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Abstract

Bacterial infection presents a serious global challenge to human health nowadays,
especially with increasing bacterial resistance. Graphene quantum dots (GQDs) are
nano-scale graphitic fragments with sp? hybridized carbon atoms edged with
heteroatomic functional groups. As a new-age nanoparticle, it is a potential candidate
for new antibacterial agent due to its low cytotoxicity and high chemical stability,
compared to other nanoparticles. Most importantly, its passivation can be crafted to

make it suitable in antibacterial and optoelectronic applications.

This work aims to fabricate nitrogen-doped GQDs (N-GQDs) and investigate its
antibacterial effect. N-GQDs were synthesized by microwave-assisted hydrothermal
synthesis using p-phenylenediamine as a precursor. The as-prepared N-GQDs solution
underwent column chromatography and was separated into four fractions. Each fraction
of the N-GQD solution showed distinguishable photoluminescence (PL) properties.
The fractions were named according to their PL peak emission color, i.e. green (g-

GQDs), yellow (y-GQDs), orange (0-GQDs) and red (r-GQDs).

The GQDs samples showed an absorption peak at 245 nm, indicating m-m*
transitions of C=C bonds. Transmission electron microscopy (TEM) studies showed

that the GQDs exhibited graphitic structure with an average size of ~ 2.5 nm. X-ray



photoelectron spectroscopy (XPS) showed an increase in nitrogen content (from 9.1%
to 16.2%) with a decrease in oxygen content (from 13.5% to 7.2%) according to the

following order: g-GQDs, y-GQDs, 0-GQDs and r-GQDs.

Gram-positive S. aureus and gram-negative E. coli were treated with the four GQD
fractions in order to investigate their antibacterial abilities. Minimal inhibitory
concentration (MIC) was measured to evaluate the antibacterial power of the GQDs.
The antibacterial effect of the GQDs was found to be more effective in S. aureus than
in E. coli. The MIC value towards S. aureus decreased from g-GQDs (171 pg/mL) to
r-GQDs (43 pg/mL), indicating the increasing trend in antibacterial power as the

nitrogen content increase.
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Chapter 1 Introduction

1.1 Background

Nanostructure is a family of structures with molecular or structural dimension in
nanometer scale. Quantum confinement occurs when the spatial dimension is
comparable to the de Broglie wavelength of charge carrier, restricting the movement of
carriers and turning the energy spectrum from continuous to discrete. Thanks to the
quantum confinement effect, quantum dots (QDs) have attracted great research interest
globally. Many researches on optical and electronic properties of QDs were carried out
and various fabrication methods were developed. Semiconductor QDs like CdS, ZnS
and TiO; are outstanding examples, as they possess high carrier mobility and optical
absorption. However, the use of toxic and heavy-metal based precursors lead to a great
environmental and health issue.

As a family of nanostructure, graphene quantum dots (GQDs) have ignited
tremendous research interest in recent years. GQDs is a kind of graphitic nanoparticles
with dimension in nanometer scale, displaying typical size and excitation wavelength
dependent photoluminescence (PL). The surface moieties give them an excellent
solubility and ability to be further functionalized with a wide variety of organic

compounds, in order to fit the applications. GQDs are widely applied in optoelectronic



devices, thanks to its fascinating optical absorption and emission properties. [1-11] For

example, its high absorbance in UV range make it a suitable candidate for light

harvesting in a photodetector. [2] Also, GQDs were employed in solar cells to improve

its efficiency by the downconversion of photons [12]

Because of the availability of carbon atom to bond with a variety of atoms like

nitrogen and oxygen, its surface can be passivated with functional groups. Fabrication

process and precursors determine the surface functional group attached to GQDs. The

functional groups affect the energy states of GQDs, and hence the electronic and optical

properties.

From the view of environmental and health concern, GQDs are superior to other

QDs, because of its low toxicity. Other QDs usually contain metal atoms, which will

release toxic metal ions. On the other hand, GQDs has a stable carbon frame and

passivated groups, making it safe to be injected into living bodies. Also, the flexibility

in surface passivation gives GQDs a large freedom to be tailor-made for the

antibacterial purpose. [1, 13-19]

GQDs’ antibacterial property does have room for improvement, as there have been

few reports studied the antibacterial property of GQDs. For nitrogen functionalized

GQDs, an advantage of no requirement on light exposure gives it a great potential for

clinical application, as absorption of photons by human tissue need not to be considered.



Also, compared to complicated synthetic route of conventional drugs, bottom up
hydrothermal synthesis of N-GQDs is a low-cost and facile process, enabling a large-
scale production.

It is found that the cationic surface of N-GQDs interacts with bacteria species to
achieve antibacterial effect. [73,74,77,78] However, there has been no reports focusing
on the relationship between GQDs nitrogen content and its antibacterial effect. In this
thesis, nitrogen-doped GQDs were synthesized and separated into fractions with
different nitrogen content by running liquid chromatography. Their inhibiting effect on

S. aureus 1s found to be related to GQDs nitrogen content.

1.2 Scope of this project

N-GQDs were fabricated using microwave-assisted hydrothermal technique, with
p-phenylenediamine as a precursor. Column chromatography was carried out to
separate the GQD solution into four fractions with different polarities. The structural
and optical properties of the GQDs in each fraction was characterized. Drug-resistive
bacteria S. aureus and E. coli were incubated with the GQDs fractions to examine the
bacterial inhibiting power of GQDs.

In chapter 2, brief information and development of GQDs are described. Common

synthesis routes and properties are introduced.



In chapter 3, experimental details of the GQDs are described. The characterization

process like transmission electron microscopy (TEM), photoluminescence (PL) and X-

ray photoelectron spectroscopy (XPS) are included.

In chapter 4, details and methodology of column chromatography are described.

Liquid chromatography (LC) and thin-plate chromatography (TLC) are included.

In chapter 5, the characterization results are described. Optical and physical

properties of GQDs are shown.

In chapter 6, the biological properties of the GQDs are described.



Chapter 2 Graphene Quantum Dots

Graphene quantum dots (GQDs) refers to nanoparticles formed by a few layers of
graphene, with size less than 100 nanometers.[20] As an abundant element on earth,
carbon forms a variety of structures like carbon nanotubes, diamonds and fullerene.
Since single layer graphene was obtained by tapes peeling [21], graphene has attracted
awareness of researcher because of its outstanding electrical and mechanical properties.
Graphene is a zero-bandgap material, which limits its application in optoelectronics as
it is almost impossible to observe photoluminescence (PL). However, thanks to its high
mobility, graphene has a very large exciton Bohr radius, allowing quantum confinement
effect to take place. With the decreasing in size of the graphene layer, the bandgap of
graphene could be opened. By controlling the size of graphene, its bandgap could be
tuned to be semiconductor-like. For a small piece of graphene quantum dot in nano-
scale, the bandgap can be opened to a few electron-volt. [22] The opening of bandgap
gives GQDs PL, which is a fascinating optical property. Most of the GQDs exhibited
down-conversion PL, [4, 23-25]

Besides GQDs, there are also some other zero-dimension carbon-based fluorescent
nanomaterials like diamond nanocrystals and carbon dots. Diamond nanocrystal
consists of a high carbon content with residual atoms like nitrogen and oxygen. [20] It

possesses a sp> hybridization, with a tiny amount of sp? graphitic carbon layer on the



surface. GQDs could be regarded as a member of carbon dots (CDs) family, while there
are some differences between them. Amorphous CDs can be prepared by various carbon
precursors, while GQDs are usually prepared by graphene like precursors. CDs have
similar optical properties as GQDs, while it has a lower mobility than GQDs because
of the amorphous structure. CDs has advantages similar to GQDs like size and surface
tunable luminescence, low cytotoxicity and high photostability, enabling its application

in optoelectronic and biomedical fields.

2.1  Synthesis Method

GQDs can be synthesized by various methods. The synthesis method can be

divided into two major categories, which are top-down and bottom-up method.

2.1.1 Top-down method

Top-down methods refer to the processes where GQDs are formed by cutting or
cleaving of large carbon material like graphene oxide (GO). Top-down routes can be
divided into physical and chemical process.

Ultrasonic synthesis is one of the physical top-down routes. Large carbon
precursors like graphene were broken into small fragments under ultrasonic treatment,

forming GQDs as a product.[26] For example, treating GO with KMnOj as an oxidizing



agent under ultrasonic process for 4 hours successfully synthesized GQDs. [27]

Most of the top-down methods are chemical processes. Defects are introduced to

the large carbon material so that the cleavage of large carbon materials can take place

at the defect sites. Acidic exfoliation is a typical method for top-down GQDs synthesis.

GO are broken down into smaller parts under an acidic environment, while heat is

needed in most of the cases. Acidic environment enhanced the uniformity of GQDs

product. [28] For example, Peng et al. reported that dispersing carbon fiber into

concentrated acid under sonication for two hours and stirring for 24 hours with various

temperatures resulted in GQDs with different sizes and PL emission properties.[29]

Acidic exfoliation provides a large space for researchers to tailor-made GQDs with

desired properties by varying experimental parameters like reaction temperatures,

choice of acid and time of exfoliation.

Besides, top-down hydrothermal cutting of graphene precursors is also viable to

fabricate GQDs. Usually, strong alkali like NaOH and ammonia are applied as scissors

for cutting the precursor. For example, amino-functionalized GQDs with specific edges

and sizes were synthesized by hydrothermal cutting of oxidized graphene sheets, [30]

as illustrated in Figure 2.1.
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Figure 2.1 Process of hydrothermal top-down cleavage of oxidized graphene sheets

by ammonia. [30]

Electrochemical method is also a top-down process to fabricate GQDs. Carbon

based materials like graphite and carbon nanotubes (CNTs) were used as electrodes to

undergo electrolysis.[31-33] Applying electric potential to the electrodes allows

oxidation of C-C bond and water molecules to occur. Free radicals generated by

oxidation of water molecules act as the scissor to speed up cleaving process of

electrodes.



2.1.2  Bottom-up method

Bottom-up methods are processes where GQDs are formed by nucleation of small
carbon-containing precursors. It was reported that Csp molecule can act as a starting
material for formation of GQDs. By applying ruthenium as a catalyst, the cage of Ceo
can be opened. Due to the strong interaction between Ceo and ruthenium, surface
vacancies are formed on Ru single crystal and fragments of Ceo are able to embed in
the vacancy. Carbon clusters then diffuse back to solvent and aggregate to form GQDs.
[34]

Besides Ceo, researchers have been trying to use a variety of carbon containing
molecules for hydrothermal synthesis of GQDs. For example, glucose could be used as
starting material to fabricate GQDs by hydrothermal method.[23, 35] Tang et al.
reported a facile microwave assisted hydrothermal method for treating aqueous glucose
solution under microwave heating for a few minutes. During the high-pressure heating
process, glucose molecules are dehydrated to sp? hybridization structure. With an
increase of heating time, GQDs with a larger diameter are formed by continuous
nucleation of dehydrated glucose molecules, as shown in Figure 2.2. [23] Because of
the high pressure throughout the heating process, the sp? hybridized carbon structure

tends to form a crystalline structure.
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Figure 2.2 Formation of GQD particle from nucleation of glucose molecules under

high-pressure microwave heating. [23]

2.3  Structural properties

The size of GQDs is closely related to the preparation method, while it is
independent of the precursors chosen. By tuning experimental conditions, size and
height of GQDs can be controlled. For example, for hydrothermal synthesis, the
increase in heating time provides a longer duration for precursor nucleation, and hence
GQDs with larger diameter are produced. [23] Figure 2.3 shows a single GQD
nanoparticle fabricated by hydrothermal process of aqueous glucose solution under
TEM characterization. It has a diameter of 7 nm, and a clear lattice fringe can be

observed.
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Figure 2.3 TEM image of a GQD fabricated by hydrothermal process of glucose

solution.

Because of the interaction of precursors and other species like solvent molecules
during the fabrication process, GQDs prepared are usually oxidized, while the oxidizing
degree depends on experimental condition and choice of chemical involved. Oxygen
functional group like carbonyl, carboxylic and epoxy group can be found in the GQDs
by Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS). If
other species like nitrogen containing molecules are involved in the fabrication process
(where it can either be added in a one-step process or treated during post-processing),
GQDs can be passivated depending on the atomic component of the molecule. For

example, Sekiya et al. demonstrated the post-synthesis modification of GQDs by

applying 4-propynyloxybenzyl group. [36]

11



2.4  Optical properties

Usually, GQDs show a strong absorption in UV region, with a tail extending to
visible region. Typical absorption spectra were shown in Figure 2.4. The first peak is
between 200 nm to 260 nm because of the n-* transition of graphene structure. Another
shoulder at position longer than 260 nm is due to n-n* transition of C=0 bond. The
actual peak and shoulder position strongly depends on starting material and fabrication
method. [37-39] GQDs fabricated by top-down synthesis exhibits size dependent
optical absorption due to quantum confinement effect. [29] However, there are
exceptions that some bottom-up fabricated GQDs exhibit a size independent absorption

peak. [23]

600

450 p

2300

150 p

200 300 400
Wavelength (nm)

Figure 2.4 Typical absorption spectra of GQDs. GQDs were fabricated by
microwave-assisted hydrothermal synthesis under different heating times. [23]
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PL is one of the most significant features of GQDs. GQDs with various PL

emission spectra ranging from visible to near-infrared have been reported. [4, 23, 40-

42] However, the exact mechanism of PL has not been fully explained, but there are a

few proposed mechanisms, like zigzag edge of graphene planes, emissive traps, surface

functional groups and quantum confinement effect, to account for the PL origin. [43-

46] Similar to absorption property, PL of GQDs is strongly dependent on fabrication

method, experimental condition and choice of precursors. In general, PL of GQDs is

mainly from intrinsic and defect state emission. [47] They may compete or contribute

to the PL property together. Das et al. demonstrated steady state fluorescence with

single particle studies of undoped and N-doped GQDs with an excitation wavelength

of 488, 561 and 640 nm. [24] Under each excitation, single particle PL was examined.

It was found that each GQD particle is capable of single emission band only under the

same excitation. Because of variation in GQD during the fabrication process, each

individual GQD possess slightly different PL properties.

In general, most GQDs exhibit excitation dependence PL, where their PL emission

depends on excitation wavelength. Emission band red-shift while excitation wavelength

increases. Excitation dependent PL behaviors reflects the distribution of different

emissive sites on GQDs. [23, 24, 43] On the other hand, excitation independent PL can

be found in uniform GQDs with a smaller variation in size and emissive sites. [9, 48]

13



Surface functionalization plays an important role on PL of GQDs. Because of the

availability of carbon atom to bond with a variety of atoms like nitrogen and oxygen,

its surface can be passivated with functional groups. Fabrication process and precursors

determine the surface functional group attached onto GQDs, where the functional

groups affect the energy states of GQDs, and hence the optical properties. For example,

passivating GQDs with alkylamines replacing initial oxygen functional group change

the PL emission color. [47] Introducing functional group onto the surface of GQDs

alters the energy state, and hence the PL of the GQDs are affected. [40] Generally,

electron-donating groups raised the highest occupied molecular orbital (HOMO) while

electron-withdrawing group lowers the lowest unoccupied molecular orbital (LUMO)

[40, 49] Many literatures showed that surface functionalization greatly influences the

PL properties of GQDs.[23, 25, 50, 51]

Doping heteroatoms into GQDs tunes their intrinsic properties, and hence the PL

property. Nitrogen atom is widely applied as a dopant in carbon based material, as it

has similar atomic size and five valence electrons for bonding with carbon atoms. By

altering the doping concentration of N, the tunable emission of CDs was demonstrated.

[52]

14



2.5 Antibacterial properties of nanoparticles

Antibacterial activity is related to compounds or species that locally kill
bacteria or inhibit their growth without being toxic to surrounding tissue. [53]
Nowadays, bacterial infection is a serious global health issue, causing risk to patients’
healthcare. Overuse of antimicrobial and mutation of bacteria are accelerating the
development of bacteria’s antimicrobial resistance, reducing the effect of traditional
antibiotics. [54] New development of resistance mechanism has been emerging and
spreading globally, causing threats to our conventional method to treat common
infection and illness. Also, without effective antibiotics, major surgery and cancer
chemotherapy cannot be compromised. We are reaching a post-antibiotic era that
bacteria are developing multidrug-resistance (MDR) while there is a lack of new
antibiotics to kill them. [55] Therefore, there is a need to develop new antibiotics or
drug to treat MDR bacteria. Nanoparticles (NP), with an advantage of a high surface to
volume ratio, offer a high flexibility in crafting its chemical, electrical and optical
properties, and hence can be tuned to effectively deal different antibacterial strain.
Nanoparticles like silver NP and semiconductor NP were developed as new-age
antibacterials. They provide an effective antibacterial property, while the high

cytotoxicity and low photostability are remained to be obstacles.

15



The exact mechanism of antibacterial ability of NPs is not completely understood

yet. Usually, NPs are attached to the bacteria membrane by electrostatic interaction, and

further interrupting the integrity of the membrane in various ways. NP toxicity towards

bacteria is dependent on its atomic composition, surface modification and intrinsic

property, and the type of bacteria. One of the common antibacterial mechanism is

dealing oxidative stress by the generation of reactive oxygen species (ROS). Excitons

are created when semiconductor NPs like TiOz [56, 57] and ZnO [58, 59] absorb

photons. Figure 2.5 shows a schematic diagram of the generation of ROS by

nanoparticle. Due to the negative electron affinity, the excited electrons are attracted to

the NP surface, turning surrounding water and oxygen molecules into reactive oxygen

species like oxygen singlets and free radicals, dealing oxidative stress to bacteria

species. There have been reports about the antibacterial property of GQDs or CDs, as

shown in Table 2.1. CDs exhibit a great advantage of low long-term cytotoxicity than

most of other nanoparticles.

16
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Figure 2.5 Schematic diagram showing the generation of ROS by nanoparticle
photosensitizers (PSs) for antibacterial and cancer therapy. [60]

So far, most of the reported antibacterial CDs were exhibiting photo-excitation

enhanced antibacterial or anti-cancer-cell property. [61-66] When the CDs absorb

photons, reactive oxygen species are generated to attain the killing effect to target cells.

Exact species of ROS can be characterized by various tests. For example, free radicals

can be tested by electron spin resonance (ESR), while oxygen singlets can be tested by

quenching of absorption of disodium 9,10-anthracen-dipropionic acid (Na;-ADPA). For

this kind of GQD species, they are commonly made from top-down method. This can

be related to the reservation of graphene lattice structure of precursors, while the

graphitic structure enhances its electronic mobility, enabling the creation of excitons to

generate ROS. ROS can induce oxidative stress to bacteria cellular structure like cell

membrane, DNA and mitochondria, resulting in cell deaths. [53]

17



Fabrication  Starting Target Light Source Reference
Method Material
Acidic GO E. coli 800 nm laser [61]
exfoliation
Acidic GO E. coli 670 nm laser [62]
exfoliation
Acidic Carbon E. coli 36 W light bulb in  [65]
Exfoliation nanopowder light box
Solvothermal Glycerol and . aureus, M.  No light is needed  [67]
Method AEEA luteus and B.

subtilis
Hydrothermal Glucose and  E. coliand S. No light is needed  [68]
method PEI aureus

Table 2.1 A utilization summary of GQDs in antibacterial application.

18



2.6  Antibacterial properties of N-GQDs

For another kind of CDs which do not require photoexcitation to inhibit bacteria
growth, they are commonly made from bottom-up process. [67, 68] Bottom up method
enables a larger freedom of surface modification so that the CDs can kill target species
with modified surface functional groups.

Nitrogen is a popular dopant because of the formation of cationic N-GQDs surface
to interact with bacteria. Yang ef al. demonstrated the antibacterial effect of amine-
functionalized CDs on gram-positive bacteria. [67] The negatively charged teichoic
acids on the peptidoglycan in cell membrane enable the electrostatic binding of the
cationic surface of amine-functionalized CDs. The study of Bunz et al. showed that
cationic Au NPs aggregated more on the surface of gram-positive B. subtilis than gram-
negative E. coli, confirming the interaction between cationic NPs and gram-positive
bacteria. There have been other reports showing amino group is closely related to the

nanomaterial’s antibacterial property. [30, 40, 69-72]
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Chapter 3 Experimental Details

3.1 Microwave-Assisted Hydrothermal Synthesis

Microwave is a desirable heating source for hydrothermal synthesis of GQDs, due
to its convenience and rapid uniform heating. Using microwave as heating source
drastically reduces the reaction time and improves product yield, while at the same time
enhancing the uniformity of the product.

For microwave-assisted hydrothermal synthesis of nanocrystals or nanoparticles,
the pressure can be either ambient-pressure or high-pressure. Ambient-pressure
hydrothermal synthesis can be achieved by heating with domestic microwave apparatus.
Although it is low-cost and convenient, the uniformity of nanoparticle grown is low
because of unstable experimental environment, not to mention that stirring is not
available throughout the heating process. For the high-pressure hydrothermal process,
oven or microwave can be applied as a heating source. The precursors were sealed or
kept in a closed container to attain a high-pressure environment. The reaction
temperature can be lower because of the high reaction rate under high pressure.

In this work, nitrogen-doped GQDs were prepared by the microwave-assisted
hydrothermal method. 0.4 g of p-phenylenediamine was dissolved in 20 mL of
deionized water to form an aqueous solution. The solution was put into a glass vial with

20



flexible vial cap and heated with CEM Discover SP Microwave Synthesizer, enabling
a precise control in reaction temperature and pressure. The temperature, pressure and
heating time were set to be 180°C, 180 psi and 10 minutes respectively. After the
heating process, the solution turned from pale red to deep wine red, indicating the
formation of GQDs. The solution was then cooled to room temperature, followed by a
separation process with column chromatography. The detail of column chromatography

will be discussed in Chapter 4.

3.2  Characterization Methodology
3.2.1 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) enables a precise and direct
characterization on nanoparticles. It provides detail information on nanoparticles’ size,
shape and lattice parameters. By applying extremely high accelerating voltage, high-
speed electrons emitted from the electron gun will pass through the adjustable magnetic
condenser lens system to focus on a desired position of the specimen. The image is
formed when the electron beam further passes through the objective lens system and
forms a real image on the fluorescent screen. JEOL JEM-2100F Electron Scanning

Microscope operating at 200kV was used to characterize the GQDs samples.
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3.2.2 Photoluminescence

Photoluminescence (PL) is an essential technique for nanoparticle characterization.

Photons were shone onto the sample to excite the GQDs to a higher energy state by

absorbing photons with appropriate wavelengths, which depends on bandgaps of the

specimen. The PL emission spectrum can then be obtained. Edinburgh Instruments

FLSP920 with a xenon arc lamp was used. The emission light was detected by a

monochromator.

3.2.3 UV-visible Absorbance

The UV-visible absorbance spectrum of the GQDs can be obtained by Shimadzu

UV-2550 UV-vis spectrophotometer. The measurement of the target sample (GQDs

aqueous solution) and referencing sample (deionized water) were taken at the same time

throughout the process. The absorbance can be calculated as follow,

I
A= log10 -

I
where 4 is the absorbance of the target species, I, is the transmitted intensity of the

reference sample and / is the transmitted intensity of the target species.
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3.2.4  X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique focusing on measuring
surface elemental composition, chemical and electronic states of the material. The X-
ray beam is irradiated to the specimen, at the same time the kinetic energy and number
of electrons escaping from the surface of the material is measured. After analysis,
information about the target material’s surface can be obtained. The electron binding
energy of the emitted electrons can be determined with experimentally measured
emitted electron kinetic energy, shown as the following equation,

Epinaing = Ephoton — (Exinetic + @)
where Epinding 1 the binding energy of the electron, Epnoton 1s the known energy of the
X-ray photons being used, Exinetic 1S the kinetic energy of the electron measured by the
instrument and @ is the work function depending on both spectrometer and the material.
X-ray photoelectron spectrometer (Axis Ultra DLD system, Kratos Analytical, UK)
equipped with a 150W monochromatic Al K, X-ray source (1486.6eV) was adopted for

the analysis.
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3.2.5 Fourier Transform infrared spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy gives important information on surface
bonding of the sample, making use of the absorption characteristic and natural vibration
frequency in infrared range. FTIR analysis was carried out by Burker Vertex-70 FTIR
with a resolution of 4 cm™. Infrared light beam is transmitted to the sample after passing
through Michelson interferometer and finally received by IR detector. The IR photon
will be absorbed by when the frequency of the IR photon matches the natural frequency
of the molecules in the sample. The interferogram is obtained as a result of IR intensity
against optical path difference. Hence, the interferogram is Fourier transformed into IR

spectrum with transmittance against wave number in cm™.

3.2.6  Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) reveals the surface height profile of the GQDs.
The atomic force between the sharp tip at the end of a flexible cantilever and sample
surface was detected by the deflection of a laser directed to the cantilever by a
photodetector. When the tip scans throughout the sample, the cantilever deflects due to
the surface roughness, inducing the laser beam to deflect to a different position on the
photodiode array. The variation in photocurrent generated determines the surface height
profile of the sample. AFM in this report was measured by Digital Instrument
NanoScope IV operating in tapping mode.
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3.2.7  Raman Spectroscopy

Raman Spectroscopy is a technique to observe vibrational, rotational and low-
energy modes. The sample is first illuminated with a laser beam. The light ray from the
illuminated spot passes through a lens and a monochromator. The elastically scattered
radiation at the wavelength corresponding to the laser line is filtered, and the remaining
light is collected by a photodetector. The Raman spectroscopy was obtained by

LabRAM HR 800.

3.2.8 X-ray Diffraction (XRD)

X-ray Diffraction (XRD) gives information of atomic and molecular structure of
a crystal sample. Incident X-rays diffracts into many specific directions when it is
irradiated onto the sample. By measuring the angles and intensities of the diffracted
beam, information about the crystalline structure in the sample can be determined. XRD

data was obtained by Rigaku SmartLab X-ray Diffractometer.
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3.2.9  Minimum Inhibitory Concentration (MIC)

Minimum inhibitory concentration (MIC) is the lowest concentration of a
chemical to inhibit visible growth of a bacteria specie. The chemical solution was
prepared 272 2/z/70 at various concentrations with separated batches. Same amount
of target bacteria species was incubated with the batches for more than 10 hours. Optical
transparency for the batch solution indicates the inhibitory ability of the chemical to the
bacteria.

Susceptibility to nanoparticles and MICs were tested on Staphylococcus aureus
and Escherichia coli strains using the standard broth dilution method as described by

the Clinical and Laboratory Standards Institute. [73-75]
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Chapter 4 Column Chromatography

Chromatography is a technique for separation of a mixture. The mixture is
dissolved in a solvent which is called mobile phase. The mobile phase carries the
sample through another adsorbent material called stationary phase. Individual specie in
the sample moves at different rates depending on the solubility and polarity of the specie
to achieve separation. There are various chromatography methodologies, like liquid
column chromatography (LC), gas column chromatography (GC) and thin-layer

chromatography (TLC), depending on the states and properties of the analyte.

4.1 Stationary phase and mobile phase

There are two phases involved in chromatography, mobile phase and stationary
phase. The mobile phase (which is also called eluent) is an analyte mixture dissolved
in a solvent, while the stationary phase is an adsorbent. The mobile phase can be a pure
solvent or a mixture of different solvents.

The stationary phase in column chromatography is a solid, with porous polar
surface and large effective surface area. The silica gel and alumina are two popular
stationary phase candidates. Silica gel particles with a size of 40 - 63 pm are commonly
used. The porous surface enables an effective physical adsorption of mobile phase onto
it, making silica gel suitable as a stationary state. In this report, silica gel with sizes of

70 — 200 pm and pore size of 60 A was chosen to be the stationary phase for separation
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of N-GQDs sample.

Figure 4.1 illustrates the mechanism of liquid chromatography. The glass column

filled with stationary phase and mobile phase. The organic solvent continuously flows

downwards throughout the process. The analyte (a mixture to be separated) is drawn

downwards by the solvent flow. The species in analyte may have different physical

adsorption onto the polar stationary phase. Species with higher polarity would have

higher adsorption power, and hence a slower travelling rate. Eventually, the species in

the mixture can be separated by the difference in travelling rate due to their polarity

difference.
. Species
. (e.g. GQDs)
Mobile Phase
(e.g. ethanol)

A

® Stationary Phase
(e.g. silica gel)

Physical Adsorption

.
\

Glass Column

ﬂ Solvent flow

Figure 4.1 Schematic diagram illustrating the mechanism of LC

Figure 4.2 illustrates a typical LC process. The column is loaded with the
stationary phase, followed by adding eluent. The mixture is then added to the top of the
stationary phase. After that, the eluent is added constantly to prevent the stationary

phase from drying. In Figure 4.2, the mixture is divided into two fractions, which is red
28



and blue in color. The red fraction moves at a rate faster than the blue fraction and is

collected first.

el

Ll | | :
g o u u u u

Figure 4.2 Schematic diagram illustrating the column chromatography process. [76]

Due to the polarity difference of the individual component in the analyte,
difference in retention factor (k) is observed when they pass through the column, where

retention factor is defined as

__quantity of substance in the mobile phase

 total quantity of substance in the system

The eluent with retention factor value of the analyte is chosen to be roughly around
0.2 — 0.3. The analyte travels too fast if the retention factor is too high so that the
component will mix together and do not have enough time to be clearly separated in a
high resolution. If a low retention factor is chosen, it consumes unnecessarily long time
for the separation process. Besides, the stationary phase may be stacked more and more

tightly throughout the process, further reducing the traveling speed of the analyte.
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4.2  Significance of liquid chromatography

Since our N-GQDs was synthesized by hydrothermal method, the as-prepared
product was a mixture of GQDs with variation in surface functional group, and hence
the difference in polarity. Therefore, applying column chromatography enables an
effective separation of GQDs mixture into more uniform GQD fractions.

Most importantly, liquid chromatography enables a fairer comparison on
properties and performance among the separated fraction. There were reports studying
the antibacterial ability of GQDs.[65, 67, 69, 77, 78] The GQDs were synthesized in
various ways, with different structures and surface passivation. It is not preferable to
compare their properties directly, as there are too many variables for the synthesized
GQDs.

LC can separate a GQD mixture into various fraction according to their polarities,
enabling a fairer investigation on the correlation between its surface functional group

and the antibacterial power.
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4.3 Thin-layer Chromatography (TLC)

Thin-layer chromatography (TLC) is an analytical chromatography technique used
to separate the non-volatile mixture. It can be performed on a sheet of glass, plastic or
aluminium foil coated with a thin layer of adsorbent material, acting as the stationary
phase. TLC is usually done before running LC (liquid chromatography) to test whether
the choice of stationary and mobile phase is suitable to make an effective separation.

The sample is first applied to the plate and dried, a solvent is then drawn up the
plate by capillary action. Separation can be achieved because the component of analyte
travels along the solvent-front at different rates. After the solvent-front has reached
almost the top of the plate, the plate can be dried for clearer visualization of spots.
Direct observation on spots can be done for colored components. Sheets can be treated
with phosphor to visualize those invisible components by observing black spots,
because of optical absorption due to the presence of species.

It is necessary to have an accurate quantification for the position and sequence
component spots. Retardation factor (Ry) is a quantity indicating the distance travelled

by each component. Definition of Rris shown as follows,

migration distance of substance

"~ migration distance of solvent front

Ry
Figure 4.3 shows the separation of the N-GQDs on a TLC plate (silica gel 60 F2s4
from EMD Millipore Corporation) with 1:6 ethanol and ethyl acetate as solvent. The
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components go upwards with the solvent front when the TLC plate is dipped into the

solvent. The N-GQDs mixture is separated into various fractions with color ranging

from yellow brown, deep red, rose red to purple.

Figure 4.3 The movement of the N-GQD sample on a TLC aluminium plate with
silica gel chosen as absorbent.

4.4 Liquid Column Chromatography (LC)

Liquid chromatography (LC) is a method to purify and separate chemical
components from a mixture in a larger quantity than TLC. The major advantages of
running column chromatography are the low cost and easy disposing of stationary phase
after use. A glass column tube with diameter from millimeters to centimeters and length
from centimeters to meters is used for the separation, depending on the samples size
and analyte property. When the components are retained by the stationary phase
differently, they reach the bottom of the column at different orders and can be collected

fraction by fraction.
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4.4.1 Experimental Procedure

A piece of cotton wool was first put at the inner bottom of the glass column to
prevent silica gel from flowing into the collected sample. After that, the silica gel was
mixed with ethyl acetate and poured into the glass column till the stationary phase level
reaches about 80% of the glass column height. The silica gel sticking on the wall of the
glass column was washed by adding ethyl acetate. As-prepared N-GQDs sample was
dried and dissolved in 5 mL of 2:1 ethyl acetate and ethanol mixture. The N-GQDs
solution was added to the top of slightly wet silica gel surface carefully. The tap was
opened until the solvent level reached the silica gel level, then 2 mL of solvent was
added. The above process was repeated for 10 times. After that, the solvent was added
from time to time in order to prevent mobile phase from drying. Throughout the whole
experiment, the polarity of the solvent is increased gradually by mixing ethyl acetate
with ethanol to have a better separation quality. After all desired fractions were collected,

the column was dried and the silica gel was disposed of.
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Chapter 5 Characterization of N-GQDs

Figure 5.1 Photos showing various N-GQD fractions moving down the column as a

function of time.

Figure 5.1 shows the column filled with silica gel and the N-GQDs travelling with

different rates. The as-prepared GQD sample are placed at the top of the column. With

continuous downward flow of the mobile phase, the GQD fractions travelled at different

rates. The sample shows color varying from yellow, orange, brown to deep red under

daylight. They are collected into four fractions according to their appearance.
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5.1 Optical Properties

Figure 5.2a shows the PL spectra of the four GQD fractions dispersed in water.
The excitation wavelengths of 340 nm, 460 nm, 480 nm and 500 nm were used to excite
g-GQDs, y-GQDs, 0-GQDs and r-GQDs respectively. The insets show the appearance
of the GQD fraction under daylight. The four fractions are showing PL emission color
in the order of green, yellow, orange and red. The four GQD fractions are labeled as g-
GQDs, y-GQDs, 0-GQDs and r-GQDs. The order indicates the increase in polarity of
the GQDs from g-GQDs to r-GQDs, therefore a trend of more polar GQDs giving a
longer emission wavelength is observed. The PL spectra of each individual fraction as
a function of excitation wavelength are shown in Figure 5.3. Before the separation, the
as-prepared GQDs shows an excitation independent PL with a peak emission at 630 nm.
The g-GQDs and r-GQDs also exhibit an excitation independence with a peak emission
at 540 nm and 630 nm respectively. The y-GQDs and 0-GQDs exhibit a slight excitation
dependence at around 520 nm and 590 nm under different excitation wavelengths.

Figure 5.2b shows the absorption spectrum of GQDs fractions. All the fractions
show an absorption peak at 245 nm, indicating n-n* transitions of C=C bonds. The o-
GQDs and r-GQDs show a significant absorption shoulder at 275 nm, indicating the nt-
m* transitions of C=N bonds. Besides, g-GQDs exhibit a strong blue absorption at 396
nm, while other fractions also show a slight absorption in visible range, indicating the
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presence of various surface states due to passivation.
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Figure 5.2 (a) The nominated PL emission spectra of the GQD fractions. Inset are the

photos of the fractions. (b) Absorption spectra of the four GQD fractions.

36



—
QO
S

PL Intensity (a.u.)

—460nm
——480nm
——500nm
——520nm
—540nm

T T T
450 500 550

1
600

1
650

T T
700 750

Emission Wavelength (nm)

(b) ——360nm

— 380nm
—400nm
——420nm

PL Intensity (a.u.)

T T T T T T 1
350 400 450 500 550 800 650 700

Emission wavelength (nm)

(d) ——420nm

——440nm
——460nm
——480nm

PL Intensity (a.u.)

400 450 500 550 BOO B50 700 750
Emission wavelength (nm)

(c)

PL Intensity (a.u.)

O

PL intensity (a.u.)

—360nm
——380nm
——400nm
—420nm

T T T T 1
450 500 550 600 650 700

Emission PL (nm)

——500nm

T T T 1
600 630 700 750

Emission wavelength (nm)

Figure 5.3 PL of the (a) GQDs before separation process, (b) g-GQDs, (c) 0-GQDs,
(d) y-GQDs, (e) r-GQDs under different excitation wavelengths.
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5.2  Structural Properties

Figure 5.4 shows the TEM image of the four GQD fractions. The GQDs are well-
dispersed and with a similar average particle size of approximately 2.5 nm. The size
variation is small of about 2-3 nm in variation, as shown in Figure 5.5. The lattice fringe
is observed to be 0.21 nm, which matched with the (100) lattice plane of graphene. [14]
AFM image shows the height of the GQDs is from 1.5 to 2.5 nm, as shown in Figure

5.6. Thus, the average size of the GQDs in the four fractions are similar.
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Figure 5.4 TEM images of the four GQD fractions, g-GQDs in (a), y-GQDs in (b), o-
GQDs in (¢), -GQDs in (d). Lattice fringe of a single GQDs particle is shown in the

inset of (d), with the scale bar of 2 nm.
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Figure 5.7 shows the XPS spectra of the four GQD fractions. There are C 1s

(285eV), N 1s (400eV) and O 1s (531eV) peaks in all the fractions, showing the

presence of carbon, nitrogen and oxygen bondings in the samples. Figure 5.8 shows the

C 1s spectra of the GQD fractions. The spectra can be resolved into three peaks, which

are at the positions of 284.4 eV (C-C/C=C), 285.3 eV (C-N) and 286.5 ¢V (C-O). Figure

5.9 shows the N 1s spectra of the GQD fractions. The spectra can be resolved into three

peaks, which are located at 398.0 eV (pyridinic N), 399.1 eV (amino N) and 400.2 eV

(pyrrolic N).

The intensity of the O 1s peak decreases from g-GQDs to r-GQDs, indicating a

decreasing trend of oxygen content (from 13.5% to 7.15%) as shown in Table 5.1. On

the other hand, the intensity of the N 1s peak increases from g-GQDs to r-GQDs,

indicating an increasing trend of nitrogen content (9.12% to 16.18%).

Table 5.2 reveals the percentage content of pyridinic N, amino N and pyrrolic N

in the four fractions. It is found that amino N content significantly increases from g-

GQDs to r-GQDs (from 15.5% to 68.8%), while pyridinic N and pyrrolic N decreases.
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Figure 5.7 Full range XPS spectra of the four GQD fractions.
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Figure 5.9 XPS N 1s spectra of the (a) g-GQDs, (b) y-GQDs, (¢) 0-GQDs, (d) r-

Fraction

(%)
g-GQDs 77.38
y-GQDs 77.80
0-GQDs 77.22
r-GQDs 76.67

GQDs.

C atomic percentage N atomic percentage O atomic percentage

(%) (%)
9.12 13.50
12.10 10.10
14.57 8.21
16.18 7.15

Table 5.1 Atomic percentage content of the GQD fractions
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Fraction

r-GQDs

y-GQDs

0-GQDs

r-GQDs

Pyridinic N

(%)

79.2

9.6

10.5

11.1

Amino N

(%)

15.5

41.2

59.3

68.8

Pyrrolic N

(%)

53

49.2

30.2

20.1

Table 5.2 XPS data analysis by resolving N 1s peak of the GQD fractions

The Fourier transform infrared (FTIR) spectra of the GQD fractions were
measured to investigate the bonding composition. The result is shown in Figure 5.10.
The GQD fractions possess nitrogen and oxygen bonding like C-O (1259 cm™), C-N
(1417 cm™), N-H (1610 cm™ and 3188 cm™") and O-H (3360 cm™"). Besides, C=C (1496
cm™), is also present, showing the graphitic structure of the GQDs. There is one
important message revealed from the FTIR spectra of the amino content. The stretching
vibration of N-H at 1610 cm™ is enhanced from g-GQDs to r-GQDs, showing the
increasing amino content in the respective fractions, on the basis that N-H bond can

only be present in amino group. The information is consistent with the result obtained

from XPS.

45



O;H r-G QDS |\|-|‘|I C=ICIC—N C;O
BERE VT Mk
: e I
| 0-GQDs R
I o I
2 : P
Z : yGaps L1l
o) I (A I
— I (I I
c I [ I
: g-GQDs L
I Lo I
I
I I
I I I
I 1 I
I Lo
I 1 I
1

T T T T T T T T T T T
4000 3500 3000 2500 2000 500 1000 500

Wavenumber (cm'1)

Figure 5.10 FTIR spectra of the GQD fractions.

The Raman spectra of the four GQD fractions are shown in Figure 5.11. The D
band at 1350 cm™! and G band at 1595 cm™ are obvious, indicating the presence of
graphitic structure defects. The broad D band suggests that some carbon atoms are
intercalated as substitution of carbon atom in the graphitic structure. The Ip/Ig ratio was
found to be varying between 0.60 and 0.76, suggesting the GQD fractions are defect-
rich. The X-ray diffraction (XRD) patterns of the GQDs (Figure 5.12) show consistent
peaks at 23°, corresponding to a graphitic structure. Because of the presence of internal
defects and oxygen or nitrogen functional groups like -O—H, -N—H> and -C—O-R, the
GQDs were enlarged in different degree, causing the bandwidth of XRD pattern to be
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Figure 5.12 XRD pattern of the GQD fractions
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Chapter 6 Antibacterial Property of N-
GQDs
6.1 Minimal Inhibitory Concentration (MIC)

Minimal inhibitory concentration (MIC) test was carried out to identify the
antibacterial property of the GQDs. It is defined as the lowest concentration of certain
antimicrobial agent that can inhibit the growth of a bacteria. Table 6.1 summarizes the
MIC values of the four GQD fractions on gram-positive S. aureus and gram-negative
E. coli. 1t is found that the MIC value of the four fractions towards S. aureus has a
decreasing trend from g-GQDs (171 pg/mL) to r-GQDs (43 ng/mL), indicating a lower
concentration is needed to inhibit the growth of S. aureus, and hence an increasing
antibacterial power against S. aureus. MIC values of the GQDs on E. coli. is relatively
larger, of more than 128 pg/mL. The antibacterial power of the GQDs is higher against

S. aureus than E. coli.

Fraction S. aureus E. coli
g-GQDs 171 >256
y-GQDs 107 >256
0-GQDs 85 128
r-GQDs 43 128
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Table 6.1 MIC values of the GQDs fractions against S. aureus and E. coli.
(unit: pg/mL)

Previous reports demonstrated that the bacterial inhibiting effect of nitrogen

functional groups on carbon materials. However, no investigation on the relationship

between nitrogen content and the antibacterial effect was carried out. [67-69, 71, 72] In

this work, we found that the amino functional group could be associated with the

antibacterial power of the GQDs.

As shown in the XPS characterization, the nitrogen content increases from g-

GQDs to r-GQDs. Interestingly, the antibacterial power towards S. aureus increases

from g-GQDs to r-GQDs. The MIC result reveals that the nitrogen content of the GQDs

may play a role in the antibacterial property.

Besides, it should be noted that most of the nitrogen atoms comes from amino

groups. Figure 6.1 shows the relationship between the amino N content of the GQD

fractions and their MIC value. It shows that an increasing surface amino N content gives

a lower MIC value linearly. Therefore, the amino group could be an active functional

group for its antibacterial power.
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Chapter 7 Conclusion and Future Works

7.1 Conclusion

In conclusion, GQDs have been successfully synthesized by microwave-assisted
hydrothermal method. Nucleation of p-phenylenediamine under high pressure and
temperature formed nitrogen-doped GQDs. Column chromatography was applied to the
GQD sample to separate them into four fractions (g-GQDs, y-GQDs, 0-GQDs and r-
GQDs) accordingly to their photoluminescence emission. The fractions show different
physical and optical properties. XPS characterization shows the variation of nitrogen
content from 9.12% to 16.2% among the fractions.

Gram-positive S. aureus and gram-negative E. coli were treated with the GQD
fractions. It is found that the GQD fractions possess a higher inhibiting power on S.
aureus than E.coli. MIC tests showed that GQD fractions with higher nitrogen content

possess a stronger inhibiting power on S. aureus.
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7.2 Future Works

In this work, a relationship between nitrogen content (especially amino group) in
the GQDs and its antibacterial power is revealed. Additional works are required to
enhance the antibacterial ability of GQDs further. The actual antibacterial mechanism
has yet to be verified. The development of synthesis methods to incorporate high
content of amino group into GQDs is needed. Further exploration of GQDs may open

the door to a new-age drug development.
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