence image of dry N-GQDs (scale bar: 10 pm) Reproduced with permission.** Copyright 2013,
American Chemical Society. (d) Schematic illustration of the ECL and PL mechanisms in GQDs. Re+, Re-,
and R* represent negatively charged, positively charged, and excited-state GQDs, respectively. Reproduced

with permission.?? Copyright 2009, American Chemical Society.

2.1.3 Electrochemical properties

The electrochemical characteristics of GQDs are a complex interplay between carbon
core, functional groups, and doped heteroatoms.? Efficient electron transfer of GQDs is
benefited from its large specific surface area and abundant edge sites. Due to the small

size of GQDs, single-electron can be trapped in the quantum well formed between a GQD

10
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and surface coating.?* Most GQDs have oxygenated functional groups that give them
catalytic activity similar to graphene oxide (GO).?> 2 Heteroatom doping (mainly N-

doping) can also endow GQDs with catalytic properties towards oxygen reduction.?” 2

2.1.4 Biocompatibility

GQDs being carbonaceous materials are expected to be environmentally and biologically
safe. However, a comprehensive investigation should be performed to evaluate their in-
vitro and in-vivo toxicities before using them in biomedical applications. Till date, the
toxicity studies conducted by various groups suggest low toxicity for GQDs.

In-vitro cytotoxicity of GQDs with human breast cancer cell lines T47D and MDA-MB-
231 have been evaluated by Peng et al. The MTT assay result indicates GQDs of doses up
to 50 ug mL* does not pose significant toxicity to both cell lines.? Similarly, the cellular
activity of MG-63 (human osteosarcoma) cells were not significantly affected upon the
addition of 400ug GQDs. Besides cancer cell lines, GQDs toxicity have been evaluated in
stem cells by Zhang et al.*® Shang et al. carried out a more detailed investigation of the
effects of GQDs on hNSCs. The results indicated that no significant change in the
viability, proliferation, metabolic activity, self-renewal ability and differentiation
potential of ANSCs after treatment with GQDs. !

In-vivo toxicology and long term biodistribution of PEG-functionalized GQDs have been
studied in mice.*? These GQDs did not cause appreciable toxicity to the mice at a dose of
20 mg kg over three months. The PEG-functionalized GQDs mostly accumulate in the
liver and spleen and could be gradually cleared. All these evidence so far show GQDs
have great potential for in-vitro and in-vivo biomedical applications, although more

toxicity studies such as median lethal dose (LD50) measurements are further required.
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2.2 Synthetic Methods

Synthesis of GQDs can follow two approaches namely, "top-down™ and "bottom-up"
methods.® " 1° The former involves cleaving or breaking down of large carbonaceous
precursors via physical, chemical or electrochemical techniques. The latter is realized by
pyrolysis or carbonization of small organic molecules or by step-wise chemical fusion of

small aromatic molecules.

2.2.1 Top-down Approaches

Acidic oxidation: Strong acid treatment have been widely used to exfoliate GQDs from
carbon fibers,® graphene oxide (GO),* coal®* and carbon black.®*® Generally a
combination of strong oxidizing acids such as HNOz and H.SOq are usually used along
with elevated temperatures to cleave precursors. Such methods are amenable for large-
scale solution-processable production from readily available low-cost carbon sources
(Figure 2.3a). Such methods unavoidably introduce negatively charged oxygenated
groups onto the resultant GQDs, making them hydrophilic and defective in graphitic

structure.

Hydrothermal or solvothermal synthesis: The hydrothermal synthesis of GQDs usually
begins with the thermal reduction of graphene oxide, where the temperature in this step
plays an important role in determining the structure of obtained GQDs.*® The reduced
graphene sheets were then oxidized using strong oxidants including concentrated
inorganic acids like HNOs or H2S04,* 2% 3335% hydrogen peroxide and ozone.*® During
this oxidation process, epoxy groups are introduced in a line along a carbon lattice, which
would create defects by interrupting the C-C bonds (Figure 2.3b). In the final deoxidation

step, which is usually achieved in alkaline medium under hydrothermal conditions,3 3¢
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these defect sites will facilitate the breaking up of the graphene sheets into smaller
fragments, and GQDs are obtained.

Zhu et al. reported the first solvothermal synthesis of green luminescent GQDs with GO
as starting material.'> GO was first dissolved in DMF and sonicated for 30 min, and the
mixture was heated for 5 h at 200 °C to obtain GQDs with average diameter of 5.3 nm
and average height of 1.2 nm. These GQDs were soluble in both water and organic

solvents and achieved a QY of 11.4%.

Electrochemical exfoliation: Electrochemical exfoliation of GQDs is usually conducted
by applying potential to electrodes made of graphene precursors. The most commonly
used electrode for electrochemical exfoliation is a graphite rod. Lu et al. (6-8 V, 240
min)*! and Zhang et al. * reported the exfoliation of graphite rod in aqueous solutions
with suitable electrolytes. The governing mechanism of this synthesis strategy is that, the
OH" and O’ radicals formed in the electrolyte from anodic oxidation of water plays the
role of electrochemical "scissors" in its oxidative cleavage reaction, which will oxidize
the carbon anode, causing the release of the C-GQDs (Figure 2.3c).*

Green luminescent GQDs have also been synthesized electrochemically in 0.1M
phosphate buffer solution (PBS) with a graphene film as working electrode.* The GQDs

were prepared in cyclic voltammetry mode within + 3.0 V at a scan rate of 0.5 Vs™.
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Figure 2.3 Top-down fabrication of GQDs. Schematic illustration of (a) GQDs synthesis by acidic
oxidation of coal. Reproduced with permission.®* Copyright 2013, Nature Publishing Group; (b) mechanism
for the hydrothermal cutting of oxidized graphene sheets into GQDs: a mixed epoxy chain composed of
epoxy and carbonyl pair groups (left) is converted into a complete cut (right) under the hydrothermal
treatment. Reproduced with permission.® Copyright 2010, Wiley-VCH; (c) exfoliation process showing the
attack of the graphite edge planes by hydroxyl and oxygen radicals, and intercalation of BF#* anion.

Reproduced with permission.*? Copyright 2009, American Chemical Society.

Physical routes: Microwave irradiation can offer rapid and uniform heating for the
reaction medium, and thus can dramatically shorten the reaction time and improve
product vyields. With the assistance of microwave irradiation, greenish-yellow

luminescent single-layered or bi-layered GQDs (2-7 nm) with a QY up to 11.7% were
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successfully prepared via microwave-assisted cleavage of graphene oxide (GO) under
acid conditions.

Ultrasonication of liquids leads to the formation and collapse of small vaccum bubbles
due to the alternating low-pressure and high-pressure waves, commonly known as
cavitations. These cavitations create high shear forces that can break down larger
particles. In the case of GQD synthesis, larger sheets of graphene are subjected to high-
energy ultrasonication. For instance, Zhuo et al. prepared monodispersed GQDs (3-5 nm)
ultrasonically from graphene.* These high-energy synthetic strategies help to reduce the

reaction time and simplify the reaction procedure.

2.2.2 Bottom-up approaches

Stepwise organic synthesis: GQDs can also be prepared via wet chemical approaches by
the oxidative condensation of aryl groups.®® %! Yan et al. synthesized large colloidal
GQDs consisting of graphene moieties containing 168, 132, and 170 conjugated carbon
atoms from small-molecule precursors, such as 3-iodo-4-bromoaniline through solution
chemistry (Figure 2.4).* This approach is based on oxidative condensation reactions,
whereby the oxidation of polyphenylene dendritic precursors that were synthesized
through stepwise solution chemistry led to fused graphene moieties and consequently
GQDs. More recently, uniform multicolor GQDs were also produced by using
unsubstituted hexa-peri-hexabenzocoronene as precursor.® Generally, this method allows
well-controlled synthesis of GQDs with desired size and structure.

For this method, it is very important to prevent the aggregation of the GQDs due to the
inter-graphene attraction to maintain a good solubility. It has been reported that by
covalently attaching 2°,4°,6’-trialkyl phenyl groups to the edges of the graphene moieties,

stabilized GQDs could be obtained. This is due to the presence of the attached groups,
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which form a 3D protecting cage and thus increase the distance between individual

graphene sheets, leading to improved stability and solubility.

Figure 2.4 (a-b) Bottom-up synthesis of large GQDs (1-3) from 3-iodo-4-bromoaniline (4) via stepwise
organic chemistry. GQDs in (a) consisting of graphene moieties containing 168, 132, and 170 conjugated

carbon atoms respectively. Reproduced with permission.*® Copyright 2010, American Chemical Society.

Cage opening of fullerene: Lu et al. synthesized GQDs with various geometric structures
on a ruthenium catalyst by the ruthenium-catalysed cage-opening of Cgo molecules.® In
this process, surface vacancies are induced in the single Ru crystal due to the strong
interaction between Ceoand Ru. Subsequently, the Cso molecules are embedded on the Ru
surface. The embedded molecules undergo fragmentation at very high temperatures,
producing carbon clusters that diffuse and aggregate to form GQDs. The GQD’s shape

can be tailored by optimizing parameters such as annealing temperature and density of
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the carbon cluster. Triangular, parallelogram-shaped, trapezoid-shaped, hexagon-shaped
and small hexagonal mushroom-shaped GQDs have been synthesized and the bandgap of
GQDs increases with a reduction in their lateral size. This work provides a mechanistic

approach to synthesize a series of atomically defined GQDs with tunable bandgap.

Precursor pyrolysis/ carbonization: Pyrolysis or carbonization of small organic
molecules is a widely reported method for GQD synthesis. Commonly, this mechanism
involves heating the small organic molecules above their melting point, leading to
condensation, nucleation, and subsequent formation of larger GQDs. The precursors used
are small organic molecules such as L-glutamic acid*® and citric acid.>> Compared to
stepwise organic synthesis, thermal carbonization of carbon precursors usually produces
heterogeneous GQDs.

However, these methods are simple, cost-effective, scalable, and allows natural

inheritance of heteroatoms from the precursors.

2.3 Changing PL properties by chemical modification

2.3.1 Heteroatom doping

Heteroatom doping of graphene has been observed to endow them with new
physicochemical, optical, electromagnetic and structural properties. This phenomenon is
extend to GQD, a 0D graphene material, whereby heteroatom doping can tailor the PL
properties of GQDs.*>® In general, N-doped GQDs have been found to exhibit better PL
properties than their undoped counterparts. A hydrothermal approach was developed to
fabricate N-doped GQDs by cutting N-doped graphene.>® This hydrothermal cutting
method may allow us to tap into the large variety of heteroatom doping methods for
graphene and select suitable methods to obtain a wide range of doped GQDs. The

downside of the method is the low production efficiency.
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Hu et al. have demonstrated the synthesis of N-doped GQDs with high N/C atomic ratio
(17.88%) by using hydrothermal treatment of GO in the presence of ammonia. The N-
doped GQDs showed the presence of both pyridine-like and pyrrolic nitrogen atoms. The
as-prepared N-doped GQDs were highly blue luminescent with a QY as high as 24.6%.%°
Similarly, nitrogen atoms have been successfully doped in the GQD lattice by simple
hydrothermal treatment of un-doped GQDs with hydrazine.*® N-doping increased GQD
QY from 4.8% to 23.3%.

Nitrogen atoms can also be introduced into the GQDs in situ by electrochemical synthesis
in acetonitrile with N-containing tetrabutylammonium perchlorate (TBAP) as electrolyte.
The presence of pyridinic and pyrollic nitrogen atoms were observed from the high
resolution Nis spectrum of the N-doped GQDs. As compared to their undoped green
fluorescent counterparts, the synthesized N-doped GQDs emit blue PL as a result of the
relatively strong electron-withdrawing ability of nitrogen atoms.2®

Different from aforementioned approaches, chemical synthesis from small molecule
precursors provides another way to design and control the number and sites of nitrogen
atoms within the backbone of the final N-doped GQDs. For example, N-doped GQDs
were prepared by a solution chemistry route by using substituted benzene derivatives as
starting materials.?’ This remarkable method provides a platform to study the effect of
heteroatom doping on the properties of GQDs both theoretically and experimentally.
Unfortunately, the as-prepared N-doped GQDs tend to aggregate irreversibly.

Tang et al. reported a one-pot microwave-assisted method for N-GQD synthesis using
glucose and ammonia as precursors.>” The N-GQDs exhibited a broad range of PL peaked
at 302, 542, and 915 nm when excited by 197, 475, and 808 nm light, respectively. The
broad-range PL emission is attributed to the layered structure of the N-GQDs, which

consists of a large conjugated system containing extensive delocalized = electrons.
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Other elements (e.g., S°°¢ and B* ) have also been doped in GQDs to change PL
characteristics or gain catalytic properties. S and N co-doped GQDs can attain QY as high

as 73% and 71%, respectively.*

2.3.2 Controlling Surface Oxidation

Controlling the degree of surface oxidation by the addition of oxygenated functional
groups is a simple but effective way to tune PL and render GQDs with chemical handles
for bioconjugation.

Localized sp? clusters and structural defects can be altered by varying the concentration
of oxygenated of groups, thus changing PL properties. Greenish-yellow luminescent
GQDs prepared by a microwave-assisted method have a QY of 11.7%. After NaBHa4
reduction, the GQDs are blue luminescent with a increased QY of 22.9%. The dimensions
of GQDs were identical before and after reduction, suggesting that the PL blue-shift of
GQDs is due to the reduction induced structural change rather than size effect.®

Utilizing gradient elution, three types of GQDs prepared by solvothermal methods with
similar sizes, but increasing degree of surface oxidation were obtained. Higher amounts
of surface oxidation lead to more surface defects, resulting in the red-shifting of emission
from blue to green. The QYs were measured to be 4.1, 9.9 and 12.2%, respectively.'® The
green luminescent GQDs with QY of 5.9% were further reduced by NaBHj4 to obtain blue
luminescent GQDs with higher QY of 12.1%. It is speculated that the carbonyl, epoxy
and amido moieties were changed into hydroxyl groups in GQDs upon reduction, which
suppressed non-radiative processes, enhanced integrity of m-conjugated system and
reduced the defects.5!

Besides chemical reduction, photochemical reduction of GQDs with UV lamp have been
reported to result in blue-shift in emission wavelength and a concurrent 3.7 fold increase

in the QY. The increase in QY may be attributed to the increase in sp?> domain and the
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formation of a great amount of electron-donating hydroxyl groups during the

photochemical reduction.®?

2.3.3 Polymer Passivation

The QY of GQDs is known to improve by polymer passivation. Shen et al. synthesized
bare GQDs and GQDs passivated with PEG and found that QY of the latter was
doubled.®® Polyethylene glycol has been commonly reported as a surface passivation

agent for GQDs. 6417,37,65

2.3.4 Surface Modification with Small Molecules

Surface functionalization of GQDs has been explored to fine-tune their PL properties.
The redox potentials, which dictate charge transfer processes in GQDs, can be controlled
by chemical modifications with electron donating or electron withdrawing functional
groups. The electron-donating groups generally increase the HOMO levels, and electron-
withdrawing groups lower the LUMO levels. As an example, attaching electron-
withdrawing functionalities such as carboxylic groups to the peripheries of GQDs
suppresses their HUMO and LUMO levels simultaneously, thus changing their redox
potentials.®® Surface and edge functionalization of GQDs were approached by varying the
surface density of carboxylic and carbonyl groups, and sometimes by substituting them
with other chemical groups such as amino groups.®

Blue luminescent GQDs were prepared from green luminescent GQDs via chemical
modification with alkylamine.®? During chemical modification, the originally existing
carboxyl and epoxy groups are replaced with -CONHR and —CNHR. Since the carboxy
and epoxy groups in GQDs induce non-radiative recombination of localized electron-hole
pairs resulting in a lower QY of 5.9%, the alkylamine mediated modification resulted in

GQDs with QY of 6.5%. Tetsuka et al. employed an ammonia-mediated bond scission
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reaction to modify the edges of GQDs with amino groups and successfully obtained
GQDs with a high QY of 40%. Moreover, the emission wavelength could be properly
tuned by controlling the degree of amine functionalization, which is in turn dependent on
the initial concentration of ammonia and the reaction temperature. The resonance between
the molecular orbital in the -NHz group and the delocalized 7 orbital accounts for both the
PL tunability and the high QY.%’

Hydrazine treatment of the electrochemically synthesized GQDs led to the formation of
hydrazide groups on the GQDs via the reaction of hydrazine with the peripheral carboxyl
groups at the edge. The GQDs emitted strong yellow PL due to a high concentration of
modified hydrazide groups.* Only weak blue PL was observed if NaBHs was used

instead keeping other conditions the same.

2.4 Biological Applications

2.4.1 Cellular Imaging

GQDs are widely used as cell imaging agents due to their small size and high
biocompatibility. Strongly green fluorescent single-layered or bi-layered GQDs prepared
solvothermally from graphene oxide were demonstrated to be excellent bioimaging
agents.?? Confocal fluorescence microscopy images showed bright green fluorescence
inside the cytoplasm of human osteosarcoma MG-63 and mouse osteoblast MC3T3 cells,
indicating the translocation of GQDs through the cell membrane. Similarly, water-soluble
and well-crystallized green GQDs fabricated by hydrothermal cutting of graphene sheets
were also successfully applied for cellular imaging.®® Hela cells incubated with these
GQDs displayed enhanced fluorescence around the nucleus. It is worthy to note that
GQD-labeled cells exhibit no obvious reduction in PL intensity after 10 min continuous
excitation, suggesting their potential for long-term dynamic tracking experiments. Green
GQDs obtained from the acid treatment of carbon fibers have been used to successfully

stain the cytoplasm of T47D cells with the nucleus co-stained using blue DAPI after 4 h

21



incubation.?® Cellular bioimaging using GQDs was also successful in murine alveolar
macrophage (MH-S) cells® and human hepatic cancer cells (Huh7).®® So far, most
cellular imaging studies that utilize GQDs merely showed their uptake into cellular
cytoplasm after a short incubation period. The exact subcellular compartment that the
GQDs localized in has not been determined. It is also not clear whether different types of
GQDs synthesized via various routes exhibit the same cellular uptake and intracellular
distribution. A detailed fluorescence co-localization study is necessary to pinpoint the
subcellular localization of internalized GQDs. In addition, the uptake mechanism of
GQDs should also be investigated in depth.

The currently available cell imaging results indicate that most GQDs are only internalized
into the cytoplasm, but there are also a few exceptions. Single-layer green GQDs (~ 15
nm) prepared by chemical oxidation of carbon black (QY = 4.04%) were able to label
both the cytoplasm and nucleus of MCF7 breast cancer cells.®*® The GQDs were not
functionalized with any specific nuclear targeting groups.

The charge, functionalization or oxidation state of the GQDs is speculated to exert
significant effects on their cellular penetration capability. As an example,
photochemically reduced GQDs (pGQDs) labeled A549 cells were internalized more
effectively than chemically reduced GQDs (cGQDs), possibly because the less negative
overall charge of pGQDs resulting from the reduced amount of carboxyl groups as
compared to cGQDs.%? It will be interesting to carry out more studies in this respect so
that GQDs can be tailored made to improve their cellular uptake efficiency as well as to
control their intracellular distribution.

Besides commonly used cell lines, GQDs have been applied in direct labeling of stem
cells, which is considered as a challenging task due to the stem cell’s sensitivity to

69

nanomaterial  toxicity.>" Highly fluorescent vyellow single-layer GQDs with

phthalhydrazide-like groups and hydrazide groups at the edges were successfully
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internalized by three kinds of stem cells including neurospheres cells (NSCs), pancreas
progenitor cells (PPCs) and cardiac progenitor cells (CPCs) after 24 h incubation at 37°C.
The confocal section images further confirmed the efficient uptake of GQDs into the
cytoplasm of these stem cells rather than being merely adsorbed on the outer cell
membrane.*® Studies by Shang et al. have revealed that the uptake of GQDs into human
neural stem cells via endocytosis in a concentration- and time- dependent manner.3!

Apart from these reports that focused on the normal linear fluorescence of GQDs for
imaging, there are also few reports on the cell imaging on GQDs using their non-linear
fluorescence properties. The ability of monolayer N-GQDs for two-photon imaging was
investigated using human cervical carcinoma (HeLa) cells under 800 nm excitation.'* The
fluorescence images clearly revealed the distribution of N-GQDs around each nucleus
and z-axis imaging further confirmed the successful uptake of N-GQDs into cytoplasm

rather than adsorbed on the cell surfaces.

2.4.2 Real-time cell tracking

Real-time tracking of dynamic cellular processes requires excellent fluorescent tags that
are bright, photo-stable, easily conjugated with biomolecules, biocompatible and with
molecular size to minimize physical hindrance. Insulin-conjugated GQDs have been
synthesized and used for real-time tracking of the dynamics of insulin receptors in 3T3-
L1 adipocytes using total internal reflection microscopy (TIRFM) as presented in Figure
2.5.% The as-synthesized single-layer GQDs with an average diameter of 2.2 nm are
comparable to a protein of a few kDa in size. As such, the GQD tags do not significantly
increase the overall weight of GQD-protein conjugates and they do not pair with multiple
biomolecules. The abundant carboxyl groups on the edges of the GQDs allow them to be
easily conjugated with a variety of proteins via a general EDC/NHS conjugation strategy.

Currently, the trafficking dynamics of insulin receptors remains poorly studied partly due
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to the lack of effective labeling methods for live-cell imaging. The real-time tracking
experiments utilizing GQD-insulin conjugates revealed, for the first time, that the
internalization and recycling of insulin receptors in adipocytes were enhanced by apelin
but inhibited by tumor necrosis factor oo (TNFa), providing evidence for the molecular
mechanisms underlying the regulation of these cytokines on insulin sensitivity. The use of
monodispersed, single-layer and small-sized GQDs with satisfactorily high QY is the key

for successful application in real-time tracking of dynamic molecular events.
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Figure 2.5 (a-e) Application of insulin-GQD conjugates for real-time tracking of insulin receptors in
adipocytes. (a) Total internal reflection fluorescence microscopy (TIRFM) image of a 3T3-L1 adipocyte
after 1 h incubation with insulin conjugated GQDs. Scale bar = 5 um. (b) Membrane patch consisting of
insulin conjugated GQD/insulin receptor clusters. (c) Endocytosis of fluorescent membrane into a vesicle.
(d) Exocytosis of a vesicle containing insulin conjugated GQD/insulin receptor complexes. (€) Transient
approaching and retrieval of insulin conjugated GQD/insulin receptor containing vesicle. Scale bars = 0.2

um. Reproduced with permission. Copyright 2013, American Chemical Society.

2.4.3 In-vivo imaging

N-GQDs prepared solvothermally using graphene oxide as precursor and DMF as
nitrogen source, achieve a large imaging penetration depth of 1800 um and also show low
photobleaching and photothermal effects under repeated excitation under femtosecond

NIR laser.’ These parameters indicate that N-GQDs are excellent two-photon probes
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well-suited for long-term dynamic deep tissue imaging. In addition, polydopamine-coated
GQDs (8-24 nm) were injected intravenously into nude mice and were successfully
visualized to track the location of GQDs in different organs. The in vivo biodistribution of

the GQDs changed according to the size and polydopamine coating thickness.’

2.4.4 Biosensing

The PL, electronic and electrochemical properties of GQDs have been found to be
sensitive to various parameters, which render them with great potential of transforming
into nanosensors. Moreover, their sizes are in the range of several nanometers, which are
similar to small biomolecules, allowing them to intimately interact with biomolecules

without disrupting their physiological functions.

PL sensors: Biological thiols like cysteine (Cys), homocysteine (Hcy) and glutathione
(GSH), are inwvolved in many syndromes such as pregnancy complications and
cardiovascular disease, cancer and AIDS. A novel, rapid and label-free assay was
developed to detect biothiols using GQDs as fluorescence indicators.” The electrostatic
attachment of Ag" ions on the GQD surfaces caused the formation of Ag nanoparticle
(AgNPs), which was quenched GQD fluorescence. The addition of biothiols led to a
further decrease in fluorescence due to their reducing nature and bridging of adjoining
AgNPs through Ag-S bonds. A good linear relationship between quenching ratio and the
concentration of Cys over the range of 0 - 100 nM was observed with a detection limit of
6.2 nM. Meanwhile, Hcy and GSH also showed similar linear range, with detection limit
of 4.5 nM and 4.1 nM, respectively. The detection limit achieved is much lower or at least
comparable to previously reported fluorescence-based methods. Notably, the thiol

detection in human plasma was successfully demonstrated.
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Using GQDs with a boronic acid substituted bipyridinium salt (BBV), a fast and
convenient label-free fluorescence assay for glucose and other monosaccharides was
reported by Li et al.”® The electrostatic attraction between GQDs and BBV led to the
formation of a ground-state complex that facilitated the excited-state electron transfer
from GQDs to bipyridinium, leading to fluorescence quenching. Upon glucose addition,
the boronic acids were converted to tetrahedral anionic glucobornate esters, effectively
neutralising the net charge of the cationic bipyridinium, diminishing the quenching
efficiency and recovering the GQD fluorescence. The linear relationship between the
recovered fluorescence intensity and the glucose concentration ranged from 1 mM to 60
mM, suitable for clinical measurement of blood glucose level.

Blue fluorescent glutathione-functionalized GQDs (GSH-GQDs) with a QY of 33.6%
were used to measure the adenosine triphosphate (ATP) level in cell lysate and human
blood serum.” The fluorescence of GSH-GQDs was first quenched in the presence of
Fe3*. ATP molecules were expected to complex with Fe3* through Fe-O-P bond
formation, resulting in fluorescence recovery. The linear relationship between [(F-Fo)/ Fo]
and the ATP concentration in the range of 25-250 uM. The detection limit was estimated
to be 22 uM.

Amjadi et al. were the first to apply the GQD-Ce(IV) chemiluminescence system for uric
acid detection which exhibited excellent analytical performance in the range of 1.0 uM to
0.5 mM with a detection limit of 0.5 uM.”™ This method also achieved good accuracy
when applied to determine uric acid concentration in human plasma or urine samples.

In addition to ions and small molecules, GQD-based PL sensors have also been used to
detect large biomolecules such as proteins and DNAs. A fluoro immunoassay has been
developed for sensitive detection of human immunoglobulin G (IgG) by regulating
luminescence resonance energy transfer (LRET) between graphene and GQDs.° When

graphene was added to mouse anti-human 1gG (migG) conjugated GQDs, graphene and
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GQDs were brought into LRET proximity by the n-n stacking between graphene and
GQDs and the non-specific binding between mlgG and the surface of graphene, resulting
in fluorescence quenching. The addition of target human I1gG results in its binding to
mlgG due to the specific antibody-antigen interaction, which increases the distance
between mlgG-GQDs and graphene effectively hindering the LRET process and restoring
the fluorescence. The PL intensity increases with increasing concentration of human IgG
in the range from 0.2 ng mL? to 12 ng mL™%, achieving a detection limit of 10ng/mL.
Sensitive detection was also demonstrated in serum and cell culture media, indicating the
practical use of this biosensor. This immunosensing scheme is universal and can be
modified to specifically detect other antigens.

Protein kinases are enzymes that are responsible for the enzymatic phosphorylation of
proteins. They play important roles in intracellular signal transduction and the regulation
of cellular functions. Wang et al. have demonstrated a unique sensing strategy for
profiling protein kinase activity based on the s aggregation induced quenching of GQD
fluorescence.” As illustrated in Figure 2.6b, Zr*" ions mediate the coordination of
multiple phosphorylated sites of phosphopeptides resulting in aggregation. When a GQD
conjugated substrate peptide is phosphorylated by casein kinase 1l (CK2) in the presence
of Zr* ions, its results in extensive aggregation and quenching of GQD PL. The PL
intensity of peptide-GQD conjugates was linearly dependent on the CK2 concentration in
the range from 0.1 to 1.0 unit mL™ with a detection limit of 0.03 unit mL™ (Figure 2.6b-
c). In comparison to existing fluorescent kinase assays, this method showed many
advantages such as rapidity, simplicity, low cost, high sensitivity and selectivity. This
method is also general, since the peptide sequence can be designed to detect the activity
of other enzymes.

Qian et al. devised a highly selective and sensitive fluorescence sensing approach for

DNA detection based on FRET between rGQD-labeled DNA probe and GO.”” ssDNA-
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rGQDs probes were adsorbed onto the surfaces of GO through electrostatic interactions or
n—n stacking, leading to fluorescence quenching. Target DNAs can hybridize with the
sSDNA-rGQDs, forming dsDNA-rGQDs, which detach from GO, resulting in
fluorescence recovery. This DNA detection method has a linear range of 6.7-46.0 nM

with a detection limit of 75.0 pM.
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Figure 2.6 (a) Schematic representation of the CK2 kinase assay based on the aggregation and PL
quenching of phosphorylated peptide-GQD conjugates via Zr* ion linkages. (b) PL quenching of peptide-
GQDs treated with various amounts of CK2 followed by the addition of 0.2 mM Zr#*. The concentrations of
CK2 were 0, 0.05, 0.08, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, and 6.0 units mL? for curves 1 to 12,
respectively. The concentration of ATP was 50 uM. The inset shows the PL quenching of peptide-GQD
solutions illuminated with a UV lamp at the homologous CK2 concentrations of (left to right) 0, 0.1, 0.4,
0.8, 1.0, 2.0, and 6.0 units mL%. (c) Plot of the relative PL intensity [(lo — I)/Ig] at 445 nm vs CK2
concentration. | and lpare the PL intensities in the presence and absence of CK2, respectively. Reproduced

with permission.”® Copyright 2013, American Chemical Society.

Electrochemiluminescence (ECL) sensors: ECL is a unique and sensitive analytical
method. As the light emitting species are generated in situ close to electrode surface, ECL

has nearly zero background and allows temporal and spatial control over the reaction. The
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intense and stable ECL of GQDs has been utilized for ultrasensitive detection of ATP (as
low as 1.5 pM).2* ATP molecules enhance ECL signal in dose-dependent manner because
they facilitate the attachment of complementary ssDNA-functionalized GQDs onto probe
ssSDNA functionalized electrode. A DNA sensor with a detection limit of 13 nM was
devised based on a different strategy. 2° Specifically, ECL signal from GQDs on electrode
is first quenched by probe-ssDNA conjugated gold nanoparticles (AuNPs) due to ECL
resonance energy transfer; and detection is then reported by ECL recovery upon release
of AuNPs by hybridization with target sSDNAs. Ratiometric ECL measurement on GQDs
(one peak depends on target concentration; the other serves as stable internal reference)

has been used to detect Fe3* ions with good sensitivity (0.7 uM) and reproducibility.

Electrochemical Sensors: Large active surface areas, edge-facilitated electron transfer,
high catalytic activity and chemical stability of GQDs render them fundamentally
applicable as electrochemical sensors. Zhao et al. designed an electrochemical biosensor
using GQDs-modified pyrolytic graphite electrode with specific SSDNA molecules as
probes.”® When the probe DNA sequences were strongly bound to the electrode surface,
the probe DNAs inhibited the electron transfer between the electrochemically active
species [Fe(CN)s]*’* and the electrode. However, the probe ssDNA could bind with the
complementary ssDNAs or target protein thrombin, which altered the structure of probe
ssSDNA and in turn disturbed the adsorption of the probe on the GQDs-modified
electrode, finally resulting in the recovery of the peak currents of [Fe(CN)e]*™*. The
detection limits for complementary ssDNA and thrombin were both 100 nM. With the
discovery of new aptamers, this electrochemical biosensor can be extended to detect more
targets, for the effective and rapid detection of specific biomolecules critical in medical

diagnosis.
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Besides DNA molecules, enzymes such as glucose oxidase (GOx) can be immobilized on
GQD-modified electrodes to fabricate glucose sensors based on direct electrochemistry.&
The small size of GQDs may be the key for easy access to the catalytic centers and thus
greatly facilitating electron transfer. The heterogeneous electron transfer rate constant (ks)
and electron transfer coefficient (o) for the redox reaction of GOx were found to be 1.12
s'tand 0.48, respectively. This biosensor achieved a detection limit of 1.73 uM over the
concentration range of 5 to 1270 uM. The high surface coverage (1.8 x 10° mol cm?)
confirmed an excellent enzyme loading, possibly due to the large specific surface area of
GQD-modified electrode. The small Michaelis-Menten constant (0.76 mM) indicated a
high affinity of biosensor to glucose, which accounted for the excellent performance of
this electrochemical glucose biosensor. The performance of the biosensor can be
attributed to the large surface-to-volume ratio, excellent biocompatibility of GQD,
porosity of GQD-modified carbon ceramic electrode, and the abundance of hydrophilic
edges as well as hydrophobic plane in GQD which enhances the enzyme absorption on
the electrode surface This biosensor was also accurate in determining glucose
concentration in human plasma samples, indicating the practicality of such biosensor in
clinical analysis.

Instead of simple drop-casting, Zhang et al. covalently modified gold electrodes with
GQDs using cysteamine as cross-linkers for H202 sensing. The cathode current of GQD-
modified gold electrode showed a good linear range from 0.002 to 8 mM with a detection
limit of 0.7 uM, comparable or even better than many HRP immobilized Au electrodes.?®
The stability and reusability of the GQDs/Au electrode were dramatically improved
compared to the drop-casted GQDs. The GQDs/Au electrode maintained a good
electrocatalytic activity without significant loss of current response after more than 30

days of storage at ambient temperature. Furthermore, it still maintained 90% current

response after more than 20 uses. Most notably, the as-prepared electrode was
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successfully demonstrated to monitor the dynamic H2O: release in human breast

adenocarcinoma MCF-7 cells.

Colorimetric Sensors: GQDs have also been found to possess intrinsic peroxidase-like
catalytic activity due to their sp? carbon clusters. GQDs were observed to react with a
peroxidase substrate ABTS in the presence of H.O2. The absorbance change of ABTS at
416 nm was then used to monitor the reaction rate for label-free colorimetric detection of
H202. This assay provides fast detection time (2 min), low detection limit (20 uM) and
large linear range (0.1 mM to 10 mM).2

Recently, Chen et al. synthesized GQDs/AgNPs (6-15 nm) in situ, which was found to
catalyze the reduction of H202.8" The conversion of AgNPs to Ag* leads to a sensitive
decrease in the characteristic absorbance of AgNPs at 405 nm, providing a way for
ultrasensitive colorimetric detection of H20..82 The linear range for H,O. detection is
from 0.1-100 uM with a record-low detection limit of 33 nM. Glucose oxidase (GOXx),
which can specifically catalyze the oxidation of glucose in the presence of oxygen to form
H202, was combined with GQDs/AgNPs for highly sensitive colorimetric detection of
glucose. Glucose can be detected in the range of 0.5 - 400 uM, with a detection limit of

170 nM, a 100-fold lower than the previous report.

2.4.5 Drug delivery

Graphene and graphene oxides have been shown to possess excellent drug loading
capability due to their large surface area. It is widely believed that GQDs can be good
drug carriers with the large surface area suitable for drug/gene loading and their small
sizes that can enhance cellular uptake. As a pioneering work, PEGylated nanographene
oxide (NGO-PEG) was applied by Dai et al. for the delivery of insoluble aromatic drug

SN38.2% The resultant NGO-PEG-SN38 complexes were highly soluble and were highly
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potent in killing cancer cell. 50% growth inhibition was achieved with a concentration
(IC50) of 6 nM for HCT-116 cells, which was 1000 fold more potent than CPT-11 (a
FDA approved SN38 prodrug for clinical colon cancer treatment). They also
demonstrated the efficient physisorption of doxorubicin onto anti-CD20 conjugated
NGO-PEG via - stacking for targeted killing of Raji B-cell lymphoma.®

As expected, GQDs passivated with PEG has been shown to possess good drug loading
capacity. Using water soluble anticancer drug doxorubicin as a model drug, a loading of
2.5 mg/mg was recorded at pH 7.4, and the release was fastest with 75% accumulated
release after 48 h under acidic conditions at pH 5.5.%°

To improve targeting specificity, hyaluronic acid (HA) moieties were anchored to GQDs
to achieve targeted delivery to CD44-overexpressed tumors.®* HA-GQDs were able to
load ~75% of doxorubicin initially applied, indicating them as excellent agents for
loading hydrophobic drug molecules. The release of DOX was fastest within first 6 h
reaching 42%, which was increased to ~ 60% within 12 h and almost complete release
was achieved within 48 h at pH 5.5. In contrast, drug release at pH 7.4 was much slower
with only 20% release after 48 h. This pH dependent release behavior is advantageous
since tumor tissues commonly have a slightly acidic environment. In addition, the specific
targeting ability of HA-GQDs was confirmed by both in vivo investigation using balb/c
female mice and in vitro test with A549 cells.

Wang et al. showed that single-layered GQDs without any pre-modification could
efficiently accelerate DOX accumulation to the nucleus and also enhance DNA cleavage
activity of DOX markedly, leading to a dramatic improvement in the cytotoxicity of
DOX. Most notably, the DOX/GQD conjugates increase nuclear uptake and cytotoxicity
of DOX in drug-resistant MCF-7 breast cancer cells.®® This encouraging result promises

further applications of GQDs in drug delivery vector design.
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GQDs have also been explored as fluorescent tracers in drug delivery. Jing et al.
developed a multifunctional core-shell capsule with GQDs encapsulated as fluorescent
labels.®” The composite was composed of olive oil for loading of paclitaxel. A TiO2 shell
suppressed the initial burst release of the paclitaxel. FezOs and GQDs present inside the
oil core were used for magnetic targeting and fluorescence imaging, respectively. In this
work, GQDs encapsulated acted as fluorescent tracers for capsule targeting and markers
for drug release upon breaking of the capsules, thus providing important optical
information for in situ monitoring of drug release process. Similarly, Nigam et al. also
used GQDs as fluorescent tags in drug delivery.®® They conjugated GQDs to hyaluronic
acid-functionalized human serum albumin (HSA) for simultaneous bioimaging and
targeted delivery of gemcitabine to pancreatic cancer.

Single-layered GQDs were capped onto the nanopores of mesoporous silica nanoparticles
(MSNs) through an acid-cleavable acetal bond and their application for simultaneous
drug delivery and cell imaging was investigated by Chen et al.®® After incubating
doxorubicin loaded GQDs@MSNs with A549 (human lung carcinoma) cells, green
fluorescence of GQDs were observed throughout the cytoplasm, at the same time, the red
fluorescence of DOX was found in the entire cell, indicating the intracellular release of
DOX triggered by the mild acidic conditions in cancer cells. The GQDs serve dual
purposes in this drug release system, not only act as a capping agent to allow pH-
triggered drug delivery but also act as imaging agent for tracking of the drug delivery

system.

2.4.6 Anticancer Agents
Electrochemically produced GQDs have been found to generate reactive oxygen species
(ROS) such as singlet oxygen under the irradiation of blue light (470 nm, 1W). The ROS

generation upon irradiation may be ascribed to the presence of the defects at the surface
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of GQDs, but the detailed mechanism need to be further investigated. The increased
cellular ROS level caused severe oxidative stress which induced apoptosis and autophagy
in human glioma U251 cells.®® This result suggests that GQDs could be exploited in
photodynamic therapy.

GQDs used as DNA cleavage system also prove effective for cancer treatment. Zhou et
al. discovered that about 90% supercoiled DNA was converted into nicked DNA using
GQDs and Cu?*, while only about 59% cleavage occurred with the same amount of large-
sized GO and Cu?".# They speculated that the higher efficiency of GQDs for DNA
cleavage is because the small-sized GQDs intercalate DNA molecules better than
micrometer-sized GO sheets. A systematic investigation on the mechanism of GQDs in
enhancing nuclease activity of copper complex was later carried out by Zheng et al.®
GQDs were found to promote the reduction of Cu?* ions and accelerate their reactions
with Oz, forming superoxide anions and copper-centered radicals. These reactive species
oxidatively cleaved DNA molecules (Figure 2.7). The enhancement effect was attributed
to the efficient electron-transfer between the electron-rich GQDs and the copper
complexes through the effective coordination of GQDs to the copper center. These GQD-
based DNA cleavage systems are speculated to have potential applications in anti-cancer

therapeutics.
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Figure 2.7 (2) GQD enhances the reduction of copper ions, promoting the formation of oxidative species
and consequent DNA cleavage. (b) Gel electrophoresis diagram of DNA (38 uM in bp) cleavage by copper
complexes 2, 4,5 and 6 in the absence and presence of GQDs (100 pg mL™) in 50 mM Tris/18 mM NaCl
buffer (pH 7.2) at 37 °C. Incubation time was 0.5 h. First lane on the left is the DNA control. Reproduced

with permission.®! Copyright 2014, American Chemical Society.

2.4.7 Antibacterial activity

Infectious diseases induced by bacteria are a worldwide health problem and antibacterial
materials are widely used to protect the public health. GQDs possess high peroxidase-like
activity due to their excellent electron transport capability. Taking advantages of both
peroxidase-like activity and excellent biocompatibility of GQDs, an antibacterial system
based on GQDs and low dose of H.0, has been designed by Sun et al. The GQDs can
convert H202 with low antibacterial activity into -OH radicals with high antibacterial
activity, thus it is possible to avoid using high concentration of H202 in wound

disinfection. The designed system was tested to possess broad-spectrum antibacterial
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activity against both Gram-negative and Gram-positive bacteria. Moreover, GQD-Band-
Aids were prepared which showed excellent antibacterial property in-vivo.

Mycoplasma is a major problem in clinical medicine. In addition, mycoplasma is a
common contamination source in cell culture and is difficult to eliminate. For the first
time, amine-functionalized GQDs prepared by Jiang et al. were found to exhibit good
antimycoplasma properties.®® HeLa cells were observed to tolerate M. urealyticum in the
presence of GQDs. Moreover, the cellular viability of HelLa cells increased as the GQD
concentration was increased from 10 pgmL?' to 50 pgmL?. The cytoprotection
mechanism of amine-functionalized GQDs may be related to their peroxidase-like
activities. It is worth noting that the minimum dose of GQDs (10 pugmL™) applied here
was comparable with the commercial mycoplasma removal agent BM-Cyclin containing
the macrolide tiamulin. These GQDs are potential antimycoplasma agents, which will

widen their application in biomedicine.

This chapter is partly adapted / reproduced with permission from our review article.
“Glowing Graphene Quantum Dots and Carbon Dots: Properties, Syntheses, and

Biological Applications Small, 2014, 11, 1620.” Copyright 2014, Wiley VcH.
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Chapter 3 Facile Synthesis of Graphene Quantum Dots from

3D graphene for Fe3* lon Sensing

As discussed in Chapter 2, top-down approaches for GQD synthesis gives a higher
production yield of GQDs. Chemical exfoliation is the most commonly used method;
however, the GQDs produced are non-ideal or non-uniformly distributed lateral size and
thickness. And the harsh synthetic process inevitably damages the graphene lattice.
Electrochemical exfoliation has been reported as an alternative top-down synthesis
strategy to chemical exfoliation and is milder in comparison.® Electrochemical
approaches usually use graphite rod or graphene sheets as bulk precursor for synthesis.
These precursors are usually chosen for the convenience to use as an electrode to which a
voltage can be applied to carry out the exfoliation process. The main drawback of
electrochemical exfoliation using these bulk precursors is the long duration of synthesis.
Intuitively, direct scissoring from defect-free graphene would ensure high-yield and high-
quality of GQDs with a shorter duration of synthesis.

In this chapter, we report a facile, “green” and rapid synthesis strategy for high quality
graphene quantum dots using a 3-dimensional free standing graphene as the precursor as
well as electrode material (Figure 3.1). We also employ the as-synthesized GQDs for the

specific detection of ferric ions in solution by a fluorescence turn-off mechanism.
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Figure 3.1. Schematic illustration of GQD synthesis from 3D graphene and mechanism of Fe®* detection.
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3.1 Materials and Methods

3.1.1 Materials

All chemicals were purchased from Sigma Aldrich (Singapore). Nickel foam was
purchased from Alantum Advanced Technology Materials. Dialysis membranes were

purchased from Spectra/Pro Biotec.

3.1.2 3D graphene synthesis

As previously reported, 3D graphene was synthesized by chemical vapour deposition
(CVD)* using nickel foam as growth substrate and ethanol as the carbon source. Nickel
foam was subsequently removed by heating in 3M HCI at 60 °C, leaving free-standing 3D
graphene foam. After thorough rinsing with MilliQ water and drying in oven at 50 °C, 3D
graphene (cut into 0.6 x 1 cm) was mounted onto a glass slide. Finally, an electrode is
fabricated by making an electrical lead from one end of graphene substrate using silver

paint and a copper wire (insulated by silicon rubber).

3.1.3 GQD Synthesis

Using 1-Butyl-3-methylimidazolium hexafluorophosphate (BMIMPFg) in acetonitrile
(10%, v/v) as the electrolyte, a constant voltage or a cyclic voltage waveform was applied
to 3D graphene using a CHI 660D electrochemical workstation (Chenhua) with a
platinum wire as the counter electrode and an Ag/AgCI electrode as the reference. After
the electrochemical exfoliation, the resultant GQD solution was centrifuged at 6000 rpm
for 20 min to remove large particles, and then diluted with DI water (1/20, v/v).
Acetonitrile was removed by rotary evaporator at 55° C. GQD solution was then dialyzed
with cellulose ester dialysis membrane (MWCO 500-1000D) for 3 days to completely
remove the electrolyte. Finally, GQD solution was ultra-filtrated by a centrifugal filter

device with a molecular-weight-cut-off at 3000 Da.
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3.1.4 Measurement of Magnetic Properties of Fe**-induced GQD Aggregates

Fe(Nos)s (4 mM) was added into GQD aqueous solution (0.325 mg/ml) to induce Fe'-
GQD complexation. The mixture was kept at room temperature for 2 hr and further
dialysed with cellulose ester dialysis membrane (MWCO 500-1000D, Spectro/Pro Biotec)
membrane for 24 hr. Different concentrations of the produced Fe**-GQD complexes were
embedded into a 1.6% agarose matrix in 24-well tissue culture plates.Pure GQD samples
were used as control. For T1-weighted images the acquisition was done with different
inversion times (TR= 2800 ms, TE= 8.5 ms, TI= 30, 50, 100, 200, 400, 500, 600, 800,
1000, 1200, 1800, 2000 and 2500 ms,) and T2 weighted images were acquired with
different echo times (TR= 1000 ms, TE= 10, 15, 20, 40, 60, 80, 100, 150, 200 ms, slice
thickness = 6.0 mm, matrix = 512 x 512, field of view = 27 cm). The values of T1 and T2
were calculated from the mean signal intensity of the MR images using MATLAB. T1
values were calculated by fitting the intensity data vs. inversion time using the inversion-
recovery signal equation. The T2 values were calculated by fitting the intensities of T2

weighted images to a mono-exponential decay.

3.1.5 Characterization

The surface properties of 3D graphene were characterized by field emission scanning
electron microscopy (JSM6700-FESEM, JEOL). GQDs were inspected by atomic force
microscopy (AFM) (MFP-3D AFM microscope, Asylum research) and high-resolution
transmission electron microscope (HRTEM, JEOL 2010) at an accelerating voltage of
200 kV. Raman spectra were recorded using WITeck CRM200 Raman System, with laser
excitation wavelength of 514 nm. Fourier transform infrared spectroscopy (FTIR) and X-
ray photoelectron spectroscopy (XPS) measurement were conducted with PerkinEImer
Spectrum GX FTIR system and ESCALAB MK Il X-ray photoelectron spectrometer,

respectively. SDS-PAGE (12%) was conducted using Mino-Protean Tetra Cell (Bio-Rad)
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to investigate the molecular weight distribution of prepared GQD sample. Spectra
Multicolor Broad Range Protein Ladder (ThermoScientific) was employed as the
molecular weight marker. The UV-vis absorption and photoluminescence spectrum of
GQDs was characterized by UV-2450 spectrophotometer (Shimadzu) and LS-55
fluorescence spectrometer (PerkinElmer), respectively. Particle size of Fe ' -induced
GQD aggregations was measured using Zetasizer (Malvern Instruments). For magnetic
characterization, samples were scanned in a 3.0 Tesla whole body scanner (Magnetom

Verio, Siemens) using a dedicated knee coil.

3.2 Results and Discussion

3.2.1 Synthesis mechanism

The synthesized 3D graphene shows a monolithic macroporous structure (Figure 3.2a) of
interconnected defect-free graphene network. It is pristine and single layered with few or
no defects as evidenced by the intensity ratios of the G and 2D band and absence of D
band in the Raman spectrum (Figure 3.2c). Electrochemical exfoliation has been reported
for the etching of graphite rod into carbon nanoparticles and graphene nanoribbons.® In a
similar procedure, we electrochemically incise the free-standing 3D graphene to produce
GQDs, using room temperature ionic liquid  (1-butyl-3methylimidazolium
hexafluorophosphate -- BMIMPF6) as the electrolyte dissolved in acetonitrile, which

gives high ionic conductivity and wide electrochemical potential window.
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Figure 3.2. SEM images of 3D graphene (a) before and (b) after electrochemical treatment. The inset in (a)
shows the surface of graphene skeleton at a higher magnification. (c) Raman spectra of 3D graphene before

and after electrochemical treatment. (d) FTIR Spectra of GQDs and BMIMPFs. (€) XPS spectrum of GQDs.

After various attempts for optimizing the parameters for etching (Figure 3.3) we found
that applying a constant voltage of 5V for 100s gives high yield of GQDs while achieving
uniform etching of graphene foam and preserving its 3D structure. The etching process
can be observed by the rapid flaking off of the 3D graphene electrode into the electrolyte
solution that turns progressively from pale yellow to brown. The etching renders the
graphene electrode with pinholes and structural and chemical defects that are confirmed
by SEM images (Figure 3.2b) and Raman spectroscopy (Figure 3.2c) respectively. From
the results we speculate the mechanisms underlying the exfoliation process to be
governed by three factors namely; 1) high electrical stress by the applied voltage; 2) the
ability of PF6™ to intercalate between the graphene layers °°; 3) intimate interaction

(m—n or cation-r interaction) between BMIM* group and GQD.%®
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Figure 3.3 SEM images of 3D graphene after (a) electrochemical etching with 100 voltammetric cycles
(x3V) and (b) electrochemical etching with a constant voltage of 3V for 300s. The former protocol leads to

collapse of graphene foam while the later gives low-yield of GQD production.

3.2.2 Chemical characterization

From the FTIR spectroscopy, it can be observed that the obtained GQDs show
characteristic peaks of C-H asymmetric and symmetric vibration at 2960, 2921 and 2852
cm® (Figure 3.2d).%® 9 In addition, (XPS) demonstrates several characteristic peaks
corresponding to the binding energies of C-C/C=C, and N-C=N, (C-)C-N bonds, in
addition to the prominent C-C/C=C peak (Figure 3.2e). This observation confirms the
hybridization between GQD and BMIM®. We also found that, comparing to other ionic
liquids (including 1-Butyl 3-Methyl Imidazolium chloride -- BMIMCI, tetra ethyl
ammonium chloride — TEAC), BMIMPF¢ gives the highest yield, confirming the
facilitating role of PF¢ in cleavage. BMIM®, on the other hand, assists to disperse GQDs
in both, organic solvents and water due to its amphiphilic property. The GQD dispersions

are highly stable (no obvious aggregation observed for months).
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3.2.3 Morphological Characterization

Gel electrophoresis (SDS-PAGE) data indicates the narrow size distribution of GQDs
resulting in a single band with size lower than 10kDa (Figure 3.4a). From AFM
measurements it can be observed that the average thickness of GQDs is ~1.25 nm,
indicating that they are mostly single-layered (note that the attached BMIM™ groups
contribute to the measured thickness) (Figure 3.4b and c). The average lateral dimensions
of the GQDs were found to be 3.0 nm with a narrow size distribution (Figure 3.4 d, e and
f) as revealed by the TEM measurements. The graphitic lattice of GQD can be clearly
resolved under high-resolution TEM (Figure 3.4e). The observed two kinds of lattice
spacing (2.10 A and 2.45 A) correspond to the hexagonal lattice plane spacing of d1100°®

and d1120%, respectively. These measurements prove that the produced GQDs are uniform

and of high crystallinity.
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Figure 3.4. (a) Electrophoresis gel image of GQD samples.(b) AFM image and height profile (inset) of
GQDs. (c) Height distribution obtained from AFM measurements (203 samples). (d) and
(e) TEM images of GQDs. The insets show the lattice spacing of GQDs. (f) Diameter distribution obtained

from TEM images (166 samples).

3.2.4 Optical Characterization

The dispersion of GQDs in water appears light-brown under white light and emits blue
fluorescence under UV (365 nm) (Figure 3.5a, inset). Similar to the GQDs prepared by
other methods, higher absorption in the UV range is observed (Figure 3.5a). m-m*
transition of aromatic sp? domains is reported to be responsible for the strong UV
absorption below 300 nm.*® The excitation spectrum exhibits two peaks (at 243 nm and
360 nm) corresponding to o — and n—x* transitions originated from the carbene like
triplet state of the zig-zag edges of GQDs (Figure 3.5a)'%°. Like commonly reported
GQDs, our GQDs also demonstrate excitation dependent emission (Figure 3.5b). The
maximum emission intensity of GQDs is observed at 440 nm when excited at 360 nm. A

quantum yield of about 10% at pH 7 is calculated using quinine sulfate as the reference,
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which is higher than that of the previously reported GQDs electrochemically exfoliated

from graphite. 1% 101
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Figure 3.5. (a) UV-vis absorption (blue) and excitation (red) spectra of GQDs. The inset shows the
photographs of aqueous dispersions of GQDs under day light (left) and UV (365 nm) illumination (right).

(b) PL spectra of GQD solution under different excitation wavelength

3.2.5 Optical detection of ferric ions

As our GQDs were functionalized with BMIM™ we speculated they can be used as optical
sensors. It is known that the nitrogen groups on the imidazole ring of BMIM™ has a high
binding affinity to ferric ions (Fe®) therefore addition of Fe®*" would result in GQD
aggregation.’® Detection of Fe®" ions is important as they play important roles in
biological systems by complexation with various regulatory proteins °°. On the other
hand, excess Fe3* ions can lead to over-production of free radicals resulting in DNA
damage and cell death. High Fe" concentration in neurons is also a key marker for
Parkinson’s disease and Alzheimer’s disease.!® Ferric ion concentration of 0.9 mM have
been found in amyloid plaques in Alzheimer’s disease.’®* Excessive Fe** concentration is
also relevant to environmental pollution where the maximum permissible limits of
dissolved iron concentration is 300uM (USEPA).

GQDs fluoresce well over a wide pH range. But GQD fluorescence decreases with

increasing pH because high pH possibly attenuates GQD’s interaction with BMIM™*
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whose pyridinic nitrogen can enhance the fluorescence by imposing n-doping like
characteristics to GQD (Figure 3.6a). 2’ Also as shown in Figure 3.6a, the presence of
Fe3* ions (200 pM) causes significant quenching of GQD fluorescence. And the
quenching is most prominent at pH 4 (Figure 3.6a), which is thus chosen for the
following experiments. It is conceivable that Fe** ion acts as a coordinating center to
bridge several BMIM*-functionalized GQDs together and quenching occurs from the
induced aggregation of GQDs (Figure 3.1). 1®Furthermore, the fluorescence quenching of
GQDs is highly selective to Fe*" (68% quenching upon addition of 400 pM Fe**) while
other metal ions (Mg®*, Fe?*, Zn?", Co?", Ni¥*, Cd?* and K') are not able to exert
significant quenching effect (Figure 3.6b). As shown in Figure 3.6c, the fluorescence
quenching by Fe®*" is dose dependent. And the response spans over a wide concentration
range with a theoretical lower detection limit of ~ 7.22 uM (= 36 /m where o is the
standard deviation, m is the slope of the linear response region at low concentrations less

than 80 um) (Figure 3.6d).
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Figure 3.6 (a) PL of GQDs (50 pg/mL) in the absence (red) and presence (purple) of 200 uM Fe®* at
different pH. (b) Remaining percentage of GQD PL after addition of different metal ions (400 uM) in
acetate buffer solution (pH 4.0). (c) Emission spectra of GQDs in the presence of Fe®* ions at increasing
concentrations (uM). (d) Average concentration-dependent fluorescence response in the acetate buffer
solution. The error bars indicate the standard deviations (n = 3). Linear fitting is performed in the low

concentration range (black line).

3.2.6 Properties of Fe** induced aggregates

Fe®" induced aggregation of GQDs is confirmed by AFM measurements (Figure 3.7) and
particle size measurement based on dynamic light scattering. GQD aggregates are few-
layered and 10.425 + 4.275 nm in diameter. We speculated that such small Fe®'-
containing particles may serve as contrast agents for magnetic resonance imaging (MRI).

As shown in Table 1, these particles indeed exhibit good magnetic response as evidenced
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by much lowered spin-spin relaxation time (T2) as compared to the pure GQD samples at

the same concentration.
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Figure 3.7 AFM image of Fe**-GQD complexes
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Concentration of Concentration of GQDs 1/T1 1/T12
Fe* (mM) (mg/ml)

1.28 0.1625 0.0006604 0.01147

0.64 0.08125 0.0006447 0.008394
0.32 0.0406 0.0006192 0.008172
0.16 0.0203 0.0006032 0.007199
0.08 0.01 0.0005988 0.008232
0.04 0.005 0.0006125 0.007401
0 0.1625 0.0006023 0.002749
0 0.08125 0.0006036 0.00453

0 0.0406 0.0005751 0.004199
0 0.0203 0.0005583 0.004911
0 0.01 0.0005604 0.006326
0 0.005 0.0005711 0.006544

Table 1 Comparison of different relaxation times of Fe**-induced GQD aggregates to that of control (GQD)

samples.

3.3 Conclusions

In summary, we have developed a highly efficient and “green” electrochemical strategy
to synthesize GQDs from 3D CVD-graphene with high throughput. The synthesized
GQDs are of high crystallinity and uniform distribution in lateral diameter (~3 nm) and
thickness. The ionic liquid used in the synthetic process not only assists in exfoliation and
dispersion of GQDs but also endows GQDs with the ability for sensitive and specific
optical detection of Fe*' ions. In addition, the magnetic property of the Fe**-induced
GQD aggregates may promise other applications (e.g., for MRI imaging). We also
envision that the versatility of this synthesis approach permits synthesis of GQDs with

tailored functionalities by varying the used solvent or electrolyte and tuning the etching
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protocol. This development would pave the way for the widespread applications of such

emerging zero-dimensional materials in various fields.

This chapter (including phrases and figures) is reproduced with permission from our
published article “Facile synthesis of graphene quantum dots from 3D graphene and their
application for Fe3* sensing. Adv. Funct. Mater., 2014, 24, 3021.” Copyright 2014, Wiley

VCH.
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Chapter 4 Nitrogen and Phosphorus co-doped Graphene
Quantum Dots: Synthesis from Adenosine Triphosphate,

Optical Properties, and Cellular Imaging

Owing to their tunable photoluminescence (PL), photostability, molecular size,
biocompatibility, and ease to be conjugated with biomolecules, GQDs are particularly
attractive fluorescent tools for bioimaging.'> 3% 3 70 106112 1t hag been shown that
heteroatom doping endows GQDs with new PL properties due to the change in electron
density around the graphene lattice.!!'>!!* Heteroatom-doped GQDs can be synthesized by
exfoliating pre-doped graphene or graphene oxide sheets.?® 3* 3> 15 Byt such top-down
methods require multiple steps for synthesis as well as purification of multiple steps and
are usually of low doping efficiency. Alternatively, doped GQDs can be obtained by
pyrolyzing small organic molecules, with a combination of two or more precursors
molecules, heteroatoms doped GQDs have been synthesized. The heteroatoms are
naturally incorporated into the graphene lattice from the precursor molecules.* 3¢ 116 117
However, co-doping of multiple heteroatoms has been rarely reported and their effects on
GQD fluorescence still remain undiscovered.

In this chapter we report a simple and cost-effective method for the synthesis of GQDs
co-doped with nitrogen, and phosphorus by carbonization and subsequent chemical
exfoliation of a single precursor molecule - adenosine triphosphate (ATP) (Scheme 1).
The dually-doped GQDs show high quantum yield (~27.5%) and strong two-photon
excitation with a two-photon absorption cross section (20000 GM). Carbonaceous micro-
sheets resulted from ATP carbonization exhibits good catalytic properties towards oxygen

reduction. Upon conjugation with transferrin, heteroatom-doped GQDs have been

employed to image and track transferrin receptors in live cells.

51



<

@ @ & F 900°C, 1h
° .
ool *‘V.l'f Carbonization

HNOs.24h
—_— »

Exfoliation

G)QD

Carbonized ATP
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4.1 Materials and Methods

4.1.1 Synthesis of ATP-GQDs

ATP powder (1g, Acros Organics) was completely carbonized by heating in a quartz tube
furnace at 900°C for 1h under argon atmosphere. The obtained carbonaceous powder was
further refluxed in 6M HNO3 at 130°C for 24h. The solution was then cooled and
centrifuged at 7500Xg for 20 min. The supernatant was collected and filtered through
filter paper to remove large particles. The excess HNOs was removed by evaporation at
200°C. The resulting powder was subsequently dissolved in DI water and dialyzed using
a cellulose ester dialysis membrane (500-1000 Da MWCO, Spectra/Pro Biotec) for 2 days

to remove impurities.

4.1.2 Oxygen reduction reaction (ORR)

The carbonized ATP samples were washed with DI water by centrifugation at 10000 rpm
6 times to remove ions or other impurities and dried at 50°C in a hot air oven. Carbonized
ATP dispersion (2 mg/ml) was drop-casted onto a polished glassy carbon electrode. The
ORR measurements were conducted with a CHI 660D electrochemical workstation

(Chenhua), using nitrogen or oxygen saturated KOH (0.1 M) solution as the electrolyte.
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4.1.3 Transferrin conjugation

Transferrin (Sigma Aldrich) was conjugated to ATP-GQDs according to a previously
reported procedure.’® Briefly, the ATP-GQD solution was filtered by a 10 kDa MWCO
filter device (Millipore) and the fraction <10 kDa (0.5 mg/ml in PBS) was mixed with 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (10 mM) followed by N-
hydroxysuccinimide (10 mM) and the mixture was kept at room temperature for 15 min
for carboxyl group activation. Transferrin (~80 kDa, Sigma) was added to the activated
ATP-GQDs and incubated at room temperature for 4 h. Finally, hydroxylamine (10 mM)
was added to quench the reaction. The unreacted GQDs were separated by ultrafiltration

(3 times) with 30 kDa MWCO ultracentrifugal filters.

4.1.4 Characterizations

Samples were characterized by Raman spectroscopy (WITeck CRM200), field-emission
scanning electron microscopy (JSM6700-FESEM, JEOL), AFM (MFP-3D AFM,
Asylum research), high-resolution transmission-electron microscopy (JEOL-2010), FTIR
(PerkinElmer Spectrum GX FTIR system), XPS (Theta Probe), X-ray diffraction analysis
(Bruker D8 Advanced Diffraction meter using Cu Ko radiation), UV-vis absorption
spectroscopy (UV-2450 spectrophotometer, Shimadzu), photoluminescence spectroscopy
(LS-55 fluorescence spectrometer, PerkinEImer) and polyacrylamide gel electrophoresis
and imaging (Mini-Protean Tetra Cell, Bio-Rad and ProXPRESS 2D, Perkin Elmer). The
two-photon excited PL properties at 800 nm excitation were investigated using a
femtosecond amplified-pulsed laser with repetition rate of 1000 Hz and pulse-width of
100 fs.'® The lifetime measurements were carried out for the one and two-photon

excitation by an Optronics streak camera system. !
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4.1.5 Cell Imaging

Human cervical cancer cells (HeLa, ATCC) were cultured in Dulbeccos modified eagle
medium (DMEM) containing 10% Fetal bovine serum (Gibco). For the imaging
experiments, HeLa cells were seeded on a Lab-Tek Il chambered cover glass and grown
overnight. Prior to imaging, the cells were incubated with ATP-GQDs for 2 h or Tr-
GQDs for 30 min at 37°C. The cells were rinsed thrice and incubated in the bath solution
(150 mM NaCl, 5 mM KCI, 1.1 mM MgClz, 2.6 mM CaClz, 10 mM HEPES, and 10 mM
glucose, pH 7.4) during imaging. Confocal microscope (Zeiss LSM 510) with a 63X oil
objective and a 488 nm laser was used to obtain the confocal images. Time-lapse digital
images were recorded using a Zeiss Axiovert-200M inverted total-internal-reflection
fluorescence microscope system (Carl Zeiss, Germany) equipped with a 100x objective
lens (numerical aperture, NA=1.45) and a charge coupled device (CCD) camera with
pixel size of 0.248 um. Using MetaMorph 6.3 (Universal Imaging Corp., Downingtown,
PA), time-lapse images of 361 frames (0.5 s/frame) were acquired at 37°C, and analyzed

using ImageJ (National Institute of Health, US).

4.2 Results and Discussion

4.2.1 Properties of carbonized ATP

Adenosine triphosphate (ATP) is a good substrate for carbonization at it contains sugar
moieties and 7 conjugated carbon rings with nitrogen. Complete carbonization of ATP
molecules yields carbonaceous micro-sheets abundant in heteroatoms (Figure 4.1a),
resulting from removal of water molecules and subsequent re-organization and fusion of
the precursor molecules at high temperature. From the Raman spectrum of the carbonized
ATP (CATP) it can be observed that cATP shows prominent D and G bands (Figure 4.1b),
suggesting the presence of graphitic domains with the presence both C=C bond and also
covalent bond with heteroatoms. As reported earlier, heteroatom doping confers the inert

graphene or graphitic materials with catalytic abilities such as oxygen reduction, 3 120
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Similarly, we tested the cATP for activity towards oxygen reduction reaction. From our
experiments it can be seen that cATP exhibits good catalytic activity towards oxygen
reduction (ORR) as evidenced by the prominent reduction peak at ~ -0.26 V in the
presence of oxygen (Figure 4.1c). Linear sweep voltammograms of cATP in oxygen-
saturated 0.1M KOH obtained using a rotating disk electrode at various rotating speeds
help to determine the number of electrons transferred for the ORR process (Figure 4.1d).
Koutecky—Levich (K-L) plots at different potentials are plotted in Figure 4.1d inset. From
the slopes of the K-L curves we calculate the number of electrons involved in the ORR
and find that a highly efficient 4-electron reduction pathway catalyzes the ORR in cCATP.
The onset potential is also found be around 0.14 V, which is desirably lower than the
previously reported N-doped graphene.!?124, This experiment confirms the presence of

heteroatoms that render cATP with catalytic properties.
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Figure 4.1 a) SEM images of carbonized ATP (CATP). The inset shows the surface of CATP sheets at
higher magnification. b) Raman spectrum of carbonized ATP. c) Cyclic voltammograms of cATP in oxygen
(red) or nitrogen (green) saturated KOH (0.1 M) solution. d) Linear-sweep voltammetry curves of cCATP in
0.1 M KOH at different rotation speeds. The Koutecky-Levich plots at different potentials (the slopes of the

curves indicate the electron transfer number of 4.2 - 4.4) are shown in inset.

4.2.2 Morphological characterization of GQDs

CATP is further exfoliated by refluxing in nitric acid to yield a brown water soluble
dispersion. The results from transmission electron microscopy (TEM) show that carbon
nanosheets ~2.06 (+0.69, n = 161) in diameter have been produced (Figure 4.2a & b). A
lattice spacing of 0.24 nm is also observed from the high-resolution TEM image. The
spacing corresponds to the d1120 plane of graphene (Figure 4.2a inset) thereby verifying
the synthesized carbonaceous dots are GQDs.*® The small sizes of GQDs have also been
confirmed by gel electrophoresis where a narrow band (<< 10 kDa) is observed (Figure

4.2c). AFM characterization reveals that the average thickness of these GQDs is ~1.26
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nm (+ 0.66, n =231) corresponding to 1-3 layers of graphitic carbon (Figure 4.2b & c).
These observations demonstrate that cATP exfoliation yields a nearly homogenous

dispersion of GQDs.
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Figure 4.2 a) TEM image of ATP-GQDs. The HR-TEM image in inset reveals the lattice spacing. b) Size
distribution histogram from TEM images (161 samples). ¢) Gel electrophoresis image of ATP-GQD
samples (left: excitation at 488 nm; right: bright view). (d) AFM image of GQDs with the height profile

along the indicated line shown in inset. (e) Height distribution obtained from 213 samples.

4.2.3 Chemical characterization of GQDs

From the FTIR spectroscopy characteristic peaks for C=0 (1722 cm™), C=C (1629cm™),
OH (3414cm™), -COOH (1388cm™), P-O (966 cm™) and CH> (2922 cm™) (Figure 4.3a)
are revealed. XPS is conducted to understand the type of doping in the ATP-GQDs, the
high resolution C spectrum of GQDs can be well-fitted with the characteristic peaks for
C=C bonds (284.2 eV),1°* C-N/ C-P=0 (285.1eV), 1> 1% C-0O (286.3 eV) ¥’ and O-C=0
(288.2 eV)'?® (Figure 4.3b). It correlates well with the FTIR results. The N* spectrum

consists of three peaks at 399.3, 400.5 and 405.1 eV, corresponding to the pyridinic,?8
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pyrrolic,’?® and NO groups, respectively (Figure 4.3c). The NO2 groups are likely
introduced at the edges during the exfoliation with HNOs. Analysis of the P XPS
spectrum gives two peaks at 132.6 eV and 133.5 eV (Figure 4.3d), which can be assigned
to P-O and P-C bond.?® ¥ Lijkely, these bonds belong to phosphonic acid groups (-
POsH>) at the edges because incorporation of P in the graphene lattice would introduce
unstable structural distortion due to the longer length of P-C bond than that of C-C
bond.® As reported by XPS, the doping percentage of nitrogen and phosphorous are 6.2
(C/N ratio of 7.0) and 6.9 (C/P ratio of 6.3), respectively. Evidently, ATP-GQDs are
doped with both N and P atoms. The N-doping level here is higher than the previously

reported N-/B- co-doped GQDs.*’
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Figure 4.3. a) FTIR spectrum of ATP-GQDs. (b, c, d) High resolution XPS spectra for C*, N, and P,

The interlayer spacing of ATP-GQDs analyzed by X-ray diffraction (XRD) is ~0.36 nm

(Figure 4.43), slightly higher than the spacing of graphite (0.34 nm) due to the presence of
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chemical groups. The Raman spectrum of ATP-GQD is similar to that of cATP (Figure

4.4b).
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Figure 4.4 (a) XRD and (b) Raman spectrum of ATP-GQDs.

4.2.4 Optical characterization of GQDs

The colloidal dispersion of ATP-GQDs in water appears brown under bright light and a
green emission is observed on illumination with 365 nm UV lamp (Figure 4.5a, inset).
From the UV-Vis spectrum, it can be seen that, ATP-GQDs can more efficiently absorb
short-wavelengths due to m—m* transitions of the aromatic sp? domains in the graphene

lattice®

and the absorption extends to the visible regime (Figure 4.5a). The PL excitation
spectrum shows a prominent peak at 460 nm and a shoulder peak at 360 nm which is due
to the o — 7 and n—n* transitions originated from the carbene like triplet state of the zig-
zag edges of GQDs (Figure 4.5a).*

The PL spectra of ATP-GQDs exhibit a slight excitation dependent emission with
maximum emission at 520 nm when excited at 460 nm (Figure 4.5b). This result is in
contrast to most of the reported GQDs.**? A uniform size and chemical composition of
GQDs could possibly explain this behaviour.!** The quantum yield (QY) is calculated to
be ~27.5% using rhodamine 6G (QY 96%) as the reference, which is much higher than
the non-doped GQDs.*® The improved QY could be attributable to the interplay of the
different dopants in the graphene lattice. It has been proposed that coexistence of n- and
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p-dopants can increase QY due to formation of p-n type photochemical diodes.®* In ATP-
GQD, pyridinic and pyrrolic N atoms are strongly electron withdrawing conferring p-type
doping characteristics.**® The electron-withdrawing -POsH, groups impose p-doping
effects.’3* Additionally, the presence of oxygenated groups at the edges also give rise to

either weak n- (e.g., -OH) or p- (e.g., -COOH) doping effects.?!
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Figure 4.5. a) UV-Vis absorption (blue) and excitation (red) spectra of GQDs. The inset shows the optical
image of aqueous solution of ATP-GQDs under visible (left) and UV light (right, 365 nm). (b) PL spectra
of GQDs at different excitation wavelengths. (c) Laser power dependent emission spectra of ATP-GQDs
under two-photon excitation using a femtosecond pulsed laser (800 nm). (d) Quadratic relation between

excitation intensity and PL intensity with a fitting (red line).

It is known that oxygenated groups on GQDs compromise QY because of non-radiative
recombination at these sites.'*® Consistently, we show that chemical reduction of ATP-
GQDs using NaBHs can largely increase QY to 53%, and at the same time, blue-shift the

emission peak to ~475 nm (Figure 4.6a). But the emission spectrum is broadened,

60



presumably due to increased chemical heterogeneity after reduction. In addition,
removing oxygenated groups makes GQDs more prone to aggregation and more difficult
to be conjugated with biomolecules. Therefore, in the later bio imaging experiments, we
use as-prepared ATP-GQDs without reduction.

Furthermore, we examined the two-photon absorption properties of ATP-GQDs as two-
photon fluorescence microscopy has advantageous over normal one-photon fluorescence
microscopy in terms of larger penetration depth amenable for tissue imaging, higher
spatial resolution and lower background signal due to highly non-linear and localized
adsorption process.’®® Interestingly, ATP-GQD also exhibits good two-photon excitation
properties. Under the excitation at 800 nm, which is far away from the one-photon
absorption regime of GQD, strong upconverted PL is observed with emission maximum
at ~560 nm (Figure 4.5c). The quadratic dependence of PL signal on the excitation
intensity confirms the nonlinear two-photon absorption and emission process (Figure
4.5d).8° The Z-scan technique is employed to estimate the two-photon absorption cross-
section (o) of our ATP-GQDs (Figure 4.6b). The nonlinear absorption signal of the ATP-
GQDs can be well-fitted by the Z-scan theory,®® '8 giving a ¢ as high as ~20000 GM.
This value is two-orders higher than organic fluorphores**” and comparable to much
larger-sized CdSe quantum dots.*38

It has been observed that two-photon absorption cross-section of quadrupolar molecules
increases due to co-existence of electron withdrawing and donating groups which
facilitates intramolecular charge transfer.'® Theoretical study also suggests non-linear
emission from GQDs could arise when electron-withdrawing NO2 and electron-donating
NH. groups at the edges forms a donor-GQD-acceptor system.'*® Liu et. al. have
demonstrated that dimethyl amine functionalized GQD shows strong two-photon
absorption and attributed this to the electron-donating nature of the dimethyl amine

groups.!*! Hence conceivably, the co-existence of electron withdrawing and donating
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sites (which can form p-n type photochemical diodes) in heteroatom-doped ATP-GQD

leads to its good two-photon absorption properties.
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Figure 4.6 (a) PL spectra of ATP-GQDs before (black) and after (red) chemical reduction. (b) Z-scan of

ATP-GQDs and water (solvent control).

4.2.6 PL lifetime and photostability of GQDs

ATP-GQD demonstrates excellent photostability under continuous one-photon or two-
photon laser excitation (Figure 4.7a). The lifetime measurements of ATP-GQDs under
both one- (400 nm) and two-photon excitation show nearly identical PL decay dynamics
(Figure 4.7b), suggesting the common radiative recombination channels.''® The PL decay

curves can be fitted into a double-exponential
function: lo = Aiexp(—t/ n)+A exp(—t/ 72) , where "rand 2 are the time constants of
the two radiative decay channels; A and M are the corresponding amplitudes. From the

decay curves, the PL lifetimes, Tl(Al) and TZ(AQ) are derived to be 320 ps (0.44) and
1.62 ns (0.56). The nanosecond-scale lifetime suggests that ATP-GQDs are suitable

fluorescent probes for bioimaging. %

62



(@)osr (b) 't

- 100"-- 400 nm

z U ~40 MW/cm®

> 095} - g‘

‘® | c

c 2

2 o090 c

£ i

3 & o}

o 0.85 |- ks -

-] B ]

2 I 800 nm ? 1 =

T 080 | .20 GWiem® W g

E
5 onsl z
= 0.75
0‘70 'l 1 L 1 1 1 L 0.01 L 1 1 L 1 1
0 500 1000 1500 2000 2500 3000 /] 1000 2000 3000 4000 5000 6000
Time (s) Time (ps)

Figure 4.7 (a) Normalized PL intensity vs. time of ATP-GQDs under one (blue) or two-photon (black)

excitation. (b) Fluorescence decay of ATP-GQDs under one- (400 nm) or two-photon (800 nm) excitation.

4.2.7 Transferrin conjugated GQDs for in-vitro cell imaging

ATP-GQD is desirable as a fluorescence tag for bioimaging because of its high QY, small
molecular weight, excellent photostability, and good biocompatibility (Figure 4.8). As a
proof of concept demonstration, we conjugate ATP-GQD with transferrin molecule for

imaging and real-time tracking of transferrin receptors in human cervical cancer cells

(HeLa) cells.
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Figure 4.8 Cell viability assay of HelLa cells in the presence of GQDs at various concentrations.
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Many cancerous cells overexpress transferrin receptors, which are responsible for
internalization and recycling of iron-bound transferrin molecules. Gel electrophoresis
experiment indicates that the molecular weight of transferrin-conjugated GQD (Tr-GQD)
is similar to that of bare transferrin molecule (80 kDa) implying one-to-one pairing
between ATP-GQD and transferrin (Figure 4.9). The successful conjugation of transferrin

is evidenced by staining of Tr-GQD by transferrin-binding coomassie blue (Figure 4.9a).

Figure 4.9 Gel electrophoresis images of Tr-GQDs (lane 1), transferrin (lane 2) and protein marker (lane 3)

under white light (a) and 488 nm excitation (b).

Using confocal microscopy, it is found that ATP-GQDs can be readily and non-
specifically uptaken by HeLa cells (Figure 4.10a). The internalized ATP-GQDs scatter in
the cytoplasm. In comparison, the uptaken Tr-GQDs are segregated near the nucleus
because the specific binding of Tr-GQDs with transferrin receptors on the cell membrane
triggers endocytosis and compartmentalization in the recycling endosomes (a network of
tubular structures adjacent to the nucleus) as shown in Figure 4.10b."*! When excess free
transferrin molecules are introduced together with Tr-GQDs, fewer fluorescent puncta
could be observed within the cells due to competitive inhibition, confirming the specific
binding between Tr-GQDs and transferrin receptors (Figure 4.10c). Furthermore, Tr-
GQD staining is much weaker in human fibroblasts (ATCC) because these non-cancerous
cells have lower number of transferrin receptors expressed on the membrane. Using total
internal reflection fluorescence microscopy (TIRFM) which evanescently illuminates
only the thin plasmalemmal region (< 200 nm thick), it is further observed that Tr-GQD /

transferrin complexes on the cell membrane are quickly endocytosed and many endocytic

64



events are observed within 3 mins of imaging (Figure 4.10e). Individual endocytic
(Figure 4.10e, right top) and exocytic events (Figure 4.10e, right bottom) of the vesicles

containing internalized complexes can also be resolved.
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Figure 4.10. Confocal (top) and bright-field (bottom) images (Scale bars = 5 um). of HelLa cells labeled
with (@) ATP-GQDs, (b) Tr-GQDs, and (c) excess transferrin molecules together with Tr-GQDs. (d)
Confocal and bright-field images of human fibroblast cells labeled with Tr-GQDs. (e) TIRFM images of
HelLa cells with transferrin receptors labeled by Tr-GQDs (Scale bars = 5 um). Right top: a typical
endocytic event of Tr-GQD/transferrin receptor complexes; Right bottom: a typical endocytotic event of a

vesicle containing Tr-GQD / receptor complexes.

4.3 Conclusions

In summary, we have devised a simple strategy to synthesize N and P co-doped GQDs
using a biomolecule (ATP) as the precursor. Such novel QD exhibits high brightness (QY
~27.5% and ~53.0% after chemical reduction), low molecular weight (~1.4 kDa), strong
two-photon excitation property (absorption cross section as high as 20000 GM), excellent
one-photon and two-photon stability, good biocompatibility, high water solubility, and
ease to be conjugated with biomolecules. We further demonstrate the potential of ATP-
GQD for real-time molecular tracking in live cells whereby uncovering the dynamic
cellular events, in this case, distribution, trafficking, and recycling of transferrin

receptors.
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This chapter (including phrases and figures) is adapted/ reproduced with permission from
our published article “Nitrogen and phosphorus co-doped graphene quantum dots:
synthesis from adenosine triphosphate, optical properties, and cellular imaging

Nanoscale, 2015, 7, 8159.” Copyright 2015, The Royal Society of Chemistry
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Chapter 5 Graphene Quantum Dots as Robust Carriers for

Hydrophobic Drugs

Graphene-based materials have been used as carriers for drug and gene delivery'#?®3

because of their biocompatible nature, vast surface area, ease of surface modification and
small size. While, the small size facilitates rapid cellular internalization through endocytic
mechanisms® (clathrin, caveolae-mediated), the large surface area augments high drug
loading through m—m, electrostatic and other non-covalent interactions that are
advantageous for controlling the release kinetics. GQDs are promising candidates as drug
carriers for mt-conjugated drugs due to their high biocompatibility, large surface to volume
ratio and hydrophilicity.*** Furthermore their stable photoluminescence provides avenues
for in-vitro tracking.?? Furthermore, the numerous functional groups (carboxyl, hydroxyl)
on GQDs are suitable for bio-conjugation with targeting molecules or proteins for cell-
specific uptake.

GQDs are reported perform as good drug carriers for amphiphilic drugs like doxorubicin
that has a predominantly 7 conjugated structure.®> ¥ However, the use of GQDs as
carriers for highly hydrophobic drugs has not yet been explored. We speculate that the
higher crystallinity and number of sp? domains would make GQDs as a suitable carrier
for hydrophobic r conjugated drugs.

In this chapter we explore the use of GQD as a carrier for hydrophobic anticancer drug,
B-Lapachone. A high yield top-down synthetic strategy using carbon black as a precursor
was demonstrated for the synthesis of GQDs. The as prepared GQDs show good
fluorescence and biocompatibility. The drug loaded GQDs exhibit enhanced cytotoxicity
at low drug doses for two different cancer cell lines as compared to free drug. The drug

release is pH dependent and shows a burst release profile at low pH.
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5.1 Materials and Methods

5.1.1 Synthesis of GQDs

Carbon black (5 g) was mixed with 5.0 g of NaNO3 and 250 ml of concentrated H2SOa.
The mixture was cooled to 0°C in an ice bath and stirred for 2 h. Then, 30 g of KMnOg4
was added slowly and continuously stirred for another 1.5 hours (temperature was
maintained at 0°C throughout mixing). The cooling bath was removed and the mixture
was cooled to room temperature and kept left overnight with stirring. It was then treated
with 300 ml DI water and 30 ml of 30% H20x.

The resulting oxidized carbon black was washed several times with distilled water to
remove the impurities and oven dried completely. Then this 3g of the dried carbon black
was loaded into a ball milling apparatus and set at 500 rpm for 48 hrs for mechanical
cleaving.

After the ball milling process, the resultant powder was first washed with dilute HCI
followed by neutralization with ammonia. The solution was further vacuum filtered by
0.2um membrane to obtain the soluble GQDs. The GQDs were size separated using

centrifugal filtration (< 3 KDa, 3-10KDa, >10 KDa) and stored at room temperature.

5.1.2 Drug Loading

Various GQD:drug ratios were tried out for loading to see the effect of drug loading on
the influence on GQDs fluorescence upon loading. Briefly, 0.1mg of GQDs was fixed and
the drug amounts were varied as to match the GQD: drug ratios of 1:1, 2:1 and 5:1. The
mixture was allowed to react in 5ml (pH 8, PBS) buffer in a beaker for 24h with stirring.
The unreacted drug was removed using centrifugal filtration or dialysis. The amount of

drug loaded was calculated using the absorbance measurement at 440nm.
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5.1.3 Drug Release

The GQD-drug conjugates were dialysed against PBS buffers of pH 5.5 and 7.4 for
mimicking cancer cell environment (pH 5.5) and normal cell environment (pH 7.4). The
amount of drug released was determined by measuring the absorbance value of the sink
solution (50 ml) at 440 nm at various time intervals. The experiments were conducted as

triplicates.

5.1.4 Cell culture and cytotoxicity assay

Human breast cancer cells MCF-7, cervical cancer HelLa cells were cultured in
Dulbecco’s modified eagle media (DMEM) supplemented with 10% fetal bovine serum
and 1% penicillin streptomycin and 1% sodium pyruvate at 37°C under 5% CO; for a
week and used for further experiments.

To test the biocompatibility of GQDs cultured, cells were seeded onto 96 well plates and
grown till they attained 80% confluency. The media was removed and the cells were
washed with PBS thrice after which they were incubated with GQDs of various
concentrations from 50 to 200 ug/ml for 24h. Cell viability was assessed using MTT
assay for all both cell lines. Briefly, 100 ul of 10% MTT solution in cell media was added
to the wells and left for a 4h incubation period. Finally the MTT solution was removed
and 100 pl of filtered DMSO was added to dissolve the crystals formed and absorbance at
570 nm was recorded to assess cell viability, with the untreated cells serving as positive
control (100 % cell viability).

A similar procedure was performed to evaluate the anticancer effects of GQD-drug
conjugates. Briefly, cells were seeded onto 96% well plates and allowed to attain 80%

confluency. Then cells were washed thrice with PBS (pH 7.4) and incubated with free 3-
Lapachone and GQD-B-Lapachone in serum-free medium corresponding to a free drug

concentration of 5, 10 and 15 uM. The plate was incubated for a further 24h and the
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solutions (free drug and GQD-drug conjugates) were removed and cells were washed
with PBS. A MTT assay was then performed to assess cell viability assuming untreated

cells has 100% cell viability.

5.1.5 Characterizations

Samples were characterized by Raman spectroscopy (WITeck CRM200), AFM (MFP-3D
AFM, Asylum Research), high-resolution transmission-electron microscopy (JEOL-
2010), FTIR (Perkin-Elmer Spectrum GX FTIR system), XPS (Theta Probe), UV-vis
absorption spectroscopy UV-2450 spectrophotometer (Shimadzu), Photoluminescence

spectroscopy (LS-55 fluorescence spectrometer, Perkin-Elmer).

5.2 Results and Discussion

Ball-milling is a simple and high throughput mechanical strategy to synthesize
nanomaterials. The high mechanical and thermal energy generated during the ball milling
process due the collisions facilitates the breakdown of materials to form
nanostructures.'#-148 Also, ball milling generates copious amounts of highly reactive
species that indicated by the formation of sparks upon ariel contact. Here ball-milling of

oxidized carbon black sheets is used to generate edge oxidized GQDs (Figure 5.1).

Oxidation e Ball Milling

GQp

Carbon Black

@ . :‘. @ @ @ @
Oxidized carbon sheets

Figure 5.1. Schematic illustration of GQD synthesis

5.2.1 Morphological Characterization
From the transmission electron microscopy results it is observed that GQDs are individual
sheets (Figure 5.2a) and have an average lateral size of ~9.066 nm (+ 2.04, n=99) (Figure
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5.2 b). A lattice spacing of 0.25nm is observed (Figure 5.2a, inset), which corresponds to
the lattice spacing of d1120 plane of graphene.** AFM images reveal that the obtained
GQDs are single or few layered with average thickness of 1.2 nm (+0.47, n=120) as from
Figure 5.2c & d. These observations suggest that ball milling method results in the

formation of non-homogenously sized GQDs, but it is effective in exfoliating monolayer

graphene sheets.
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Figure 5.2. a) TEM and HR-TEM image of GQDs, inset reveals lattice spacing b) Size distribution
histogram (n=99 particles) of GQDs c) AFM image of GQDs (inset- height profile along the indicated line)

d) height distribution histogram of GQDs (n=120 particles).

5.2.2 Optical Characterization
As observed in GQDs synthesized by oxidative protocols, the ball-milling GQDs appear
brown under bright light and green under excitation with UV light (365nm). The UV-

visible spectroscopy of GQDs reveals that they show good absorption in the visible
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region, which increases exponentially in the UV region with (Figure 5.3a) a peak at 230
nm, presumably due to the « to o* transition of C=C bonds.*

The fluorescence spectra of GQDs indicate that the emission wavelength is excitation
dependent probably due to the heterogeneous distribution of GQDs with various sizes
(Figure 5.3b). The excitation maximum is found to be 460 nm for the corresponding
emission maximum at 520 nm (Figure 5.3b). The estimated quantum yield of the GQDs is

estimated to be ~10% using rhodamine 6G as the reference.
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Figure 5.3. (a) UV absorption spectra of GQD, inset shows the image of GQD solution under bright light b)
PL spectra of GQD at different excitation wavelength, inset shows image of GQD solution under UV light
(365 nm) (c) Effect of pH on GQD PL intensity experiments were performed as triplicates (d) PL spectra of

GQDs after size separation (excitation at 460nm, concentration 0.1mg/ml)

The influence of pH on GQD fluorescence was tested in aqueous solutions adjusted to
vary from pH 1-14 using 1M HCI or 1M NaOH. GQDs show stable fluorescence within

the biologically relevant pH range 5 to 9 (Figure 5.3c). However, there is significant loss
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in fluorescence intensity at extreme pH such as 1 (highly acidic) and 13 (highly alkaline),
which agree with the reported pH effects on carboxyl functionalized GQDs (Figure
5.3¢).%

The size of the GQDs also has an influence on the fluorescence intensity. It can be
observed that the largest sized (>10 KDa) GQD is least fluorescent, whereas the relatively
smaller sized GQDs (<3KDa and 3-10 KDa) are highly fluorescent (3 orders of
magnitude) and have similar fluorescence intensities (Figure 5.3d). The decrease in
fluorescence with increased size is common due to greater surface traps and a more

continuous electron band structure.

5.2.3 Chemical Characterization

From the FTIR spectrum of GQDs (Figure 5.4a) the characteristic peaks for C=0 (1727
cml), C=C (1597 cm?), COOH (1382 cm™?), C-O (1046 cm™), and O-H (3100 cm™) are
observed indicating that the GQDs are decorated with oxygenated surface functional
groups (Figure 5.4a).

XPS further confirms the presence of the functional groups with the C*® spectra display a

strong C=C signal at 284 eV, C-N signal at 284.4 eV and O-C=0 bonds at 288 eV (Figure

5.4b).
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Figure 5.4 a) FTIR spectrum of GQDs b) C* XPS spectrum of GQDs
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5.2.4 Drug Loading and Release

B-Lapachone was loaded onto GQDs by simple mixing. Drug loading onto GQDs was
confirmed from the resultant UV spectra (Figure 5.5a), where the drug’s prominent peak
at 287 nm changes steeply due to an overlap with the GQDs peak. The characteristic 3-
Lapachone peak at 440 nm that is usually used for quantitative measurements is however
observed in the GQD-drug conjugates. The absorption of the drug at 440nm is also useful
as GQDs show very low absorption at this wavelength.

The drug loading efficiency (LE) or capacity of GQDs is calculated by the following
equation.

LE = Mass of loaded drug*100 / Mass of GQD.

The largest sized GQDs (>10 KDa) demonstrate the highest loading of 25% and GQDs
<3 KDa and 3-10KDa- showed loading capacities of 13% and 17% respectively. The
higher loading of drug onto larger sized GQDs would presumably be due the availability
of larger surface of basal = conjugated basal plane if graphene. The highly hydrophobic
nature of the drug prevents higher loading capacities onto hydrophilic GQDs. Since the
difference is drug loading capacities were is relatively much smaller than the difference in
fluorescence of differently sized GQDs, 3-10 KDa sized GQDs were used for further
experiments. The GQD-drug conjugates prepared according to the above ratio were used
for biocompatibility testing and cytotoxicity assays.

On conjugation with the drug, fluorescence of GQDs is slightly lowered (Figure 5.5b)
due to the n—m stacking interactions between drug and GQDs quenches fluorescence by
energy transfer, which promotes non-radiative recombination of electron-hole pairs.4
The drug release profiles shows that the release at pH 5.5 (cytosolic cancer cell pH) is
significantly higher (p> 0.05) than release at physiological pH of 7.4 over a 24-hour
period. Nearly 80 % of the drug is released at pH 5.5 as compared to 30 % at pH 7.4

(Figure 5.5c¢). This confirms that GQD-conjugated drug can travel in circulation without
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losing much of the bound drug and will be effective in-vivo for site-specific drug
delivery. The drug release profile at pH 5.5 is similar to a biphasic release generally
observed in pills and tablets.™ A rapid release till 48 % occurs within the first 5 hours
after which a slower release profile is observed (Figure 5.5c). Also as expected there was

fluorescence recovery from the GQDs with increased time of dialysis (Figure 5.5d).
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Figure 5.5 a) UV absorption spectra of GQD, B-Lapachone and GQD-B-Lapachone b) PL spectra of GQD
and GQD-B-Lapachone c¢) Drug release profile of GQD-B-Lapachone at pH 55 and pH 7.4 d).

Fluorescence recovery profile of GQDs-drug conjugates measured at (t= 2, 5 and 20h).

From the cell viability assay data it can be observed that GQDs show good
biocompatibility in both HeLa and MCF-7 cells (Figure 5.6a & b). The cell viability
decreased by only 20% even at a high GQD concentration of 200 pg/ml. The working
concentration of GQDs used in this study is lower than 50 ug/ml.

To estimate the performance of GQD-drug conjugates, cell viability assays are conducted

in both HeLa and MCF-7 cells and their effectiveness were compared to the free drug at
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the same concentrations. In the MCF-7 cells, GQD-drug conjugates perform significantly
(p< 0.1) better than free drug at the 10uM concentration, whereas in HelLa cells, GQD-
drug conjugates outperform the free drug at lower concentration of 5 and 10uM (p< 0.01)
(Figure 5.6¢). The drug is found be most effective against MCF-7 cells, where the
viability goes down to 22% at 5uM drug concentration (Figure 5.6d). The above values
are for a 24-hour period and can be expected to rise as the exposure time increases,

resulting in greater cancer cell death.
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Figure 5.6 The effect of GQDs on Hela (a) and MCF-7 (b) cell viability at different GQD concentrations.
Cytotoxic effect of GQD-drug conjugates and free drug (relative to untreated control) on Hela (c) and

MCEF-7 (d) cells treated for a 24h period.

5.3 Conclusion
In summary, a ball-milling method has been used for the first time to produce high yield
of GQDs. The GQDs have a large size distribution and show green emission with a

quantum yield of 10%. The biocompatible GQDs are used as drug carriers for the
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intracellular delivery of the hydrophobic drug -lapachone. We observe that the GQDs
show good drug loading and follow a pH dependent drug release. Nearly 80% drug
release is achieved at pH 5.5 within 24h. It is also demonstrated that the GQD-drug
conjugates perform better than the free drug for cancer cell against cervical (HeLa) and
breast (MCF-7) cancer cells, demonstrating its efficiency as a drug delivery vehicle.
With tuning of GQD properties and tissue specific targeting, GQDs can be further

explored as multi-modal drug delivery vehicles for hydrophobic drugs.
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Chapter 6 Factors Influencing GQD Fluorescence: A

Theoretical Study

Pristine graphene is a zero band gap material with infinite exciton Bohr radius due to the
linear energy dispersion of the charge carriers.? Therefore, quantum confinement arises in a
graphene sheet with finite size and becomes prominent in GQDs. Hence, band gap opening
(and related PL emission) of GQD should be highly size-dependent, i.e., the larger its
diameter the longer wavelength it emits. By definition graphene quantum dots are small
sheets of graphene containing entirely sp? hybridized carbon at the core perhaps with some
oxygenated groups at the edges. Such GQDs would the quantum confinement effects
similar to other semiconductor quantum dots. However, such expected size-dependent
emission, however, has not been unambiguously demonstrated experimentally.

The synthesized GQDs (ranging from 1.5 to 60 nm) can emit different PL colors (including
deep UV, blue, green, yellow and red) without obvious size dependence.’™ The large
GQDs (~60 nm) synthesized by pyrolysis of hexa-peri-hexabenzocoronene (HBC)

152

molecules emit blue fluorescence. However, the small GQDs (1.5 — 5 nm)

hydrothermally cropped from graphene oxide (GO) sheets are green fluorescent.®® With

similar size (2 — 3 nm), the GQDs oxidatively exfoliated from carbon black are green'®®

while the GQDs electrochemically cut from defect-free CVD-grown graphene are blue.*>*
These observed discrepancies are because of the large and uncontrolled heterogeneity of
GQDs synthesized by the current approaches and the fact that the optical properties of
GQDs sensitively depend on a number of parameters (e.g., size, chemical moieties, and
defects). Theoretical modeling and calculations allow us to specifically investigate the
influences of any particular parameter that influence GQD PL.

This chapter reports the systematic theoretical investigation of such parameters to provide

better understanding of mechanisms behind GQD fluorescence.
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6.1 Computational Methods

Al the calculations are carried out using Gaussian 09 suite of program**®. The ground-state
geometries of GQDs were firstly optimized by DFT®® 15 B3LYP (Becke's three-parameter
hybrid function!® with the non-local correlation of Lee-Yang-Parr'®®) method with the
Pople 6-31G(d) basis set (B3LYP/6-31G(d)). The dangling carbon bonds are passivated by
hydrogen atoms. The absorption spectra of GQDs were calculated using TDDFT method
(at the B3LYP/6-31G(d) level) based on optimized ground-state geometries. The first
excited state was optimized using TDDFT method to calculate the emission energy

(wavelength), which is the energy difference between the ground and the first excited state.

6.2 Results and Discussion

6.2.1 Effect of size

We carried out investigations to study the influence of size on GQD fluorescence. For this
we modeled GQDs with varying size. To reveal the size-dependent PL of GQD, we used
pristine zigzag-edged GQDs models with different diameters (Figure 6.1). From the
calculations it is observed that, these GQDs (G1- G6) fluoresce from deep UV to near
infrared when the size is varied from 0.46 to 2.31 nm (Figure 6.2). Specifically, the
smallest GQD (benzene) emits at 235.2 nm while 2.31 nm GQD emits at 999.5 nm. The
observed linear and steep size-dependence indicates that by varying the diameter of GQD
from 0.89 to 1.80 nm, its emission covers the entire visible light spectrum (400 - 770 nm).
The calculated emission wavelengths in vacuum (235.2, 399.5, 492.3 nm) of G1-G3
(defect- and functionality-free small sp?-carbon clusters known as benzene, coronene,
ovalene) correlates well with the experimental measurements (~278 nm in water,%° ~427

161 ~484 nm in tetrabutylammonium sulfonate salt,'®?

nm in dimethyl sulphoxide,
respectively). As expected, as size increases the decrease of band gap resulting from 7-
electron delocalization induces a red shift in emission. This size-dependent emission has

been traditionally observed in metallic semi-conductor QDs. 163-167
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Figure 6.1 Structure of hexagonal GQDs with zigzag edge (G1-G6) and armchair edge (G7-G8).
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Figure 6.2 Calculated emission wavelength (nm) using TDDFT method in vacuum as a function of the
diameter of GQDs. The solid line is the linear fitting of zigzag-edged GQDs (G1 — G6). The indicated

diameter is the average of the horizontal and vertical dimensions.

6.2.2 Effect of edge configuration

The edge configuration of GQDs can also influence the confinement properties. Graphene
can have either zigzag or armchair edges and it has been shown that graphene
nanoribbons (GNRs) with dominant zigzag edges have a smaller band gap (0.14 eV) as
compared to similarly-sized GNRs with dominant armchair edges (0.38 eV),'® because
of localized states on zigzag edges.'® We observe a similar trend for GQDs where the
localized states in zigzag-edged GQD are pushed to the edge sites while similarly-sized
armchair-edged GQD has localized states scattered in the center. As opposed to their
armchair-edged counterparts, the localized states at zigzag edge sites lower the energy of
conduction band and thus reduce the band gap. Thus, it no surprise that the armchair edge
would widen the band gap of GQD and consequently blue-shift the emission. As
observed from our calculations, 1.27 nm and 2.06 nm armchair-edged GQDs (G7 and G8
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in Figure 6.2) emit at 450.5 and 678.2 nm while the predicted emission wavelengths of

their zigzag-edged counterparts are ~551 and ~872 nm, respectively.

6.2.3 Effect of oxygenated functional groups

Most practical synthesis approaches for GQDs often render them with functional groups
(e.g., oxygenated groups resulting from the oxidative exfoliation processes). From our
calculations we find that oxidation of GQDs by —OH or —-COOH functional groups red-
shifts the emission peaks due to band gap reduction, in a coverage dependent manner
(Figure 6.3a). Attaching —OH groups to the edge carbon atoms (varying from 0 - 100%
coverage) continuously tunes G4 from green (572.4 nm) to red (732.3 nm). Edge -COOH
groups also red-shift the fluorescence emission (Figure 6.3a). In contrast to the smooth
change observed in incremental functionalization of edges, -OH groups conjugated on the
basal plane of GQD cause more drastic red-shift because of disruption of graphitic carbon
lattice. Specifically, two -OH groups on the basal plane of G4 makes it to emit red
fluorescence at 746.1 nm. The predicted red-shift of oxidized GQDs is in line with
experimental observations. For example, the GQDs (2-7 nm) exfoliated by acid oxidation
emit greenish yellow-luminescence (~500 nm) and they become blue-luminescence (~450

nm) after reduction by NaBHa.%°
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Figure 6.3. (a) Emission wavelength of oxidized GQD (G4) as a function of the coverage of —-OH and —

COOH groups. (b) and (c) are G4 with single or double vacancy defect, respectively.

6.2.4 Effect of vacancy defects

GQDs synthesized by top-down methods usually bear number of lattice defects. Our
calculations show that creating single or double vacancy defects on green G4 largely red-
shifts the emission peak to 1787.3 or 1217.0 nm, respectively (Figure 6.3b and c). It

indicates the strong influence of vacancy defects.

6.2.5 Effect of hybridization state in larger GQDs

From our calculations we have demonstrated that the PL properties of GQDs can be tuned
by their size, edge structure, shape, functional groups, and defects. However, when
correlated experimentally, red-shifting effects induced by functional groups and defects
do not completely explain why relatively large and dopant-free GQDs (a few nm)
synthesized by top-down methods are usually green or blue, instead of red as predicted in
Figure 6.2.1%4 17033 | oh et al. ,'"* Chien et al.'’? and Eda et al.}”® have proposed that the
small sp? clusters isolated by sp® carbons are responsible for the observed PL emission
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from graphene oxide (GO) sheets. Since most GQDs are synthesized from GO or with
extreme oxidative procedures we speculate that most synthesized GQDs are composed of
isolated sp? clusters, which dictate their PL properties.

To test this hypothesis, we calculated the emission of small GQD-like models consisting
of small sp? clusters (benzene or coronene) joined by either sp? or sp® carbons (Figure
6.4). Our calculations show that the molecule consisting of two benzene molecules
connected via two sp? carbons (i.e., anthracene molecule, Figure 6.4a) emits blue

160

fluorescence at 435.0 nm, close to the experimentally measured value*™ whereas the

molecule with benzene rings are connected with two (Figure 6.4b) and six (Figure 6.4c,
top) sp® carbons, emit DUV at 256.9 nm or 241.9 nm respectively. Similarly, when sp®
carbons join six benzenes and two coronenes, the emission of the entire GQD is close to
the individual benzene or coronene molecules (Figure 6.4d-g). These results imply that,

when sp® carbons isolate small sp? clusters, w-electrons are confined within these domains

and these small individual sp? clusters dominate PL emission.
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Figure 6.4 Two benzenes joined via (a) two sp? carbons (i.e., anthracene), (b) two sp® carbons (green
spheres), or (c) six sp® carbons (top). In ¢, middle: two H atoms of benzene are substituted with —OH groups
(red spheres); bottom: substituting two H atoms of the bridging sp? carbons with —OH groups. (d and e) Six
benzenes are joined via sp? or sp® carbons, respectively. (f and g) Two coronenes are joined via sp? or sp®

carbons, respectively.

To investigate the effects of oxidation, two —OH groups are attached to benzene without
altering the sp? hybridization state of carbon atoms. This shifts the emission wavelength
from 241.9 to 274.5 nm (Figure 6.4c, middle). On the other hand, attaching two —OH
groups onto the bridging sp® carbons only slightly shifts the emission to 248.8 nm (Figure
6.4c, bottom). This suggests that oxidation at sp? clusters can exert stronger influence on

PL than oxidation at sp® carbons.
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Figure 6.5a depicts a GQD (CgsHss) consisting of 4 sp? domains (pyrene) separated by sp®
carbon network. This GQD has a ground-state band gap of 3.58 eV, which is much larger
than that of the pristine sp?-hybridized counterpart (0.35 eV). It emits violet fluorescence
at 418.1 nm, which is red-shifted as compared to free pyrene molecule (emitting at 359.4
nm). The pyrene domains embedded in CosHss GQD are bonded to either (a) five sp?
carbons (pentamethyl pyrene which emits at 389.2 nm) or (b) six sp® carbons
(hexamethyl-pyrene which emits at 404.9 nm) (Figure 6.5a). Evidently, the emission of

the entire GQD is dependent more strongly on the hexamethyl-pyrene domains.
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Figure 6.5. (a) GQD composed of four pyrene domains separated by sp® carbons (green spheres). (b)

Molecular orbitals for LUMO and HOMO from ground-state.

Therefore, it can be concluded that PL of a heterogeneous GQD (CgsHsg here) is
essentially determined by the sp? domains of lowest energy band gap (hexamethyl-pyrene
here). To further support the notion that the PL properties of heterogeneously hybridized
GQDs are dictated by the small sp? clusters, we show that increasing the size of sp?

domains leads to the decrease of ground-state band gap of GQD (Figure 6.6a). In
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addition, with the size of sp? clusters fixed, increasing the diameter of GQDs (as well as

the number of sp? clusters) does not alter the ground-state band gap (Figure 6.6b)
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Figure 6.6 (a) Heterogeneously hybridized GQDs with differently sized sp? domains composed of four

coronene (Top) and (b) four cir-coronene (Bottom) domains. The GQD (C154H90) and (C320H150) have

ground-state band gap of 3.73 and 2.68 eV, respectively. (b) 3.26 nm C294H168 GQD (Top) and 5.54 nm

C864H480 GQD (bottom) composed of seven and nineteen coronene domains, respectively.

This study provides explanation to the previous experimental observations. For example,

the peculiar size-increase induced blue-shift observed by Kim et al. can be explained by

the

hexabenzocoronene (HBC) emits blue fluorescence at ~490 nm

increase of armchair

edge configurations

in large GQDs.!! Hexa-peri-

in  2-methyl-

tetrahydrofuran.™* GQDs (~60 nm) obtained by pyrolysis of HBC molecules followed by

oxidative exfoliation also fluoresce similarly (~489 nm) .22 Thus, it is conceivable that

the HBC domains in such a large GQD are connected by sp? carbons causing m-electrons

to localize on the sp? hybridized HBC domains. Gokus et al. have shown that PL can be
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induced in graphene by oxygen plasma treatment and attributed this phenomenon to
carboxy-related localized electronic states at the oxidation sites but not to sp? sites.*” But,
we show that oxygenated functional groups can only lower the band gap (instead of
opening band gap for PL emission). Therefore, their observation should be resulted from
creation of small sp? clusters on graphene sheet. The GQDs synthesized from top-down
approaches exhibit excitation-dependent behavior and broad emission spectrum. 32152 154

176178 This can be attributed to the heterogeneity of produced GQDs in size, shape,

functional groups, defects, and composition of sp? clusters.

6.3 Conclusion

In summary, we for the first time have systematically studied the mechanisms underlying
the tunable PL properties of GQDs using DFT and TDDFT calculations. From our studies
we find that the emission of zigzag-edged pristine GQDs covers the entire visible
spectrum by varying the diameter from 0.89 to 1.80 nm. Armchair edge blue-shift the
GQD PL emission whereas chemical functionalities and defects cause red-shift. The PL
emission of a heterogeneously hybridized GQD is dictated by its isolated small sp?
domains. This study confirms the exciting possibility of GQDs to serve as universal
fluorophores for various imaging purposes and shall provide important insights and
guidance for the development of methods to controllably synthesize GQDs with well-

defined and desired properties towards specific purposes.

This chapter (including phrases and figures) is partly adapted/ reproduced with
permission from our published article “Revealing the tunable photoluminescence
properties of graphene quantum dots”. J. Mater. Chem. C., 2014, 2, 6954. Copyright

2014, Royal Society of Chemistry.
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Chapter 7 Conclusions and Future Perspectives

7.1 Conclusions

Of the many faces of graphene, GQDs emerge as another interesting derivative that show
immense promise for fundamental applications in biology or biomedicine. In this thesis
we have explored various synthesis strategies for GQDs keeping in mind several issues in
GQD properties that need to be addressed for their practical applications in biology. This
chapter summarizes the primary results and findings of the studies that contributed to this
thesis.

We have demonstrated an easy, versatile and efficient synthesis strategy for GQDs using
3-dimensional graphene electrode. We find that using 3-dimensional graphene electrode
provides high conductivity for efficient exfoliation with a lower applied potential. We
also observe that using an imidazolium ionic liquid for the exfoliation not only serves as
the electrolyte but also chemically interacts with the GQDs to give functionality. The as-
synthesized imidazolium ion functionalized GQDs specifically interacts with ferric ions,
which induces quenching of GQD fluorescence. This interaction is used to develop a
fluorescence turn-off sensor for ferric ions.

The practical application of GQDs for cell labeling requires certain favorable properties
like high quantum vyield and ease of bio-conjugation. In this respect, we have
demonstrated a simple synthesis strategy for heteroatom doped GQDs, which show higher
quantum yield and ease of bioconjugation. Heteroatom doping in GQD was adopted to
enhance optical properties. We also found that GQDs show good two-photon absorption
properties with high absorption cross-section of 20000 GM. Using transferrin conjugated
GQDs we have demonstrated labeling of HeLa cells and receptor tracking using TIRFM.
We observe that GQDs show promise as robust fluorophores for cell labeling and

tracking.
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Apart from fluorescence, the unique structure of GQDs can serve as a platform for drug
loading. In this respect we investigated use of GQDs as a carrier for hydrophobic drug -
lapachone and tested the efficacy of drug-GQD conjugates on two types of cancer cells.
We found that GQDs show good drug loading and high pH and a burst release at low pH
of 5.5. Furthermore the release of drug at physiological pH is significantly slower that
low pH environment thus indicating their effectiveness in killing cancer cells. It is also
demonstrated that the GQD-drug conjugates perform significantly better than the free
drug for cancer cell against cervical and breast cancer cells, demonstrating its efficiency
as a drug delivery vehicle.

GQDs are relatively new fluorescent materials and show interesting fluorescence
properties. However, emission properties deviate from standard inorganic semiconductor
QDs. In this respect we have conducted systematic theoretical studies to better understand
the mechanism of GQD fluorescence. From this study, we have demonstrated that factors
like edge, size, chemical functionalization and sp? domains play a significant role on the
fluorescence of GQDs. The results of this study are important to guide experimental

synthesis of GQDs for improved properties and applications.

7.2 Future Directions

GQDs have emerged as a new class of fluorescent nanomaterials for various applications
in various fields, which have proven competitive in many aspects as compared to
conventional semiconductor QDs. However research on GQDs is still at a very nascent
stage and there are countless directions that remain open for exploration.

Firstly, in terms of synthesis, strategies to provide GQDs with very high yield, quantum
yield and tunable emission are still the need of the hour. Exploring various new chemical
synthesis techniques to produce GQDs with desired properties would be beneficial for

practical applications.
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Secondly, in the field of nanomedicine GQDs show enormous potential as imaging
agents, drug carriers, photothermal and antibacterial agents. Since their chemical structure
renders certain favorable properties they can used as imaging as well as therapeutic
agents. The w-conjugated structure might also be useful for delivery of small molecules
such as siRNA and mRNA. The ampiphilic nature of GQDs also makes them useful as
reducing agents/ templates for growth of metal nano crystals. For instance, GQD assisted
growth of iron oxide nanoparticles can be used as MRI contrast agents or multimodal
drug delivery vehicles.

Thirdly, the experimental synthesis of GQDs would also help researchers understand the
properties and behavior of small sheets of graphene. The study of properties of such
dimensionally confined graphene is incumbent for the development of exciting new field
of applications.

Lastly, GQDs show immense promise for applications in various other fields like label-

free detection, energy, electrochemistry, catalysis, electronics, and display technologies.
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