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Abstract

The need for antimicrobial materials is more prevalent than ever given the cur-
rent antimicrobial resistance crisis. Graphene is an excellent material candidate for
use as an antibacterial agent, in places where stopping the spread of bacteria is
of the utmost importance, such as within healthcare establishments and on equip-
ment used during operations due to its ability to kill microbes. The mechanism via
which graphene causes cell death is, however, not fully understood. This project
utilises Raman spectroscopy for investigation into the biomolecular interactions be-
tween Escherichia coli (E. coli) and graphene formed via chemical vapour deposition
(CVD).

Raman spectroscopy is a powerful tool for investigation into the metabolic state
of microbes. Within this work Raman spectroscopy is also utilised for characterisa-
tion and analysis of three E. coli samples. Single point spectra and spectral aver-
ages at a population level display band variation pertaining to natural heterogeneity
within biological samples, and due to different toxicity responses to desiccation and
cell death. The level of characterisation of the samples is investigated through con-
vergence of the statistical quantities, such as the standard error of the mean for
increasing numbers of spectra in the average, to ensure full representation of the
heterogeneity in the spectral average.

Raman spectroscopy is also utilised for characterisation of CVD graphene, which
uncovers significant levels of heterogeneity both within and across samples. Bands
shifts of up to 28 cm™! were recorded for bands in the Raman spectra of graphene,
due to the presence of defects, such as grain boundaries and strain resultant from the
CVD formation process. This level of heterogeneity could have serious repercussions
for interactions of biological samples with graphene. Novel methods for determina-
tion of the level of characterisation and investigation of the level of heterogeneity

are proposed within this work, with potential application to other systems.
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Introduction

1.1 Overview

The development of new methods of bacterial containment and demise is more cru-
cial than ever in order to combat the current Antimicrobial Resistance (AMR) crisis
[1, 2, 3]. Increasing numbers of bacteria are becoming resistant to antibiotics, with
new multi-drug resistant bacteria emerging around the world [4]. A report published
in 2015 which analysed the effects of AMR on the population of people in the Euro-
pean Union and European Economic Area, estimated that 671,689 cases of antibiotic
resistant bacterial infections occurred in 2015, resulting in 33,110 deaths [5], while
it is estimated that globally AMR contributes to 700,000 deaths per year [6]. If the
crisis continues along its current trajectory, it is estimated that by 2050, AMR will
surpass cancer as the leading cause of death worldwide, and will be attributable to

10 million deaths per year compared with 8.2 million deaths from cancer [6].
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The extensive overuse and misuse of antibiotics as medications, alongside the
lack of development of new drugs and methods of containment are the main causes
for the AMR crisis [1, 7]. For example, the overuse of antibiotics in animal food is
a serious contributor. Antibiotics are used in animal feed to prevent the spread of
bacteria, while also promoting an increase in the growth rates of animals, meaning
more meat can be produced for a lesser number of animals [8]. This has resulted in
many antibiotic resistant strains of bacteria emerging in the gut of animals [9]. A
report published in 2005 found that significant amounts of antimicrobial resistant
strains of Enterococcus faecium (E. faecium) were detected in farm animals, which
were fed with feed containing the antibiotics quinupristin and dalfopristin over a
five year period, with bacterial resistance rates of around 2% in beef cattle, 8% in
dairy cattle, 21% in swine, 52% in turkey farms and 85% in chickens [9].

Overuse of antibiotics for human consumption is also a serious issue, with an
increase of 65 % in the amount of antibiotics consumed between the years 2000
and 2015 [4, 10, 11]. This overuse of antibiotics can result in the bacteria evolving
to achieve resistance. For instance, in the case of Mycobacterium tuberculosis, the
pathogen responsible for tuberculosis, the bacteria have undergone chromosomal
evolution, resulting in bacterial cells with this mutation being resistant to rifampicin
and isoniazid, the antibiotics commonly used to treat tuberculosis [12]. Currently
bacteria are evolving faster than new antibiotics are being developed [2]. Further
contributing factors to the AMR crisis are rising world population and increasing
urbanisation, with more than half of all humans living in cities [13], and more
accessible global travel, helping to promote easier spread of microbes [14].

A serious issue for the spread of AMR bacteria is within healthcare associated es-
tablishments. Healthcare associated infections (HCAI) are an ever-increasing threat
due to the growing numbers of people that hospitals are housing, allowing bacteria to
spread more easily [15]. HCAIs are a particularly serious issue for low- and middle-
income countries due to over-crowding in hospitals, misuse of limited resources and
equipment, and lack of protocols to prevent the spread of bacteria [16, 17, 18]. The
number of HCAIs in developing countries was found to be at least double the rate of

infection compared with European countries, which is equivalent to 15.5 infections



1.2. Properties of graphene 3

in every 100 patients [19]. Escherichia coli (E. coli) was noted to be among one of
the ten most common pathogens to cause a HCAI, accounting for 10 % of 28,501
HCALISs reported among 25,384 patients from 463 hospitals in the US between 2006
and 2007 [20].

E. coli is studied in this project as a model bacterium. There are many different
strains of E. coli, and while most are harmless, some can cause ailments, such as
vomiting, diarrhoea, and urinary tract infections (UTIs) [21]. In the United States
alone, F. coli is the cause of around 73,000 illnesses per year, resulting in around 61
deaths [21]. In the 2018 - 2019 report for the English Surveillance Programme for
Antimicrobial Utilisation and Resistance by Public Health England, it was found
that there was a 22 % increase in rate of bloodstream infections for all pathogens
studied in the period from 2014 to 2018, and E. coli was found to be the most
common cause of such infections [22].

The AMR crisis is becoming increasingly worse, with current options of antibac-
terial treatments limited and the sole reliance of bacterial demise continually being
placed on antibiotic treatment alone [23]. For instance, a report published by De-
partment of Health laid out a five year plan for the UK to combat AMR from 2013
to 2018, which focused primarily on the development of new antibiotics [24].

Kelly et al. published a report which, along with others, concluded that it is
not be enough to rely solely on research into the development of new antibiotics,
rather, a novel, multi-disciplinary approach is required to overcome this global crisis
3, 11, 25, 26]. Therefore, it is necessary to look for ways to contain and kill E. coli
to avoid such infections particularly within healthcare settings; the application of
an antimicrobial material in this setting could be paramount to ensure the demise

of bacteria.

1.2 Properties of graphene

A material candidate that could assist in tackling the AMR crisis, and help to reduce
the number of HCAISs is graphene. For example, a proposed application in this thesis

is antimicrobial graphene coatings for application to surfaces and medical equipment
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Figure 1.1: Honeycomb lattice structure of graphene. The red circles represent the carbon atoms.

Figure 1.2: Image depicting the different sp? carbon allotrope formations that graphene com-
prises: wrapped into 0D fullerenes, rolled into 1D nanotubes or stacked into 3D graphite. Figure

obtained from [27].
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used during operations to reduce the number of infections, and to avoid additional
financial burdens, which result from extra stays in hospitals due to AMR bacteria
[23]. Other applications of graphene as an antimicrobial agent would include on food
packaging, on food preparation surfaces and temporary wound dressings. Graphene
could be critical in helping to reduce the number of infections and subsequent deaths
by bacterial infections, its potential in the biomedical and healthcare industry is lim-
itless. For example, graphene has been investigated for use as coating on catheters,
which would help reduce UTIs, one of the leading causes of HCAIs [15, 28].

Graphene is a two-dimensional, sp?-hybridised carbon allotrope, with carbon
atoms arranged a honeycomb lattice structure (Figure 1.1) [27, 29]. It is the basis
of other forms of carbon allotropes, and has been described as the “Mother of all
graphitic forms”, as it can be wrapped into 0D fullerenes, rolled into 1D nanotubes,
and stacked to form 3D graphite (Figure 1.2) [27].

Before the isolation and experimental verification of a single layer of graphene in
2004 by Geim and Novoselov et al., planar graphene was thought not to exist in the
free state, as it was believed to be unstable when not in the form of a curved structure
(Fig. 1.2) [27, 30]. Following this breakthrough, research into the properties of
graphene accelerated at an unprecedented rate, the so-called ‘graphene-explosion’
[31].

It is the honeycomb lattice structure of graphene that gives rise to its band
structure, which is attributable to graphenes unique properties [32]. The unit cell
consists of two carbon atoms (Figure 1.3a), A and B, which are invariant under
rotation of 120° around the lattice. Spaced 1.42 A apart, the carbon atoms are
located at the corners of the hexagons, where a; and as are unit vectors (Fig. 1.3a)
(32, 33, 34]. The Cartesian coordinates for the real space unit vectors @; and ds are

defined as [32]

The real space atom structure gives rise to the same symmetry in reciprocal space.
The two atom basis corresponds to two inequivalent points in the Brillouin zone

(BZ), K and K', shown in Figure 1.3b [35]. The unit vectors b; and by correspond
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s (A

(a) The interpenetrating sublattices of the honey-
comb lattice structure of graphene. The different

colours correspond to the different sublattices, with

one red and one blue atom being the basis of the two (b) The Brillouin zone (BZ) for SLG graphene, de-
carbon atom unit cell. The carbon atoms are spaced fined by the unit vectors b1 and by. Points of high
1.42 A apart and are invariant under 120 ° rotation symmetry are labelled: I' the zone center, M the mid
around the sublattice. point of the hexagon and K and K’ the BZ corners.

Figure 1.3: Graphene in real and reciprocal space.

to rotations of the a; and ds in real space of 30° respectively, and are defined as

oo () o (2 )

V3a' a V3a' @
with a lattice constant of length 47 /+/3a [32]. The points of high symmetry of the BZ
are labelled on Figure 1.3b, those being I' at the zone centre, the M point located
in the middle of the hexagonal edges and the K and K’ points, the inequivalent
points at the zone corners [36]. The lines along these points are also areas of high
symmetry: ['K called T'; KM called 7" and I'M known as ¥ [36].

Each carbon atom has one s orbital and three p orbitals. The s and two of the
in-plane p orbitals of the carbon atoms are sp?-hybridised in-plane via ¢ bonds with
neighbouring carbon atoms [34]. It is these bonds that are attributable to graphene’s
extreme mechanical strength [34].

Single layer pristine graphene is the strongest material tested to date. Graphene
has a measured tensile strength of ~125 GPa, compared with diamond which has
an approximate tensile strength of 2800 MPa [37, 38]. Along with this extreme
tensile strength, graphene is the thinnest and lightest material, therefore, such qual-
ities have made it an excellent candidate for applications where strength and being

lightweight are paramount, for example, for applications in the aerospace industry



1.2. Properties of graphene 7

Figure 1.4: The bonding of the carbon atoms in graphene. The s-orbital and two of the in-plane
p-orbitals of the carbon atoms form sp? hybridised in-plane ¢ bonds with the neighbouring carbon
atoms. The final p orbital of the carbon atoms, perpendicular to the molecular plane, forms the 7

(valence) and 7 (conduction) bands [34].

137, 39].

The final p orbital of the carbon atoms, perpendicular to the molecular plane,
forms the 7 (valence) and 7* (conduction) band [34]. We can therefore treat
graphene as having one conductance electron arising from the 2p, state (Fig. 1.4).
Graphene is a zero gap semi-conductor, meaning the valence and conduction bands
meet at the Fermi energy, crossing at the K and K’ points, or so-called Dirac points,
and demonstrate a linear dispersion relationship, as indicated by the conical band
structure shown in Figure 1.5, also known as a “Dirac cone” [32, 40].

About the Dirac points, the energy dispersion varies linearly, in contrast to
other semiconductors, which generally display a parabolic dispersion relation near
the Fermi energy [34]. The charge carriers in graphene act as relativistic particles
with zero rest mass [32, 41]. Similarly to photons, the speed of the electrons in
graphene is constant, independent of momentum. Graphenes charge carriers move
at extremely high speeds, up to ~ 15,000 cm?/ V s, compared with 1000 cm?/ V s
for diamond [30, 32, 41, 42].

Furthermore, the flexibility of graphene and its high Young’s modulus, which
has a measured value of ~1100 GPa have also made it an attractive candidate for
application in biomedical devices [37]. Its flexibility coupled with its high carrier
mobility mean the potential applications in electronics is vast, such as in energy and

storage devices [43] and in flexible circuits [44], which have been proposed for appli-
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Figure 1.5: Graphene’s electronic band structure. The 7 and 7* bands are shown in blue and
the o0 and ¢* bands in red. The Fermi energy is labelled, separating the occupied and empty
states. The valence and conduction bands meet at the Fermi energy, at the K and K’ points and
demonstrate a linear dispersion relationship, as indicated by the conical band structure or Dirac

cone shown on the right. Image obtained from [34].

cation in wearable biomedical devices [45]. Its flexibility has also resulted in it being
suggested for application as an antimicrobial agent in flexible food packaging [46],
and would allow for graphene to be wrapped around surfaces or medical equipment,
as is being proposed in this thesis.

The carrier mobility of graphene is, however, limited by the quality of the
graphene sample and the substrate on which the sample is deposited [47]. For
instance, for suspended graphene the charge carrier mobility has been reported to
reach values of 200,000 cm?/ V s [48]. For graphene formed via chemical vapour de-
position (CVD) on an Si/SiO, substrate the mobility is approximately 3,760 cm?/
V s, as reported by Graphenea for the graphene used in this work [49]. CVD
graphene contains currently unavoidable inherent defects in the sample which hin-
der the charge carrier mobility [50]. These defects arise due to the formation process
of CVD graphene [51]. For example, grain boundaries form due to the coalescence
of the graphene domains, the size of which are controlled by the temperature used

during the CVD process [51, 52].
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1.2.1 CVD graphene

In this project we are investigating graphene formed via CVD, also known as large
area graphene, as it can be produced on scales up to m? [53]. This scalability of
the graphene sample is essential for the applications proposed in this thesis, such
on surfaces and equipment in hospitals and healthcare establishments to stop the
spread of infectious diseases. As well as this, CVD graphene is said to be able to
detect cells with even more sensitivity than graphene made by other methods, due
to increased chemical stability, and an enhanced charge carrier mobility, making it
more advantageous for application in the biomedical field, such as in drug delivery
for which it has previously been investigated [54, 55].

The inherent defects and, thus heterogeneous quality, of CVD graphene samples
may, however, be a hindrance for the use of graphene in biomedical applications
[56, 57]. The level of heterogeneity of samples may effect the way in which graphene
interacts with cells. For example, it is thought that the defects may act as a binding
site for proteins, resulting in denaturing of proteins [56, 57]. Therefore, thorough
investigation into the level of heterogeneity of graphene samples is necessary, and
is something which is explored within this work. A standard of characterisation
is proposed which determines the number of spectra necessary to ensure proper
characterisation of a sample. Within literature as few as ten spectra are collected
for full characterisation of a given sample [58], with some works presenting the
analysis performed on only a single spectrum for representation of the entire sample
[59]. The levels of heterogeneity presented in this work demonstrate the need for
collection of sufficient spectra, such that the sample is fully represented, and also
highlights the need for standards of characterisation throughout literature to ensure

reliability of data.

1.3 Raman spectroscopy of Graphene

Raman spectroscopy is utilised in this work to investigate the heterogeneity of
graphene samples. Raman spectroscopy has been widely used for characterisation

of carbon allotropes for decades, and is one of the most fast and definitive methods
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Figure 1.6: Raman spectra of graphene samples with different numbers of layers. The relative
intensity of the G-band increases with respect to the 2D-band (also known as the G’-band), which
also broadens with increasing numbers of layers. All spectra were collected using a 532 nm laser.

Figure obtained from [60].

for characterisation of graphene [61]. Raman spectroscopy is a vibrational method
based on the inelastic scattering of light from matter, known as the Raman effect.
The Raman effect occurs when photons interact with the electron density of the
chemical bonds of a molecule causing excitation into a virtual state. This results in
emission of a photon of a frequency different than the incident light, which produces
a Raman spectrum unique to the analyte [62].

There are two prominent bands in the Raman spectrum of graphene (Fig. 1.6),
the first of these is the G-band which arises at around 1590 cm™!. It is the main
signature observed in the spectra of all sp? carbon structures, arising from the in-
plane vibrations of the C-C bond stretching mode [36, 63, 64, 65]. The second
feature in the Raman spectrum is the G’-band, located at ~2685cm~! (Fig. 1.6),
which arises from second order two-phonon scattering processes [36, 65]. It originates
from the in-plane breathing mode of the carbon rings [66]. The G’-band is highly
dependent on the electronic structure and phonon dispersion of the sample [36, 65,
67].

Two additional bands may also be present in the Raman spectrum of graphene
as a result of defects in the sample. These are the D-band and D’-bands. The

D-band is located at ~ 1350 cm™!, and is due to the ring-breathing modes of the
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carbon atoms [36]. The D’-band is located at ~ 1610 cm™!. Both bands arise from
the scattering due to defects in the sample, and require an impurity to be activated
(36, 64, 68].

Raman spectroscopy is the gold standard for characterisation of graphene as
the Raman spectrum provides specific information on the number of layers, strain,
crystallite size, defects, crystal disorder, edge structure and doping of the sample
36, 61, 63, 64, 66, 69]. It also provides precise information on the electronic states,
phonon dispersion, and the electron-phonon interaction in sp-hybridised carbon
systems that other methods of characterisation cannot [68, 70]. For example, the
splitting of electronic band structure near the Fermi energy for increasing numbers
of layers in the graphene sample is reflected through splitting of the bands in the
Raman spectrum of graphene, specifically the G’-band splits into four components
[64]. Raman spectra obtained from literature for increasing numbers of layers is

shown in Figure 1.6.

1.4 Antimicrobial Properties of Graphene

Graphene has previously been shown to be antimicrobial and has excellent poten-
tial for application within healthcare associated environments, to stop the spread of
micro-organisms and aid in the combat against resistant strains [71, 72, 73]. The
antibacterial mechanism of graphene is, however, not yet understood. Most meth-
ods of analysis of bacteria cell death by graphene have assessed the cells viability
by examining the cell morphology. For example, Li et al. used scanning electron
microscopy (SEM) by when examining the antimicrobial efficiency of CVD graphene
[71], and Akhavan et al. counted colony forming units (CFUs) of bacteria before
and after being interfaced with graphene, when investigating bacteria cell death by
graphene nanowalls [74, 75]. The former can determine the morphology changes,
while the latter the number of viable cells, however, neither methods of analysis can
investigate the biochemical changes of the cells due to interaction with graphene.
The lack of specific and quantitative investigation into the biomolecular composi-

tional changes of the bacterial cells after being interfaced with graphene means the
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mechanisms for cell death are inconclusive and contradictory [71, 74].

Published works have claimed antimicrobial mechanisms of graphene are due to
destruction of the cell wall, while other works have reported that graphene possess
little to no antibacterial properties [71, 74]. For instance, a paper published in 2014
by Li et al. analysed the ability of CVD graphene on copper (Cu), germanium (Ge)
and silicon/ silicon dioxide (Si/SiO;) substrates to cause the death of E. coli and S.
aureus [71]. This work counted CFU and utilised fluorescence staining to determine
the number of live cells after being interfaced with graphene. SEM was also used to
image changes in the cellular morphology [71]. The group found that the number
of viable cells after being interfaced with graphene on the Cu substrate decreased
most, followed by the cells on the graphene on the Ge substrate, with the graphene
on the Si/SiO; killing the least numbers of cells [71].

The loss of cell viability following interaction with graphene on Cu and Ge was
concluded to be due to the role of the substrate on which the graphene is deposited
[71]. They hypothesised that due to the negative resting membrane potential of the
microbial cells (-200 mV to -20 mV), the substrate and graphene could induce elec-
tron transfer from the membrane, thus, cell death resulted from the disruption of the
cell membrane due to the loss of electrons. In other words, graphene’s antibacterial
properties are dependent on the conductivity of the substrate [71].

In contrast, and indicative of the contradictions in the understanding the mech-
anism of graphenes antimicrobial properties, Dellieu et al. rejected the hypothesis
that graphene killed cells by charge manipulation as proposed by Li et al. [71, 74].
The paper by Dellieu et al. also looked at interfacing S. aureus and E. coli with
graphene on Cu and gold (Au). Again, fluorescence staining, counting CFU and
SEM were used for determination of cell death. After 24 hours incubation of the
cells with the graphene it was found that at least 91% of cells were viable, compared
with 94% - 97% viability of the control cell cultures [74]. Viability tests were also
carried out on bacteria interfaced with a Cu foil partially covered in graphene and
a bare Cu foil. The former resulted in 46% of E. coli surviving, while the latter
resulted in 94% of the E. coli cells being killed. Thus, they concluded it was not the

graphene that killed the cells, rather the Cu-substrate, which caused the bacterial
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Figure 1.7: Simulation of lipid extraction from the lipid bilayer of the cell by a graphene
nanosheet. The image shows snapshots of different times during the interaction of the nanosheet
and the cell. The time is included on each image. (A) The nanosheet approaches the lipid bilayer
of the cell, it is orientated perpendicular to it, represented at this point by a single orange line.
(B) Some phospholipids begin climbing up the graphene nanosheet, due to the strong interactions
of the graphene, as the nanosheet slightly penetrates the membrane. (C) More phospholipids are
extracted from the cell. (D - F) Different orientations of the nanosheet showing the extracted lipids

attached to the graphene surface. Figure obtained from [73].

cell death [74].

Another method of analysis which has been used to investigate graphene-bacteria
cell death is field emission SEM, utilised by Krishnamoorthy et al. to image FE.
coli cells after graphene nanosheet exposure [72]. Their study imaged graphene
nanosheets physically penetrating the bacteria, puncturing the cell membrane and
causing cell death [72]. This finding was in agreement with a paper published in
2013 by Tu et al., which used molecular dynamics simulation to study how graphene
nanosheets interact with E. coli [73]. It was demonstrated through these simulations
that the graphene nanosheets act as a blade, slicing into the membrane of the cell,
following which the lipids are extracted from the lipid bilayer of the cell (Fig. 1.7).
The mechanism for graphene nanosheet insertion has been attributed to the strong
van der Waals interactions with the membrane lipids [73].

A similar hypothesis proposed by Luan et al. in a paper published in 2015,
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which utilised large-scale all-atom molecular dynamics simulations, showed graphene
nanosheets caused cell-degradation, not by lipid constituents, but by interrupting
the protein-protein interactions, which are essential in the bacterial cell membrane,
therefore resulting in cell death [76]. The simulations showed graphene nanosheet
insertion between two connecting proteins to be the most energetically favourable
mechanism. However, no experimental work was performed to corroborate these
predictions by Luan et al. [76].

The proposed idea that graphene does not possess any antimicrobial properties is
not a view that is widely shared in the field [71, 72, 73, 76]. Many papers claim that
graphene causes cell death by destruction of the cell membrane [72, 73]. However,
many of these works have investigated the antimicrobial properties of nanographene
(72, 73]. For instance the work by Krishnamoorthy et al. which showed graphene
nanosheets penetrating the cell membrane [72]. Few works have been produced
investigating the antibacterial properties of CVD graphene, used in this work, with
the proposed hypotheses for the antimicrobial properties of CVD graphene being
the change transfer out of the cell membrane amongst the only current hypotheses
for CVD graphene [71].

The clear ambiguity which is present in relation to the exact mechanism which
causes cell death could be answered by Raman spectroscopy. The thesis aims to gain
an insight into the biomolecular interactions between graphene and E. coli through
investigation of the Raman spectra prior to and post interaction of the cells with
graphene. Raman spectroscopy does not appear to have previously been used for this
purpose, and will provide detailed biochemical information on the mechanism of cell
death by graphene. For instance, Raman spectroscopy has previously been utilised
for investigation into the different changes due to cell death death by antibiotics,
alcohols and heavy metals [77]. Only when the interactions between the cells and

graphene are fully understood can the material be utilised within applications.

1.4.1 The biocompatibility of graphene

The biocompatibility of graphene, however, is a major concern for biomedical ap-

plications, particularly wearable devices. Conflicting reports have been published
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stating differing conclusions in regards to its biocompatibility. Zhang et al. found
that the toxicity of graphene grown by radio frequency catalytic CVD and single-
wall carbon nanotubes (SWCNT) to cell line, PC12, was dependent on concentration
and shape of the carbon nanostructure [78]. It was found that the tubular shape
of SWCNT promotes penetration of the cell membrane, while graphene sheets were
found bind to the surface of the cells, which resulted in oxidative stress of the cell
[78]. At the lowest dose of graphene (0.1 ug/mL) there were no toxic effects on the
cells, while at the highest dose (10 ug/mL) the graphene induced cytotoxicity [78].

Sasidharan et al. found that the toxicity of the graphene to monkey renal cells
was dependent on functionalisation of the samples [79]. Pristine graphene resulted
in aggregation of the graphene on the cell membrane, which is likely to be a result
of strong hydrophobic interactions between it and the cell membrane [79]. Whereas,
carboxyl-functionalised hydrophilic graphene flakes were found not to accumulate
on the cell surface, but became internalised by the cell, however, they claimed this
did not cause any cellular damage [79)].

In disagreement with these papers, Nayak et al. found that CVD graphene had
no toxic response to human mesenchymal stem cells (hMSCs), but in fact found that
graphene aided the differentiation of the hMSCs to bone tissue, proposing it as a
biocompatible scaffold for tissue engineering [80]. In agreement with this, Rastogi
et al. found that graphene enhanced cell adhesion and growth of both nonneuronal
(monkey renal fibroblast) and neuronal (rat hippocampal neuron) cells [81]. They
demonstrated that pristine graphene does not have any detrimental effects on the
morphology of the cell by using live-dead assays, a fluorescence technique to assess
the integrity of the cell membrane [81]. Similarly to the biomolecular interactions of
graphene and bacteria, the interactions with biological samples is not fully under-
stood. Therefore, future work of this project would be investigation into the effects
of graphene on eukaryotic cells using Raman spectroscopy.

The biocompatability of graphene could have an impact on the use of graphene
in surfaced enhanced Raman spectroscopy (SERS). SERS involves the use of sub-
strates for enhancement of biological signals during the collection of Raman data

[82]. However, the unknown interactions between graphene and biological samples
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make its use in SERS unsuitable. That is, the enhancement of signals of cells on
graphene could be due to toxicity response of the cells, which has been shown to
occur, for example, for the band at 1660 cm ™! increased in relative intensity due to
inhibited protein synthesis by antibiotic ampicillin [77].

Graphene oxide (GO) is commonly used as an SERS substrate, such as by Liu
et al. who investigated GO based SERS for investigation of cancer cells [83]. GO
has also previously been reported to possess antibacterial properties [75, 84]. Many
papers have been published which hypothesise the cause of cell death by GO, such
as the work by Akhavan et al. which suggests GO nanowalls penetrate the cell
membrane, physically damaging the cell and leading to cell lysis, similarly to the
proposed antimicrobial mechanism of graphene nanowalls [72, 73, 75]. Other work
has suggested the antimicrobial mechanism is due to oxidative stress of the cells
which can lead to DNA degradation [84].

The antimicrobial properties of GO has been investigated more thoroughly than
graphene within literature [85]. For instance, in a review paper by Szunerits et al.
which looked at published works analysing the antimicrobial properties of graphene-
based materials, a selection of the literature indicated that approximately 85 % of
the papers investigated GO and around 14 % included work on graphene, with some
papers including work on both materials [85]. Thus, this thesis is investigating
graphene as opposed to GO, as it is under-represented and less understood within

the literature at present [85].

1.5 FEscherichia col

E. coli is a Gram-negative bacterium, used as a model bacterium in this thesis,
which is normally found in the digestive tracts of humans and animals [86]. E. coli
is widely used within the literature for investigation of the antimicrobial properties of
graphene [71, 72, 73, 74, 76]. For example, Li et al. compared the effect of graphene
interaction on E. coli and S. aureus [71]. Additionally, Tu et al. simulated the
effects of graphene nanosheets on E. coli cells [73].

The E. coli strain studied in this work is MG1655, a K-12 strain derivative [87].
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Figure 1.8: Structure of E. coli showing the main components of the cell [88].

MG1655 was the first strain of E. coli genomes to be sequenced in full, published
in 1997 [87]. MG1655 has been maintained as a standard laboratory strain with
minimal genetic manipulation.

E. coli is a rod shaped bacterium of approximately 1 ym in width and up to 3
pm in length [90]. E. coli is a prokaryotic cell, its basic structure is shown in Figure
1.8 [91]. E. coli has thin filaments around the outside, known as pili which enable it
to attach to specific surfaces or to other cells. For example, the presence of pili was
found to enhance the ability of E. coli to attach to human urinary tract epithelial
cells, resultant in UTIs [92]. E. coli are capable of swimming due to their flagella,
motorary structures which rotate clockwise to propel the bacteria forwards. E. coli
have several flagella distributed over the cell [93].

The cell wall of E. coli is a complex structure (Fig. 1.9) responsible for the
bacteria maintaining its shape. The cell wall is significant in this study as it is
one of the main responders for cell stress, it protects the cells from threatening
conditions by altering the membrane permeability, thus, will be a focus for the
interactions of graphene with E. coli [94]. The main component of the cell wall
which maintains its shape is the peptidoglycan, a polymer of sugar and amino acids,
specifically a mesh of glycans and stretchable peptides, which helps protect from

cell lysis [95, 96]. The peptioglycan is bound to the outer membrane via lipoproteins
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Figure 1.9: Representation of the cell wall of a Gram negative bacterium. The right shows an E.
coli cell, some of the components of the cell are labelled, including the pili, flagella and ribosomes.
The section of the cell wall which has been enlarged is shown on the cell. The cell wall shows
the inner and outer membranes, which are composed by two lipid sheets, known as lipid bilayers.
The periplasm is the space between the two membranes, which is filled with a compressible gel.
The lipopolysaccharides (LPS) are anchored to the outer membrane via lipoproteins. Membrane
proteins are shown in the figure, particularly OmpA is labelled. Its main function is to maintain

cell integrity. Figure obtained from [89].



1.5. Escherichia colr 19

[96]. It has been shown that some antibiotics cause cell death through destruction
of the peptioglycan, thus, comparison of cell death in this way with cells lysis by
graphene will give an indication whether the cells are killed in a similar way [97].

The outer membrane (OM) and inner membrane (IM) of the cell wall is com-
prised of lipid bilayers (Fig. 1.9). Lipids are made up of a hydrophilic head and a
hydrophobic tail or tails. The tails are usually fatty acids, differing in size, gener-
ally one is saturated and one unsaturated [98]. Different bacteria has different lipid
membrane compositions, and even for like-species, the membrane composition may
vary from cell to cell, and can be dependent on environmental conditions [99]. The
lipid bilayer of the E. coli is thought to be one of the main mechanisms which under-
goes degradation due to interaction with graphene, specifically graphene nanosheets
were believed to cut into the cell membrane and extract lipids from the lipid bilayer
of the cells [73]. Thus, the bilayer of the cell will be significant in the study, to
determine if CVD graphene causes cell death by a similar method.

The IM and OM of E. coli is made up of different constituents. The IM is a
bilayer containing a-helical proteins, and phospholipids making up more than 95%
of the lipid bilayer. The OM is an asymmetric bilayer made up of phospholipids and
glycolipids, principally lipopolysaccharides (LPS) [100, 101]. The OM proteins can
be divided into two classes, with some exceptions, -barrel proteins and lipoproteins.
There are more than 90 species of lipoproteins in the OM of E. colt which contribute
to cellular processes, such as cell division [102]. The composition of lipids in bacterial
cells can differ even within genetically identical cultures [103].

The transmembrane proteins in the OM generally assume a g-barrel conforma-
tion, referred to as outer membrane proteins (OMPs). Some membrane proteins are
highlighted in the diagram of the cell wall (Fig. 1.9). OMPs have different jobs,
such as the porins, OmpF and OmpC which allow uptake of small molecules like
amino acids across the membrane through the porins [104]. The OMP labelled,
OmpA is essential for outer membrane stability and its function is largely to main-
tain the structural integrity of the cell [105]. The OM proteins may also play a role
in the interaction of graphene and FE. coli. Specifically, interaction of the proteins

with graphene may cause denaturing of the proteins as reported for interaction of
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graphene with eukaryotic cells [57].

LPS plays a role in the cell structure and also protects the cell from any toxins in
its surroundings [106]. Lipid A, the innermost component of LPS, is hydrophobic,
and anchors the LPS to the outer membrane (Fig. 1.9). The O-antigen consists of
a series of three to six sugars which are repeated [104]. The core is also made up of
sugars [107]. LPS can naturally vary within cultures of E. coli [103]. This can also
cause heterogeneity of the Raman spectra from one area in the sample to the next.
This heterogeneity is problematic for application of Raman spectroscopy in clinical
settings when it could lead to misclassification of bacteria [108].

Heterogeneity can also arise in bacterial samples due to conformational changes
of the cells, which is a naturally occurring phenomenon as the bacteria attempt
to prepare themselves for unknown environmental changes or attacks [109]. For
example, sub-populations of cells within a culture have even been found to resist
prolonged dosages of penicillin which caused the death of the majority of cells in the
population [109]. These sub-populations of cells were found to be able to overcome
the penicillin, despite never having been in contact with the antibiotic [109].

Gover et al. explored this heterogeneity in an attempt to understand the rate
of change of these cells [110]. Investigation of the changes in E. coli colonies was
performed using time lapse fluorescence microscopy before and after semi-lethal
heat treatment, which caused the death of approximately half the cells. It was
found that post-heat treatment the survival probability and post-stress physiology
of sister cells was altered from highly similar to uncorrelated within the first decile
of their cell cycles [110]. The heterogeneity has been suggested to be a result of
cells stochastically transitioning among different phenotypes in order to enhance
the overall fitness of the cell population, in an attempt to be prepared for any
unforeseen environmental fluctuations [111].

In this thesis the heterogeneity both within and across F. coli samples is explored
using Raman spectroscopy. The effect of heterogeneity on the Raman spectra is in-
vestigated, in addition to the need for collection of sufficient data that the samples
are properly represented by the spectral average, taking this heterogeneity into ac-

count. Such fluctuations in cells as a defensive technique may result in different
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toxicity responses following interaction with graphene. Thus, such heterogeneity is
significant within this thesis which analyses the metabolic changes in cells due to

cell death by graphene.

1.6 Raman spectroscopy

Raman spectroscopy is ideal for use in the biomedical field [112] as it can be used
non-invasively and non-destructively [113]. For example, Raman spectroscopy has
been utilised for non-destructive testing of biofilms [114]. Raman spectroscopy has
previously been used to characterise and discriminate microbes [115, 116]. It it ad-
vantageous for use in microbiology due to its ability to provide information of the
chemical composition and molecular structure of microbes [115, 117]. An example
of this is the use of Raman spectroscopy to identify bacteria which have become re-
sistant to antibiotics [117]. The changes in the Raman spectra of antibiotic-resistant
E. coli compared with non-antimicrobial resistant F. coli is indicative of the mode
of action which the cell had undertaken to achieve resistance, which could be linked

to the evolutionary modifications of the genetic basis [117].

1.6.1 Raman spectroscopy for the analysis of cell death

Raman spectroscopy is becoming increasingly prevalent, not only for its ability to
characterise cell types, but also to provide information on the metabolic state of
the cell. It has been used to detect relative changes in cellular composition as a
result of cell death [118], and has previously been used to detect E. coli cell death
after toxic substances or conditions have been applied, such as antibiotics, heat and
alcohols [77, 119, 120, 121]. For example, a paper published in 2016 by Teng et
al. [77] analysed the Raman spectra of E. coli after being subjected to alcohols
(ethanol and n-butanol), antibiotics (ampicillin and kanamycin) and heavy metals
(Cu** and Crb"). Teng et al. found that a reduction in the normalised intensity
of bands associated with nucleic acids, such as the bands at 728 cm™!, 782 cm™!,

811 cm™!, 1481 cm™! and 1574 cm™! occurred due to E. coli coming into contact

with the alcohols, resulting from an increased cell-size due to stress, hence nucleic
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acid dilution [77]. Increased cell size due to stress has previously been reported in
relation to cell stress by salts, with the cell size increasing up to ten-fold, and is
thought to be linked to the induction of additional stress proteins in the cell [122].
A similar toxicity response may be employed by the cells following interaction with
graphene, which could be monitored through the evolution of these bands in the
Raman spectra [77].

A band which has been commonly noted to change as a result of cell death is
the band representing RNA/ DNA at 782 cm™! in the Raman spectra of E. coli
(77, 119, 120, 121]. Xie et al. and Escoriza et al. found this band changed due
to the degradation of nucleic acids as a result of E. coli heat treatment [119, 120].
Teng et al. also observed a gradual reduction in intensity of the normalised 782
cm~! band due to cell death by alcohols, antibiotics and heavy metals indicating an
alteration of the physiological development of the cell [77]. Thus, investigation of the
bands at 782 and 813 cm™! following bacterial interaction with graphene will allow
insight into any degradation of nucleic acids in the cells and changes of physiological
development [119, 120].

Denaturing of proteins has previously been found to occur following interaction
of graphene with protein HP35 in chicken villin subdomain due to defects in the
samples [57]. Specifically, interaction of proteins with the defects results in proteins
becoming anchored to the sample [57]. Thus, given the defects present in CVD
graphene from the formation process, a similar interaction of the proteins in the cell
membrane of E. coli with the defects in the graphene could cause protein denaturing
[57]. This could be monitored through relative changes in the bands at 1004 cm™?,
1610 ecm™t, 1670 cm™! and 1250 cm™!, reported to change due to denaturing of
proteins from heat treatment of E. coli cells at high temperatures of 60 - 121 °C
[119, 120]. Unfortunately, in each of these papers, the high wavenumber region (2800
- 3100 cm™1) of the cell spectra is not considered, despite being rich in prominent
protein signatures [119, 120]. In this work, quantitative analysis will be performed
on both fingerprint (600 - 1800 cm™!) and high wavenumber regions of the spectra
to gain thorough insight into the metabolic changes of the cells.

It was discovered that death by a bactericide (EDTA) and a disinfectant (sodium
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hypochlorite) resulted in a reduction in all normalised bands in the fingerprint re-
gion of the Raman spectrum, due to the dissolution of cell tissue [120]. Therefore,
significant cell degradation by graphene will be reflected through general decrease
in intensity of bands between 600 - 1800 cm ™! in the Raman spectra of E. coli [120].
Unfortunately, however, no quantitative analysis is performed on the spectra for
determination of the specific bands in the Raman spectra which change [120]. In
this work both peak intensity ratio (PIR) analysis and principal component analysis
(PCA) will be performed on all bands in the Raman spectra of E. coli following
interaction with graphene, to determine specifically which components of the cell
are changing due to cell death.

This lack of quantitative analysis of Raman spectra is common among other
published work, and is also shown in a paper published in 2016 by Nanda et al.
which investigated E. coli and Enterococcus faecalis (E. faecalis) cell death by GO
nanosheets using Raman spectroscopy [123]. This work published Raman spectra of
E. coli before and after being interfaced with GO suspended in solution at concen-
trations of 50 p/mL, 100 p/mL and 150 p/mL. It was found that there were changes
in the relative intensity of the bands at 490 cm™! representing the S-S stretching vi-
bration of proteins, at 610 cm~! attributable to CO-NH bending vibration of Amide
IV and an A band at 729 cm™! [123]. There is a lack of quantitative analysis, such as
peak fittings, PIRs or comparison of relative intensities to demonstrate the changes
in these bands following interaction with GO, with the focus primarily on other
methods of analysis for changes in morphology of the cell, such as SEM, with no
attempt to determine the reason for the changes of the bands [123]. Furthermore,
much of the spectra is not considered or analysed, with only the region between 450
cm ™! and 800 cm ™! being shown within the publication, and the three mentioned
bands the only considered changes in the spectra [123]. This means there is a large
amount of lost information due to the lack of analysis of other bands in the Raman
spectra. In this thesis, quantitative analysis will be performed on the full spectral
range between 600 cm™! to 3100 cm™! for thorough analysis of the changes due to
cell death by graphene.

To investigate if the cause of cell death by graphene is due to inhibition of the cell
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wall, the Raman spectra after interaction with graphene will be compared against
published works which analyse cell death in this way using Raman spectroscopy. For
example, cell death by the antibiotic ampicillin was reported to inhibit the synthesis
of the cell wall, which was reflected through the change in normalised intensity of
the lipid containing bands at 957 cm™!, 1302 cm™!, 1449 cm ™! and 1660 cm™! [77].
The monitoring of these bands will allow for investigation into the inhibition of the
cell membrane following E. coli interaction with graphene, a hypothesised cause of
cell death by graphene, according to literature [71, 73].

E. coli cell death by heavy metals also resulted in an increase in lipid signatures,
such as the lipid band at 1449 cm™*, and the band at 1128 cm~!, which represents
saturated lipids, while a decrease in protein bands suggested inhibition of protein
synthesis [77]. Unfortunately, this work also does not analyse the high wavenumber
region of the Raman spectra of E. coli, which is rich in protein and lipid signatures
[124]. Monitoring of this region would provide further insight into changes in the
lipids and proteins of the cells, as will be performed in this work.

Published work by Zu et al. did consider the high wavenumber region when
analysing cell death by an alcohol, 1-butanol [121]. This work analysed the changes
in three PIRs in the high wavenumber region of the spectra Isgro/Is954, Ioss2/I2ss0,
and lagss /19924 to assess how alcohols affect the fluidity of the cell membrane, a noted
change in the cell due to death by alcohols [77, 121, 125]. These bands were chosen
as they are representative of symmetric and asymmetric stretching of C-H bonds of
lipids and proteins in the cell membrane [121]. All three PIRs exhibited an eventual
increase, thought to be due to the expected increase in membrane fluidity [121].
Consideration of such PIRs in this work following E. coli interaction with graphene
will give insight into changes in membrane fluidity [126, 127]. It does not appear as
though such investigations have been performed following E. coli interaction with
CVD graphene. Thus, monitoring of these bands will allow investigation into the
defence mechanisms of F. coli cells interfaced with graphene in a way which does
not appear to have been done before [121].

The wealth of literature on the analysis of E. coli cell death by lethal substances,

such as antibiotics and alcohols, using Raman spectroscopy will aid the investiga-
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tion of this thesis into the biomolecular interactions between graphene and E. cols.
Specifically, such interactions with known mechanisms for cell death will allow for
comparison and parallels to be drawn against the mechanism utilised by graphene
to kill the microbial cells, which will be reflected through the same changes in the
Raman spectra, such as changes in the bands due to cell death by ampicillin, an
antibiotic known to kill cells by inhibition of the cell wall [77]. The information
provided by Raman spectroscopy promises to provide a level of detail which has
not previously been obtained from methods such as counting of CFUs, which only
allows determination of the number of viable cells.

This thesis will begin by presenting the background theory of Raman spec-
troscopy in Chapter 2. This chapter will also provide detail on the instrumentation,
and the methods and protocols used throughout this work, including experimental
and data analysis. Chapter 3 will present the investigation and characterisation of
CVD graphene using Raman spectroscopy. Specifically this will involve comparison
of the obtained quantities against published literature results, and exploration of the
reliability of methods for characterisation of CVD graphene. The level of hetero-
geneity presented in the chapter is significant, and brings into question the possible
repercussions of such extreme levels of heterogeneity, which does not appear to be
reported previously for graphene formed via CVD.

The heterogeneity of E. coli samples using Raman spectroscopy is also explored
in Chapter 4 of this thesis. The level of heterogeneity both within and across the
three F. coli replicates is investigated in this chapter through PIR analysis, band
fittings and PCA. The effect of the heterogeneity on the level of data collection
necessary to ensure the sample is properly characterised is also explored, through
consideration of the standard error and second order standard deviation of the data
for increasing number of spectra in the spectral average. Standards for characteri-
sation are proposed in this work, which could ensure reliability of data throughout
literature.

The final results chapter presents the investigation of the biomolecular interac-
tions of F. coli and CVD graphene. Comparison against the E. coli control sam-

ples will allow determination of the difference following interaction with graphene.
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Furthermore, two different experiments are performed to determine the differences
between E. coli interfaced with and cultured with graphene. PIR analysis, PCA
and band shifts are all utilised to investigate the metabolic changes of the cells due
to graphene. This thesis then finishes with conclusions and discussions on future

work.



Methods

2.1 The Theory of Raman Spectroscopy

2.1.1 The Raman Effect

Raman spectroscopy is a label-free method for characterising samples, which can
be used non-invasively and non-destructively [113]. The Raman effect was first
predicted by Smekal using quantum theory in 1923, and later experimentally verified
by Chandrashekhara Venkata Raman in 1928, for which he was awarded the Nobel
Prize in physics in 1930 [128, 129]. The Raman effect involves the inelastic scattering
of photons following interaction with the molecules in a sample [62]. The interaction
of the light and molecular bonds is dependent on the electronic and vibrational
properties of the material, providing detailed spectroscopic information unique to
the sample.

Photons, of frequency v, which undergo Raman scattering result in a frequency
27
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Figure 2.1: Jablonski diagram showing the different light scattering processes following molecule
interaction. Rayleigh (elastic) scattering results in scattered photons of the same frequency as the
incident light. Raman (inelastic) scattering produces light of a different frequency to the frequency
of the incident light. Stokes (Anti-Stokes) scattering produces photons of frequency less (greater)
than the incident radiation. Stokes scattering is most commonly studied as it produces more

intense spectra [130].

change of vy &+ Av, where Av is the frequency difference compared with the incident
light. Raman scattering accounts for a very small percentage of the total light
scattered, due to the requirement that the molecules are Raman active for Raman
scattering to occur. For example, approximately one in 10° to 10® photons are
Raman scattered, with most photons being Rayleigh scattered. Rayleigh scattering,
or elastic scattering, is when the photons are scattered with unchanged energy from
the incident light 14 [62].

A schematic of the different possible light scattering processes following interac-
tion with a molecule is shown in Figure 2.1. Raman scattering results in two scat-
tering processes. The first process (Stokes scattering) involves the photon-induced
excitation of the molecule to a higher vibrational state. The molecule relaxes back
to a real state, emitting a photon with less energy than the incident photon. This
process results in scattered photons of frequency vy — Av where Av represents the

Raman (frequency) shift. The second scattering process (Anti-Stokes scattering)
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Figure 2.2: Schematic Raman spectrum. The intense Rayleigh line representative of the Rayleigh
scattered light (v = /) where v is the incident frequency and v’ is the frequency of the scattered
light. Avy, Avy and Avs represent wavenumber shifts due to interaction of photons with Raman
active molecules. The Stokes and anti-Stokes lines provide the same spectroscopic information,

however, the anti-Stokes lines are less intense that their Stokes counterparts. Figure obtained from
[131].

involves a molecule in an already excited vibrational state, resulting in further ex-
citation to a higher energy virtual state. Then relaxation of the molecule to the
ground state produces an emitted photon of greater energy than the incident light,
which has frequency vy + Av. The same spectroscopic information is obtained for
Stokes and Anti-Stokes scattering, i.e., band shifts arising at the same wavenumber
(Fig. 2.2) [62]. As most molecules will be found in the ground state at room tem-
perature, according to the Maxwell Boltzmann distribution, Stokes scattering will
be the more probable Raman scattering process, resulting in more intense spectra,
thus it is most commonly studied.

The Raman effect can be explained using classical theory, within the framework
of classic electromagnetism [62]. Consider an electromagnetic (EM) wave, such as
the incident light source of a laser beam (Fig. 2.3). The phenomena being discussed

here does not involve the magnetic component of the EM wave and so will not be
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Figure 2.3: Electromagnetic wave showing the perpendicular electrical and magnetic compo-
nents, with the electrical component represented by the y-axis (E) and the magnetic component

represented by the x-axis (B) propagating along the z-axis. A is the wavelength [62].

considered. The electric field strength at time ¢ is

E = Ejcos(2m vy t) (2.1)

where Fj is the amplitude and 1y is the frequency. When the laser light radiates a
sample a change in molecular dipole moment can be induced from the interaction
of the EM radiation with the so-called Raman active molecule. The induced dipole
moment is defined as

P=aFE (2.2)

where « is the polarizability of the molecule. Molecular polarizability results from
the electric field of the laser light distorting the electron distribution of a bond
or molecule. An oscillating electric field induces an oscillating molecular dipole

moment, thus combing Equations 2.1 and 2.2 for a diatomic molecule gives [62]

P =aF = «aFy cos (2m iy t) (2.3)

The polarizability of the molecule can be described as a function of its static
(equilibrium) polarizability, ayp, and the vibrational displacement of the molecule, g,
such that o = f(«y, q). For small displacements ¢, this equation can be written as
a Taylor expansion

da
a:ao—{—d—qoq—i— ..... , (2.4)
da

where dq 18 the rate of change of polarizability with respect to the change in dis-

placement evaluated at the equilibrium position. As ¢ is small terms of higher order
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are negligible.
As the laser continually interacts with the molecule, it continually induces a
dipole moment at the frequency of the incident light. For a molecule vibrating at a

frequency, Av, the nuclear displacement is given as
q = qo cos(2m Av t) (2.5)
where g denotes the maximum vibrational displacement. Combining this expression

with Equation 2.4 yields

Oa
== a=0p+ —
dq

Hence the polarizability from Equation 2.3 becomes

go cos(2m Av t). (2.6)
0

0
P = ayEy cos(2mipt) + a—a qo Eo cos(2mpt) cos(2mAvt), (2.7)
dio
which can be further written as
0 E 0 E,
P =ay Ey cos(2m vy t) + L D 20 (2m (g — Av) t) + I D20 (2m(vy + Av) t) .
dq|, 2 dq |, 2

(2.8)

The first term in this equation denotes the static/ equilibrium term representa-
tive of the Rayleigh elastic scattering. The second term corresponds to the Raman
scattering resulting in the vy — Av frequency shift, which defines Stokes scattering.
The last term represents the scattering associated with the 1y + Av anti-Stokes fre-
quency shift [62]. For a molecule to be Raman active, i.e., to produce a Raman shift,

the following condition, associated with a change in polarizability, must be satisfied

(62]:
Oa

7| 70 (2.9)

2.2 Preparation of Bacterial Target Samples

FEscherichia coli (E. coli) has been used in this work for characterisation and inves-
tigation of heterogeneity using Raman spectroscopy, and as a model bacterium for

investigation into the bactericidal activity of graphene. E. coli strain MG1655 was
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Figure 2.4: Bacteria growth curve showing the different growth stages. The first growth stage is
the lag phase during which the bacteria adapt themselves to the growth conditions, the cells are not
yet multiplying [134]. Following this stage is the logarithmic phase, also known as the exponential
phase, during which the cells divide. The logarithmic phase is the main growth stage of the cells
when they are most viable and have a good supply of nutrients. Then comes the stationary growth
phase when the growth and death rates become equal. The last stage is the death phase, when

bacteria begin to die off due to depleted nutrients [135].

used throughout all experiments. The F. coli strain was maintained as a glycerol
stock (16 % glycerol) at -80 °C. A bacteria culture was produced by streaking the
strain onto an LB agar plate, typically used for growth of bacterial microcolonies
[75], and left to incubate overnight at 37 °C. A single colony was selected from the
plate and inoculated in 3 mL of EZ rich media, obtained from Teknova [132], with
0.4 % glucose. EZ rich media is a defined media, meaning that each batch is made
up of the same constituents, i.e, the quantities of all ingredients are known [133].
Undefined media, such as LB, is made up of unknown constituents [133]. Defined
media produces much less variability between samples compared with undefined
media [132]. The bacteria were grown overnight in a rotating incubator at 37 °C.
After overnight growth, 30 ul of the bacteria culture was diluted in 3 mL of fresh
EZ rich media, and was left to incubate at 37 °C until the optical density (ODgg)
reached a value of around ~ 0.4 — 0.6. This optical density has also been used

by other works which assess cell viability following exposure to toxic substances or



2.2. Preparation of Bacterial Target Samples 33

Figure 2.5: Optical image of E. coli cell dried onto CaFy undergoing Raman analysis. The scale

bar is 2 pm. An 100 x objective lens was used here.

conditions, such as exposure to alcohols, antibiotics and heavy metals [77, 121, 136].
At ODgop = 0.4 — 0.6 the E. coli cells are at the exponential phase of their growth
(Fig. 2.4) [135]. This ODggy was also found to give the best distribution of cells for
Raman analysis, providing regions of single cells and clumps of bacteria for thorough
analysis of different cell distributions in the bacteria culture (Fig. 2.5).

The exponential phase was chosen for examining the bacterial cells in this work
as this is when the cells have most of their nutrients and are the most optimal
stage of growth. Hence, when cells are grown to test the antimicrobial properties
of graphene, cell death will take place when they are most viable and content [137].
This is the most robust time in the growth phase to assess antibacterial activity.
Many papers carry out analysis following the growth of bacteria for 24 h at 37 °C
[71, 74, 123]. After this length of growth time, nutrients are becoming depleted,
meaning some cells will be in the stationary growth phase or entering into the death
phase and will not as viable as earlier in the growth cycle (Fig. 2.4) [135].

Following growth, 1 mL of the bacteria culture was then centrifuged for five
minutes at 6000 revolutions per minute (rpm) until a pellet of cells formed. Cen-

trifugation is a commonly used method for harvesting bacteria, with a range of forces
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or rpm chosen, often without reasoning [138]. The relative centrifugal force (RCF),
also known as the G-force, can be determined from the rpm using the following
equation

rpm

2
RCF = 1.12 % 7 % (m> , (2.10)

where 1 is the radius of the centrifuge. For harvesting of the bacteria studied in this
thesis a Heraeus Biofuge Pico centrifuge with a radius of 8.5 cm was used. From
Equation 2.10, centrifuging bacterial cells at a rate of 6000 rpm results in a RCF of
~ 3427 x g, where g is the gravitational constant.

Pembery et al. found that centrifugation at high speeds of 15,000 x ¢ resulted
in the culturability of E. coli being significantly diminished [139]. Furthermore, it
was also shown by Bell that centrifugation of certain bacteria for longer periods
of 30 min, compared with shorter times of 10 min, can have a detrimental effect
on the ability of the cells to adhere to glass [140]. Despite this, papers still utilise
prolonged periods of fast centrifugation when harvesting cells [123]. For example,
a paper published by Nanda et al., which investigated the antimicrobial properties
of graphene oxide (GO) using Raman spectroscopy, centrifuged the E. coli and S.
aureus cells at 10,000 rpm for 30 min. Given the findings by Pembery et al. and
Bell it is thus likely to have modified the cells [123, 139, 140]. Bittel et al also
performed centrifugation at 10,000 x g , however, for a shortened period of 3 min,
on FE. coli cells when analysing the affect of arsenic exposure to the cell using Raman
spectroscopy [136]. Comparatively, Teng et al. centrifuged the bacteria cells at 5,200
rpm for 1 - 2 min, chosen to avoid harming the cells [77]. Similarly to Teng et al. in
this work gentler centrifugation speeds such as 6000 rpm were chosen to avoid doing
the cells harm.

Following centrifugation, the supernatants were pipetted out and the E. coli cells
were re-suspended in 1 ml of sterilised water. Washing cells using sterilised water
is required prior to carrying out Raman analysis to avoid the media forming salts
and affecting the Raman analysis [77, 120]. Washing was performed twice to ensure
all EZ rich media was washed off the cells. 10 ul of the cell culture was diluted
in 900 pL of sterilised water to ensure the sample was not too dense for Raman

measurements, and that single cell analysis would be possible. An optical image of
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Figure 2.6: Optical image of one of the four CVD graphene sample studied in this work. The

samples are monolayer graphene, deposited on an Si/SiOs substrate. The scale bar is 2 pm.

the cells can be seen in Figure 2.5.

2.3 Properties of CVD graphene

Four CVD monolayer graphene samples were studied in this project, all of which
were purchased from Graphenea [49]. All samples are 1 cm? on a Si/SiO, substrate.
The sample is p-doped with boron, with a resistivity of 450 + 40 Ohms/sq. The
covering of graphene on the Si/SiO, substrate is > 95%. The domain sizes of the
sample are up to 20 um. An optical image can be seen in Figure 2.6.

The CVD samples were fabricated by heating methane gas molecules in a reaction
chamber to 1000 °C [49]. Temperatures of 900 to 1000 °C are optimum for CVD
growth of graphene, with lower temperatures found to be less efficient. The use of
high temperatures (900 to 1000 °C) during growth results in monolayer graphene
containing both fewer defects and less multilayer flakes [141, 142]. Furthermore,
higher temperature produces graphene samples of larger domain size, correlating to
higher quality graphene [141]. For example, grain sizes of 1 - 5 um were reported
for graphene grown at 850 °C compared with domain sizes of up to 20 pum for the
graphene studied in this work [142].

For the CVD graphene used in this work, an 18 um thick copper foil was used
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a catalyst for the graphene growth. Cu is the most commonly used catalyst in
CVD formation due to its low solubility, which reduces the chance of absorption of
hydrocarbons onto the Cu surface, compared with other catalysts which have been
used within literature [143, 144, 145, 146, 147]. Without a catalyst the reactions
require temperature of over 2500 °C [49].

According to Graphenea, the carbon atoms are deposited in graphene’s hon-
eycomb lattice structure onto the surface of the Cu foil catalyst in the reaction
chamber and the waste products are pumped out of the chamber. Following growth
of the monolayer graphene film, it is protected with a polymer layer, polymethyl
methacrylate (PMMA), which is put over the graphene sample [49]. The bottom
layer of the sample is then removed, and a ferric chloride solution is used to etch the
Cu foil catalyst. The graphene is then transferred onto its final substrate (in this
work Si/SiOs) using a so-called PMMA wet transfer assisted process. The PMMA

is then removed using organic solvents, acetone and isopropyl alcohol (IPA) [49].

2.4 Instrumentation

All spectra were collected using an HORIBA XploRA micro-Raman instrument
(Figure 2.7). A schematic of the components of the Raman instrument are shown
in Figure 2.8. Within the following section the setting for each component will be
discussed, as chosen to achieve the best spatial resolution (SR) and spectral quality.
The SR of the Raman spectrometer is the ability of the instrument to resolve features

and bands into separate components. It can be found using the following equation

[148]:

0.61X\
SR=-—="
NA

A 100 x objective lens was used for all experiments, with a numerical aperture (NA)

(2.11)

of 0.9, and a laser wavelength of 532 nm to obtain the best SR, achieving a value
of 361 nm. However, Raman scattering of the laser and interactions with light and
the sample can result in reduced accuracy, thus, the SR of a Raman spectrometer

is usually rounded up, often quoted as 1 pum, according to instrument manufacturer
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Figure 2.7: Raman micro-instrument XploRA PLUS. The motorised xyz-stage allowed for repo-
sitioning of the laser to random points in the sample for each spectrum. The adjustment of the
hole and slit allows for confocal microscopy to be performed. The instrument is equipped with a
100 x/ 0.9 NA objective lens, used for all experiments. The 532 nm wavelength was used for the
collection of all spectral data. Figure obtained from HORIBA [148].
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Figure 2.8: Schematic of a Raman spectrometer. A 532 nm green laser is used for experiments
performed in this thesis. The hole and slit are adjusted to achieve confocal microscopy. A 100 x /

0.9 NA is used for data collection.
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Table 2.1: Table of the parameters used for the acquisition of Raman spectra in this work. The

laser power at the sample is an approximation.

Experimental Parameters
Laser wavelength 532 nm
Laser filter 50 %
Laser power at sample 3.5 mW
Hole 100 pm
Slit 200 pm
Diffraction grating 2400 gr/mm
Exposure time 90 s
Accumulations 2

HORIBA [148].
The equation for calculating laser spot size, in any optic system, is given by

[149]:

1.22)\
NA
Therefore, the use of the green laser (532 nm) and the x 100 / 0.90 NA lens, results

d, = (2.12)

in a laser spot size of 721.16 nm.

All experimental parameters are in Table 2.1, including the time of acquisition,
the number of accumulations and the hole and slit size used for collection of Raman
spectra.

The HORIBA XploRA provides a maximum laser power-at-the-sample of 7 mW.
Use of the variable notch filter allowed the power-at-the-sample to be controlled.
For the experiments in this work the 50% variable filter was chosen to give an
approximate laser power of 3.5 mW at the sample, as this was determined to prevent
laser induced damage of the biological and graphene samples. Similar laser powers
have been used by other works in literature for collection of Raman spectra, for
example Keeler et al. and Walter et al. achieved laser powers of 2 - 5 mW and 5 mW
at the sample respectively [150, 151]. Other works use higher laser powers. Table
2.2 includes the laser powers use by other works investigating biological samples,

as well as other experimental details. Five of the 17 papers use a laser power of
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between 10 mW - 30 mW [77, 121, 136, 152, 153], while a similar amount utilise
greater powers of between 70 mW and 200 mW [120, 123, 154, 155, 156]. A lower
laser power is used in this work to ensure no laser induced damage to the cells.

Patzold et al. studied the effect of laser powers on biofilms and found that powers
of less than 10 mW had no effect on the cells, whereas powers of 100 mW and more
caused disruption of the biofilm [114, 157]. Cherney et al. found that laser powers
of less than 30 mW did not damage biological samples [158]. The use of the laser
power 3.5 mW utilised in this thesis is much less than this threshold. Both spectra
and samples were checked to ensure no laser induced damage following collection.

For the collection of spectral data from graphene samples in published works,
lower laser powers are used compared with those used for collection of biological
spectra. For instance, as included in Table 2.3, laser powers of between 0.04 to 4
mW have been used [64]. The laser power of 3.5 mW used for the collection of
data in this work falls in that range, and so is comparable with collection of Raman
spectra from graphene in literature [64].

The adjustment of the hole and the slit in the Raman spectrometer allows for
confocal microscopy to be performed. Specifically hole and slit sizes of 100 pm and
200 pum respectively. These settings were used for the collection of all spectra in this
thesis (Table 2.1). Confocal microscopy allows for spatial filtering and control of
the volume of the samples which is being analysed [148]. Higher resolution images
can be obtained using confocal microscopy due to its efficiency in blocking out
of focus fluorescent light [171]. Thus, confocal Raman spectroscopy is commonly
used in literature [114, 172]. For example, Hermelink et al. used confocal Raman
spectroscopy to investigate the heterogeneity within microbial populations due to
the high spectral resolution of using a confocal set-up, which was 4 cm™*, less than
most other literature works (Table 2.2) [172]. Similarly a confocal set-up was used
in this work, and a comparable spectral resolution achieved (3 cm™!), however, only
three spectra were collected from each bacterial sample in the work by Hermelink
et al., compared with the 55 collected in this work [172].

For all spectra collected in this work, an exposure time of 90 s and two accumu-

lations were used. Increasing numbers of accumulations increases spectral quality as
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Table 2.2: Table of details of the methods used for the collection of Raman spectra of bacteria

throughout published work. This includes the bacteria and strain studied, the exposure time of

the laser and accumulations (accum.) used for the collection of each Raman spectrum. The laser

power, A the laser wavelength, and the spectral range over which the data is collected are included.

The magnification and numerical aperture (NA) of the lens, the grating used and the corresponding

spectral resolution (res.) for the data are listed. The growth time of the bacteria and cell state

(live or dead) is stated. The bacteria are Staphylococcus epidermidis (S. epidermidis), Escherichia

coli (E. coli), Staphylococcus aureus (S. aureus) and Enterococcus faecium (E. faecium).

0.9

Power | Exposure | Lens / Growth Dried Spectral A Res
Bacteria Strain Ref.
(mW) | / Accum. | NA | time or OD | or live | range (cm™') | (nm) | (cm™?)
S. epidermidis 1457 & 9142 Live -
110 72s 50 x 24 hr 600 - 1600 785 - [154]
E. coli K12 & Top 10 in agar
S. aureus ATCC 29213
& UHR 28624
80 x
S. epidermidis UHR 29489, 100 30s / 6 hr & 24hr Both 250 - 2150 830 8 [155]
0.75
E. coli ATCC 25922
E. faecium BM 4147
E. coli CCM 3988
S. aureus D 47
- 15s 50 x 24 hr - 600 - 1700 785 - [159]
S. epidermidis STO 60
Candida albicans CCM 8261
60 -
Clostridium - - 100 x - - - 632.8 - [160]
200 s
60 x &
E. coli JM109 2-5 5 mins 12 - 15 hr Dried 600 - 1800 514 1-2 | [15]]
100 x
Various
E. coli ATCC 25922 28 60 s 60 x - - 785 - [152]
times
650 - 1703 244
E. coli DHb5« 5 60 s - - - 10 [150]
2831 -3017 | 532
55 0D600 )
E. coli ATCC 700926 30 - Dried 400 - 1800 785 7 [136]
8 accum. =0.1
10s
30 50 x 15 hr Dried 500 - 2000 785 6
E. coli MG1655 3 accum. [153]
20s
10 50 x - - - 532 -
3 accum.
100 x
E. coli - - - - - - 785 6 [119]
1.25
60s 100 x 4-5hr Live - in
E. coli - 200 600 - 1800 633 - [156]
3 accum. 1.3 0.6 - 0.8 OD | solution
E. coli 10 x
KACC 10005 70 2-10s 0.17 OD - 400 - 800 633 - [123]
E. faecalis 0.55
S. epidermidis ATCC 35984 60 s
200 100 x 18 - 20 hrs Dried 600 - 1800 532 6 [120]
E. coli ATCC 11775 3 accum.
04-0.5
E. coli DHb5« 20 25's 100 x Dried 600 - 3100 532 9-15 | [121]
OD
100 x
E. coli DHb5« 25 10 s 0.3 OD Dried 600 - 1800 532 1 [77]
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Table 2.3: Table of details of the methods used for the collection of Raman spectra of graphene
throughout published work. This includes the type of graphene studied, where ME is graphene
formed via mechanically exfoliation and CVD is chemical vapour deposition. The laser wavelength
used and the power of the laser is included. The number of spectra collected for characterisation
and the total acquisition time for each spectra, where these have been included in the papers, are
also listed in the table. The magnification and numerical aperture (NA) of the lens, the grating of

the instrument used and the corresponding spectral resolution for the data are listed also.

Type of | No. of | Laser | Power Lens Grating Spectral Acquisition Ref.

graphene | spectra | (nm) | (mW) (gr/mm) | resolution (um) | time (s)
CVD : 532 - 50 x - - : [161]
ME - R R P - - - [64]

633 4

CVD - 633 | <2mW | 50 x 600 4.6 - [162]
ME : 514.4 1 50x | 1800 0.7 - [163]
CVD - - 2 - - - ; [164]
CVD ; 532 - - - - - [165]
ME . 514.5 1 100x | 1800 5 - [166]
ME ; - 0.45 - - - 180 [167]
ME 100 532 - - 1800 1 - [168]
CVD 10 532 - 50 x - 1 : (58]
CVD Maps 514 - 50 x - 2 - [169]
ME 20 | 5145 | 03 |100x - - - [170]
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the Raman instrument accumulates a given number of measurements and averages
them to produce a higher quality final result [148]. The number of accumulations
were chosen to obtain the best signal-to-noise ratio without causing laser damage to
the sample. Similar settings are used in literature, as can be seen in the experimental
details of published works in Table 2.2. For example, both Chan et al. and Escoriza
et al. perform spectral collection using 60 s acquisition over three accumulations,
corresponding to the same overall collection time [120, 156]. A similar acquisition
time was also used by Huang et al. of 180 s per spectra when investigating the effect
of the substrate on graphene sample [167]. However, often the information about
the acquisition time of the spectra is not included in published works, particularly
for Raman studies investigating graphene (Table 2.3).

The diffraction grating, among other components such as the hole and slit, affects
the spectral resolution of the instrument, a diffraction grating with more grooves
per mm achieves high accuracy. The 2400 gr/mm was used for all experiments to
achieve the best spectral resolution. If the resolution is too low then information
could be lost, high resolution is necessary to distinguish changes in peak positions
or shapes [148]. Often a 1800 gr/mm grating is used for the collection of spectral
data from graphene samples, which can result in the collection less accurate spectra
(Table 2.3). For instance, Bukowska et al. used a 1800 gr/mm for the collection of
spectra from graphene samples, achieving a spectral resolution of 5 cm™" [166].

For collection of spectra from single E. coli cells Muhamadali also used a grat-
ing of 2400 gr/mm to achieve more accurate spectra, however, the exact spectral
resolution is not included in the work [153]. A 600 gr/mm grating was also used in
the work for collection of spectra from colonies [153]. Lack of consistent protocols
results in the inability to compare data across experiments. In this thesis, the same
procedures are followed for all experiments allowing for comparison across all data
sets.

Prior to the collection of Raman spectra the instrument was calibrated using
an Si standard sample, to ensure reliability of data. The calibration allowed for
measurement accuracy of 3 ecm™!, which is the maximum error associated with

the instrument [148]. Alignment of the laser was also performed prior to Raman
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Figure 2.9: Full Raman spectra of graphene showing the main graphene signatures and the
intense Si/SiO4 signatures from the substrate. These spectral features correspond to collection of

data between the wavenumbers 1200 - 1800 cm~! and 2400 - 2900 cm 1.

measurements being taken for precision. Labspec 6, provided by HORIBA, was the
software used for collection of all spectra. This software allowed for real time data
collection of data.

To improve the quality of spectra acquired the software had a so-called dark
correction which was applied to all spectra during collection. Some detectors have a
fixed pattern artefact signal which is present in spectra, and can interfere with spec-
tra with low signal. Therefore, a “dark” spectrum is acquired by the instrument,
that is, a spectrum with the shutter closed so no light is actually radiating the sam-
ple, producing the fixed pattern signal only. This dark spectrum is then subtracted
from the spectra, leaving only the sample signal and improving the spectral quality.

This can also get rid of any external background light [148].

2.4.1 Raman Measurements of graphene

Four graphene samples were studied in this work using the parameters shown in
Table 2.1. Three of the samples were used for the graphene interfaced with E. col:
experiments as detailed in Section 2.5.1 for which three biological replicates were

performed. One sample was used for an experiment investigating F. coli cultured
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with graphene as described in Section 2.5.2 for which one biological replicate was
carried out due to PhD time restraints.

The Raman spectra of graphene were collected in ranges between 1200 - 1800
cm~ ! and 2400 - 2900 cm™!, as this is where the predominate bands in the Raman
spectra of graphene are found (Fig. 2.9) [64, 68]. The samples was checked optically
following spectral acquisition to check for any laser-induced damage. Each spectrum
was also monitored during collection to ensure no damage to the sample, such as the
absence of the G- or G’-bands found to be characteristic of the Raman spectrum of
laser-damaged graphene samples [173].

A total of 100 spectra were collected for the characterisation of each graphene
sample. Most papers collect fewer spectra compared with the 100 spectra collected
in this work (Table 2.3) [58, 170]. For example, Wu et al. collected only ten spectra
at random points across the graphene sample for characterisation [58]. Compara-
tively Roscher et al. collected 100 Raman spectra when studying the differences
in graphene compared with graphite powder, the same number as collected in this
work [168]. However, Roscher et al. used a grating of 1800 grooves/mm, and so it
was likely that they had a lower spectral resolution than in this work, though the
spectral resolution is not stated within the work [168]. Often papers do not include
the number of spectra collected for characterisation, more consistent standards are
needed throughout literature to ensure reliability and clarity of data (Table 2.3)
(161, 174, 175].

Random point sampling was performed in this work across the whole graphene
sample, to ensure all areas of the sample are represented in the spectral average.
Not all works perform characterisation of the sample in this way, some works collect
spectra only from small areas of the sample [169]. For example, Zhou et al. collected
spectra from maps focusing on small regions of the sample, limiting the level of
characterisation of the sample, which is unrepresentative of the sample as a whole

(Table 2.3) [169].
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Figure 2.10: Raman spectrum of E. coli on CaFy. The intense band at 319 cm~! is the CaF5
band which does not interrupt the bands in the Raman spectrum of E. coli. The fingerprint region

(600 - 1800 cm~1) and the high wavenumber region (2800 - 3100 cm~!) are labelled on the graph.

2.4.2 Raman measurements of E. colz

Following growth as described in Section 2.2, the cells were pipetted onto a CaF,
disc of 1.2 mm in diameter in 5 ul droplets, and air-dried under a fume hood, ready
for Raman analysis. The substrate on which the cells are deposited is of importance
as Raman signatures can interfere with the bands in the Raman spectrum of the
sample which is being investigated [176]. CaFy is commonly used for collection of
spectra from biological samples as its Raman signal has only one band at 319 cm™*
(Fig. 2.10) [153]. This is beneficial compared with the collection of spectra from
biological samples deposited on glass, as the Raman spectra of glass has intense
bands between 0 and 1500 cm™! which interrupt the Raman signals in the E. coli
spectra [154, 156, 177].

The spectral range was chosen for the collection of E. coli spectra as it is in these
regions that the bands in the Raman spectra of E. coli arise, 600 - 1800 cm™! is
the so-called fingerprint region and 2800 - 3100 cm ™! the high wavenumber region

(Fig. 2.10). Published works analyse spectra collected over similar ranges, however,

many works do not collect the high wavenumber region of the Raman spectra. For
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instance, of the published works shown in Table 2.2 only two of the twelve works
have collected the high wavenumber region in the Raman spectra [121, 150]. Infor-
mation could be lost due to the disregard of this region of the spectra. For example,
Mlynarikova et al. studied the effect of the bacterial growth culture on the Raman
spectra of different bacteria (Table 2.2) [159]. The high wavenumber region is rich in
lipid signatures, which have been shown to vary significantly depending on growth
parameters [124, 159, 178, 179]. For example, lowering the growth temperature of
bacteria has been shown to cause an increase in the amount of saturated fatty acids
in the cells [178, 179]. Thus, the changes in the high wavenumber region could be
significant in the work by Mlynarikova et al., despite this, it is not considered [159].
Both high wavenumber and fingerprint region are analysed in this thesis to ensure
no information in the Raman spectra is overlooked.

A total of 55 individual Raman spectra were collected from each E. coli sample.
Each sample is representative of a biological replicate, of which three were performed.
This is more thorough characterisation than has been performed by any other work
in literature. For example, Keeler et al. collected only 3 to 4 spectra from clusters
of cells in a sample of E. coli when analysing the affect of UV-B and violet light on
the cells (Table 2.2) [151]. This is insufficient data to represent the full population
of cells, and is unlikely to fully represent the natural heterogeneity of the sample.
Comparatively, Bittel et al. collected 45 spectra per sample when analysing the
toxicity of the cells to arsenic exposure [136]. While this is similar to the amount
collected in this work, Bittel et al. only achieved a spectral resolution of 7 cm™!,
compared with 3 cm™" in this work [136]. Moritz et al. collected 75 Raman spectra
for characterisation of E. coli, however, only one biological replicate was performed,
thus reproducibility has not been demonstrated [152].

Many works do not provide information on the number of spectra collected for
characteriation purposes. For example, Wu et al. refers to “several” spectra being
collected per sample, but does not specify exactly how many when analysing nucleic
acids in E. coli using Raman spectroscopy [180]. The number of spectra collected
from bacterial samples is significant due to the heterogeneity that can be present

in samples of bacteria. It is necessary to collect sufficient amounts of data that
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Figure 2.11: E. coli interfaced with graphene. The E. coli was grown to ODggp = 0.4 - 0.6, when
the cells are in the exponential growth stage. The cells were then pipetted onto CVD graphene to

interface and left to dry, ready for Raman analysis. The scale bar is 2 pm.

this heterogeneity is represented in the spectral average, as is done in this work
through collection of 55 Raman spectra from random cells per biological replicate.
The standard error and second order standard deviation were analysed to ensure

thorough characterisation was achieved.

2.5 Assessment of the Antimicrobial Properties

of graphene

2.5.1 E. coli Interfaced with Graphene

Following growth of E. coli as described in Section 2.2, the bacterial culture was
pipetted onto the 1 cm? graphene sample in 5 ul droplets, and left to dry under the
fume hood. This is the same method as was done for the characterisation of E. coli,
however, a CaFy disc was used instead of the graphene (Sect. 2.2).

After preparation of the graphene-cell sample the Raman spectra were then
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collected from random cells across the graphene sample. The E. coli on CaFy will
be used as a control for this experiment, therefore, any changes in the Raman
spectra compared with the F. coli dried on the CaF5 can be assumed to be caused
by cell death due to graphene. Three biological replicates were carried out on three
separate graphene samples. The graphene samples were characterised prior to use,
the details of which can be found in Section 2.4.1. A total of 45 - 55 individual
Raman spectra were collected from each replicate. This was the maximum possible
number of spectra it was possible to collect for each experiment due to the overall
time required for experimental set-up and spectral collection. A optical image of
the E. coli on the graphene surface can be seen in Figure 2.11.

Li et al. also used the approach of spreading bacteria onto a CVD graphene
surface to test the antimicrobial properties [71]. The bacteria was left to incubate
on the surface for 24 hours at 37°C, following which the viability of the bacterial cells
were tested using scanning electron microscopy, however, given the long incubation
time much of the nutrients in the cell media would have become depleted, with cells
entering the so-called death phase (Section 2.2) [135]. Therefore, cell death may also
be attributed to depleted nutrients due to 24 hour growth period [71]. The growth
time used in this work was chosen to produce cells at their most viable state, in the
exponential growth stage (Section 2.2), more appropriate for use in antimicrobial

testing.

2.5.2 E. coli Cultured on Graphene

This experimental design involves analysis of F. coli cultured with CVD graphene
samples. Following growth of the E. coli as described in Section 2.2, 20 ul of the
bacterial culture was pipetted onto the CVD graphene sample, which was placed in
a 24 well plate. The volume of 20 ul was used as this was sufficient bacterial culture
to cover the graphene sample without immersing the graphene in liquid. The 24
well plate was then placed into a swing-out rotor centrifuge, and the samples were
spun at 2010 rpm for 10 min. A gentler centrifugal force was chosen compared with
the spinning down of cells (6,000 rpm) for harvesting during the cleaning process

(Section 2.2) due to the cells undergoing centrifugation for a longer period.
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Figure 2.12: FE. coli dried onto CaFs after being cultured on graphene. The bacteria culture was
been spun down onto the CVD graphene in a 24 well plate which was left to interface for 1.5 hours
in an incubator at 37 °C. The cells were then washed from the surfaced and pipetted onto CaFq

for Raman analysis. The scale bar is 1pm.

The centrifuge was evenly weighted with a further 24 well plate containing ster-
ilised water. This process was required to spin the F. coli cells down onto the
graphene samples, ensuring that cells were in direct contact with the graphene.
This does not appear to have been done previously within published works. By
spinning the cells down onto the graphene the chance of interaction between the
cells and graphene is significantly increased.

Following spinning the cells down onto the sample, the 24 well plate was placed in
the incubator for 1.5 hours to allow the bacteria time to interface with the graphene.
The other wells were filled with sterilised water to avoid evaporation of media.

After the interfacing period, the bacteria culture was pipetted from the graphene
surface. The cells were spun down at 6000 rpm for 5 min and washed twice in
sterilised water to ensure all EZ rich media was washed off the cells. Following this,
the E. coli was pipetted onto a CaFy disc of 1.2 mm in diameter, in 5ul droplets,
and air-dried under a fume hood, ready for Raman analysis, as was done with the

E. coli cells for characterisation purposes in Section 2.2. A total of 55 individual



2.6. Data Analysis 50

0 o e LA o e e e e e e s e e e e e e
— Raman spectrum of E. coli i
— Linearly baseline subtracted Raman spectrum of E. coli]

-
(4)]
o

100

(4)]
o

o

Arbitrary intensity (counts/ s)

600 800 1000 1200 1400
-1
Wavenumber (cm ')

Figure 2.13: Graph showing a single Raman spectrum of E. coli before (red) and after (black)
linear baseline subtraction for the purpose of removal of auto-fluorescence. Linear baseline sub-

traction is performed in Raman Toolset prior to any analysis being carried out on the spectra.

Raman spectra were collected from random points all across the sample, using the
parameters shown in Table 2.1. A optical image can be seen in Figure 2.12. Only

one biological replicate was performed for this experiment due to time limitations

of the PhD.

2.6 Data Analysis

Data analyses including peak fittings, convergence tests, interpolation and averages
were performed using Igor Pro 6, 7 and 8. Linear baseline subtraction, cutting spec-
tra, normalisation and smoothing was carried out using Raman Tooslet. Principal
component analysis (PCA) was performed using R Studio. Graphs and figures were
made in Igor Pro, with the exception of the PCA plots which were produced in R

studio.
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2.7 Peak fittings

Prior to fittings being performed all Raman spectra are averaged and linear base-
line subtracted using Raman Toolset, to remove background fluorescence from the
sample. An image of the fingerprint region (600 - 1800 cm™!) for a single E. coli
spectrum before and after linear baseline subtraction is shown in Figure 2.13.

Linear baseline subtraction has also been performed in published works, for ex-
ample Frank et al. carried out linear baseline subtraction on the Raman spectra of
graphene when performing characterisation using Raman spectroscopy [181]. How-
ever, higher order baseline subtractions are also used in published works, particularly
for use on the Raman spectra of biological samples [182]. For example, Ho et al.
performed fifth order polynomial baseline subtraction when utilising Raman spec-
troscopy for identification of bacteria [182]. For the spectra in this thesis, linear
baseline subtractions of the data were compared with other higher order polynomial
baseline subtractions, such as third and fifth order polynomials, however, it was
found that baseline subtractions using higher order polynomials were not as repro-
ducible as those carried out with a linear line, and so linear baseline subtraction was
chosen, and performed on all data prior to fittings.

Fittings were performed on the average spectrum for each sample. From these
fittings, three quantities were obtained: the location, amplitude and full width at
half maximum (FWHM) of the bands. In order to determine the most optimal fit for
the bands in the Raman spectra, the residuals of fittings performed using different
models were compared. The residual is the difference between the original wave and
the model fit, therefore the worse the fit, the larger discrepancy between the model
and the data. The fit which produces the residual of lowest magnitude indicates
that the variance between the fit and the original data is lowest, i.e., it gives the

best fit, and is chosen. All fittings are performed using a linear baseline.
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Figure 2.14: Fitting of the D-band using Gaussian, Lorentzian and Voigt peaks. Comparison of
these fittings shows that the Gaussian results in the least optimal fit of the original data, while

Lorentzian and Voigt models produce equally optimal fittings of the data.
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Figure 2.15: Residuals produced from fittings of the D-band shown in Figure 2.14. The Gaussian
fit produces the residual of the largest magnitude, meaning it is the least optimal. The Lorentzian
and Voigt fittings result in residuals of the same magnitude, and so give equally good fits of the

data.
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2.7.1 Peak fittings of CVD graphene
Peak fittings of the D-band

The so-called D-band in the Raman spectrum of graphene is located at ~1350
cm~! (Fig. 2.9). For the D-band three model fittings were performed, Gaussian,
Lorentzian and Voigt. The fitting results are shown in Figure 2.14, and the corre-
sponding residuals are shown in Figure 2.15.

The Gaussian fit gives the worst result for the data (Fig. 2.14), the fit is least
similar to the original data and produces a residual of the highest magnitude (Fig.
2.15). The fittings of the D-band in the Raman spectrum using Lorentzian and Voigt
models are of comparable quality, producing residuals of similarly low magnitudes
(Fig. 2.15). Both provide a close representation of the original data, therefore it is
possible that either of these fits could be chosen for this band.

A Lorentzian fit is chosen for fitting of the D-band, as this fit is commonly
utilised throughout the literature [181, 183, 184]. For example, Frank et al. fitted
the D-band with a Lorentzian profile following linear baseline subtraction of the
data, when investigating defects in graphene samples [181]. The fit also produced
one of the residuals of lowest magnitude (Fig. 2.15).

Peak fittings of the G- and D’-bands

The G-band arises in the Raman spectra of graphene at ~1590 cm™! (Fig. 2.9).
Defects in a graphene sample results in the emergence of the D’-band in the Raman
spectra of graphene which appears as a “shoulder” on the G-band at ~1620 cm™!
[36]. Therefore, the G- and D’-bands must be fitted together and deconvolved [66].

It is essential to first deduce which fit is best for the D’-band. The fittings of the
D’-band with a single Lorentzian and Gaussian profile can be seen in Figure 2.16,
with the corresponding residuals in Figure 2.17. From these fittings it appears that
the Gaussian is a much better representation of the data. Examining the residuals
(Fig. 2.17) indicates that the Gaussian fit produces a marginally smaller residual

than the Lorentzian. Consideration of the residual alongside the fitting in Figure

2.16 indicates that the Gaussian is the most optimal fit of the D’-band.
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Figure 2.16: Fittings of the D’-band in the average Raman spectrum of graphene which comprises
100 individual Raman spectra. The fittings have been performed using a Gaussian and a Lorentzian
model to determine which gives the most optimal fit. The fitting of the G-band has been performed

using a double Lorentzian. The inset image shows a zoomed in picture of the fit of the D’-band.
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Figure 2.17: Residuals of the fittings of the D’-band in the Raman spectrum of graphene using a
Lorentzian and a Gaussian. The Gaussian produces the small residual, thus gives the more optimal

fit.



2.7. Peak fittings

55

rTTT T T T T T T T T T T T T T T rTTrTTrTT T T T T T T T T T T T T T T T T T T
5000 =" Gausglan 3
o — Lorentzian
E — Voigt J
o Double Gaussian ]
—_ » — Double Lorentzian| 7
S 4000F :
- :
> F 3
' 3000} .
cC o ]
2 o 3
£ F 1
>, 2000 ;
© E 3
rI: z
& 1o00f :
0 E P I BRI BT RSN T N B A A A B P ] L
1540 1560 1580 1600 1620

Wavenumber (cm)

Figure 2.18: Fittings of the G-band in the average Raman spectrum of graphene which com-

prises 100 individual Raman spectra. The fittings have been performed using different models to

determine which achieves the most optimal fit. The D’-band has been fitted with a Gaussian.
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Figure 2.19: Residuals of the fittings of the G-band and the D’-band in the Raman spectrum

of graphene. The double Lorentzian produces the small residual, thus gives the more optimal fit.

The fitting of the D’-band is performed using a Gaussian.
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The G-band in the Raman spectra of graphene is fitted with many different mod-
els, including single Lorentzian, double Lorentzian, Voigt and Gaussian to determine
which provides the best fit for the data. The fittings can be seen in Figure 2.18,
with the resultant residuals in Figure 2.19. For these fittings the D’-band has been
fitted with a Gaussian as this was deemed the best fit for this band (Fig. 2.16).

The G-band fit using a Gaussian profile produces the worst result (Fig. 2.18).
The model is not a good representation of the data and it produces a residual of
large magnitude. The fitting using a single Lorentzian produces the second worst
fit for the data, despite this being widely accepted as the best fit for the G-band
in the Raman spectra of graphene [170, 174, 185]. For example, Kalbac et al.
performs the fittings of all bands in the Raman spectra with a Lorentzian profile
when investigating the electron-hole doping of graphene [174]. Fittings of the G-
band with a single Lorentzian model was also reported by Graf et al. due to the
G-band appearing as a single symmetrical band when performing characterisation of
micromechanical exfoliated graphene [185]. However, neither of the works perform
any analysis to determine if this is the best fit for the data [174, 185].The fitting of
the G-band shown in this thesis using a Lorentzian profile is not appropriate given
the large residual it produces.

A Voigt profile produces an equally bad fit for the G-band in the Raman spectrum
(Fig. 2.18). A Voigt fit is also commonly used in published works for fitting of the
G-band [166, 167, 186, 187, 188]. For instance, Wang et al. fitted the G-band with
a Voigt profile when analysing the effect of substrates on the Raman spectra [188].
Berciaud et al. and Bukowska et al. fitted the G-band with a Voigt model, however,
within both works the Gaussian component of the Voigt profile is kept at a constant
FWHM of 8 cm™! in order to account for the spectral resolution of the instrument
(166, 187]. However, this limits the amount of data which can be obtained from the
fitting of the G-band in these works. This is also a high spectral resolution, almost
three times the value achieved in this work (3 cm™!) [166, 187]. For the spectra
presented in this thesis, the fitting of the G-band with a Voigt profile is not a good
representation of the data, given the large residual the fitting produces (Fig. 2.19).

The best fitting for the G-band is with a double Lorentzian profile (Fig. 2.18).
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Figure 2.20: Fittings of the G’-band in the average Raman spectrum of graphene which comprises
100 individual Raman spectra. The fittings have been performed using a Gaussian, Lorentzian,

Voigt and double Lorentzian model to determine which gives the most optimal fit.

This fitting produces the best representation of the data and also achieves the small-
est residual compared with the other fittings (Fig. 2.19). Fitting of the G-band with
a double Lorentzian has been reported in literature [59, 162]. Matsubayashi et al.
fitted the G-band with a double Lorentzian due to the asymmetric contributions of
the band, which are attributed to localized charge inhomogeneity within the laser
probe area and inhomogeneous doping of the graphene sample from the Si/SiO,
substrate, likely to also be the cause of the double Lorentzian being the optimal
fit in this work [189] Therefore, the double Lorentzian fitting for the G-band and a
single Gaussian for the D’-band are chosen, as they are the best representation of

the data and produced the residual of lowest magnitude.

Peak fittings of the G’-band

The fittings of the G’-band were tested with a single Lorentzian, double Lorentzian,
single Gaussian and Voigt model to determine the most optimal fit (Fig. 2.20).
The corresponding residuals are shown in Figure 2.21. The fitting of the G’-band
with a single Lorentzian and a single Gaussian are the least optimal for the data,

reflected in the large residuals produced (Fig. 2.21). Many papers performed fitting
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Figure 2.21: Residuals of the fittings of the G’-band in the Raman spectrum of graphene using
a Gaussian, Lorentzian, Voigt and double Lorentzian. The Voigt produces the small residual, thus

gives the more optimal fit for this sample.

of the G’-band in the Raman spectra of graphene with a single Lorentzian profile
(36, 162, 164, 170, 174, 175, 187]. It has been noted that fitting of the G’-band with
a single Lorentzian is characteristic of single layer graphene (SLG) [162, 175]. For
example, Boyd et al. fits the G’-band in the Raman spectra of graphene with a
single Lorentzian due to its symmetric shape, however, no analysis is performed to
determine the best fit for the data [175]. Given the large residuals obtained for both
the Lorentzian and Gaussian fits, neither of these profiles will be used for fitting of
the G’-band in this work.

The fitting of the G’-band is most optimal when performed using a Voigt fitting,
with the double Lorentzian profile producing the second best fit of the data (Fig.
2.20). This is reflected in the residuals, with the Voigt fitting producing the smallest
residual and the double Lorentzian the second smallest residual (Fig. 2.21). How-
ever, this is not the case for all graphene samples that have been studied within this
work. The sample shown here, and one further sample are best fitted with a Voigt
fitting, however, for two of the other samples more optimal fits of the G’-band were
achieved with double Lorentzian models (Appendix: Figure A.1). The fitting of the
G’-band with a Voigt model has been used before in literature [166, 167, 168, 188].
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For instance, Bukowska performed the fittings of all bands with a Voigt profile when
investigating the Raman spectra of graphene on different substrates [166]. Roscher
et al. used the symmetric Voigt profile to fit the G’-band in the Raman spectra of
graphene and graphite, when utilising fitting methods to characterise the number of
layers in a graphene sample [168]. Roscher et al. found that the Voigt fitting was
optimal for the graphene spectra, similarly to the fitting results seen in this work.

The fit of the G’-band with a double Lorentzian is not often seen in literature.
Thus, this work appears to be the only work which utilises a double Lorentzian fit
on the G’-band. The fitting with a double Lorentzian is seen for polarised Raman
spectroscopy, due to splitting of the G’-band from strain in the sample [190]. For
instance, Yoon et al. examined strain in a graphene sample using polarised Raman
spectroscopy and found the G’-band splits into two bands, best fitted with a double
Lorentzian model [190]. Thus, the most optimal fit being achieved with a double
Lorentzian may be indicative of strain in the sample.

In this work, due to the Voigt and double Lorentzian fits being the most optimal
for two of the graphene samples each, the fittings of the G’-band is performed using
both models, and the analysis of both is performed accordingly. Following extensive
literature searches it does not appear that any other work has performed more than
one type of fit on the bands in the Raman spectra of graphene, as has been done
here. This thorough analysis of the data will ensure that no information in the

Raman spectra is overlooked.

2.7.2 Peak fittings of E. colz

Many of the bands in the Raman spectra of E. coli are convoluted, and fittings
of the bands must be performed to deconvolve the bands. This is common for the
Raman spectra of biological samples due to the complexity of the cells. For example,
a paper which studied human mammary epithelial cells deconvolved all bands in the
Raman spectra using individual Lorentzian fits to obtain the position and linewidth
of the bands [191]. Little work has been done in the literature to optimise fittings
of the bands in the Raman spectra of biological samples, and many papers do not

include details of which models were used for the fitting of bands. For example,
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Figure 2.22: Fittings of the high wavenumber region of the average Raman spectrum of E. coli,
which is one of three biological replicates. The fittings are performed using different models for
determination of the best fit, Lorentzian, Gaussian and Voigt models. Each profile produce equally

optimal fits, thus overlay each other.

Zu et al. performs peak intensity ratio analysis of the bands in the Raman spectra
of E. coli before and after being exposed to alcohol 1-Butanol, however, no details
are provided on the type of fittings used for the bands to extract the necessary
information [121]. Here, the residuals will be compared for fittings performed using
different models to determine the best fit for the data, as is not often done within
literature.

As a sample region in the Raman spectra of E. coli, the high wavenumber region
will be used to demonstrate the fitting and deconvolution of the bands using different
models. This region will be used as it is most complex, thus provides the most
stringent test for the optimisation of fitting types.

The fittings of the high wavenumber region of the average E. coli spectrum
with Lorentzian, Gaussian and Voigt models are shown in Figure 2.22. Each of the
models provide equally optimal fittings, thus overlay each other. The corresponding
residuals are shown in Figure 2.23. The residuals each have a similar magnitude for
all fitting types, confirming that the fitting of the different models are comparable in

quality. Different fitting types are used on biological samples throughout literature.
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Figure 2.23: Residuals of the fittings of the high wavenumber region of the average Raman
spectrum of E. coli, which is one of three biological replicates. The fittings are performed using
different models for determination of the best fit, Lorentzian, Gaussian and Voigt models. Each

profile produce equally optimal fits, thus the residuals overlay each other.

Ghiata et al. fitted the bands in the Raman spectra of biological tissues with a
Gaussian profile in work which analysed the changes in the Raman spectra when
the tissues underwent heat treatment [192]. Thus, given the equally optimal fit
produced by the Gaussian fit, this model will be used throughout this work for the
fitting of each of the bands in the Raman spectra of E. coli. The deconvolution of
the bands in the high wavenumber region of the average Raman spectrum of E. coli
is shown in Figure 2.24.

The criteria for band fitting in the Raman spectra of E. coli was to achieve the
best possible fit with the minimum number of bands feasible. This criteria was

followed for all fittings to ensure the bands were not over-fitted.

2.7.3 Peak Intensity ratios

Peak intensity ratios (PIRs) are found by dividing the amplitude of one band by the
amplitude of another. That is, the peak intensity ratio I of the two bands A, with
an intensity 14 and B, with an intensity I is given by I = 14 / I5. The amplitudes

are obtained from the fittings of the bands.
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Figure 2.24: Deconvolution of the bands in the high wavenumber region of the average Raman
spectrum of E. coli. The bands are fitted with Gaussian profiles as this was shown to be the most

optimal fitting type.

2.7.4 FError Analysis

To determine the standard error of the mean of the quantities obtained from peak
fittings, location, amplitude and FWHM of the bands in the Raman spectra, the
standard error (SE) wave of the average spectrum is used. The average + SE wave
and the average - SE wave is representative of the SE envelope, included on all graphs
through this work. This can be seen on the average Raman spectrum in Figure 2.9.
To obtain SE values for the quantities obtained from fittings the SE envelope is
fitted. This involves fitting the average + SE and the average - SE, which produces
two SE values for location, amplitude and FWHM of each band. The value which
has the larger magnitude is used for the SE value for the given quantity. This is done
for the location, amplitude and FWHM for all bands in Raman spectra discussed
throughout this thesis.

The error of the associated PIR, I, of bands A and B with intensities I, and Ip

respectively is calculated using the equation
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Al =1 ((A]—i"‘)Z + (%B)Z) (2.13)

where A represents the error of each corresponding quantity.

2.8 Principal Component Analysis

Principal component analysis (PCA) is a multivariate statistical tool that reduces
the dimensionality of a data set, while retaining most of the information in order to
determine similarities or differences within the data. PCA reduces the data to fewer
dimensions by geometrically projecting the data onto lower dimensions, known as
principal components (PCs), in order to represent the data using a limited number
of PCs. The PCs represent the variability of all of the variables in the original data
set. Let X, Xs,...X, be a set of p variables, where p = 0,1,.... PCA defines a new
set of variables Y7, ....Yx, where k = 0,1, .... and k < p. The Y variables are made

up of linear combinations of the X variables, i.e.,
Y;‘ = aile T aipo (214)

These are the PCs of the data. The first PC Y] = a1;.X; + ... + a1, X, = a1 X is
defined such that it is the linear combination which encapsulates the largest amount
of variance of the original data set. The second PC Y5 = ag X + ... + a2, X, = a5X
represents the next largest amount of variance in the data set, subject to abas = 1
and aba; = 0, and so on for the remaining PCs. Each of the PCs are independent
of one another, or in the geometrical interpretation they can be thought of as being
orthogonal to one another. This condition means that the number of PCs is limited
to either the number of samples, or the number of features, whichever of the two is
smaller. It also means that no information is duplicated in the PCs.

The coefficients a7 X = ai1, @12, .....a1, of the first PC are known as the compo-
nent loadings. Similarly for the second and subsequent PCs. The loading can be
used to interpret the components and provides information on the variables which

are significant for the given PC.
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Plots of the PCs in three dimensional PCA space are used to distinguish if
the PCs are related to one another. The positioning of the loadings in PCA space
provides information on how each of the components correlate to one another. Sepa-
ration of the data demonstrates a lack of correlation across the PCs, i.e., the samples
vary. When PCA is performed on Raman spectra the loadings appear as a spec-
tral wave, therefore, the bands which differ between samples can be found through
examination of the loading vectors.

Prior to PCA being performed in R Studio, the data must be preprocessed.
Firstly the spectra are cut so that all data are within the same range, in order to
ensure that separation did not occur due to differing lengths of waves across and
within samples. Following this, the data is then linearly baseline subtracted, to
subtract any fluorescence from the data. The spectra are also interpolated which
creates a common x-wave and number of channels for all data in the set, across
experimental days and samples. If all data do not have the same x wave and number
of points it is not possible to perform PCA.

Only relative intensities are considered in Raman spectra and so all spectra
are normalised prior to PCA. The spectra are normalised to the total area of the
spectra. Many different kinds of normalisation are performed on Raman spectra in
published works, here total spectrum area has been used as it allows for comparison
of all spectra collected across different days and conditions. Sapers et al. performed

1'in the Raman spectrum of E. coli [193],

normalisation to the band at ~1460 cm™
however, normalisation to a band is not appropriate in this work as some bands may
disappear as a result of cell interaction with graphene.

Smoothing is also performed on the spectra using a cubic spline so that the noise
and cosmic spikes do not interfere with the results of the PCA. Cosmic spikes are
common in Raman spectra and arise from cosmic rays hitting the detector in the
Raman spectrometer [194]. Due to the number of spectra collected in this work,
the noise is reduced in the spectral average, however, PCA considers single spectra,
thus, noise can also interfere with the analysis of Raman spectra, specifically for

biological samples due to the low intensity of bands in the Raman spectra [194].

These preprocessing steps are performed to ensure that any discrimination is a
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result of the characteristics of the spectra. PCA is commonly used for the investi-
gation of biological samples using Raman spectroscopy. For example, Hamasha et
al. utilised PCA to discriminate between different strains of E. coli [195]. Sepa-
ration was achieved in PCA space indicating the ability of Raman spectroscopy to
discriminate between strains of bacteria. Similarly to the treatment of the spectra
performed on the spectra in this work prior to PCA, Hamasha et al. also performed
normalisation and baseline subtraction before PCA [195]. Normalisation to the max-
imum intensity of the band was utilised. Cubic and quadratic smoothing was also
performed on the spectra, similarly to this work which used cubic smoothing [195].

When performing PCA any outliers in the dataset were identified and checked.
If any of the outliers were deemed to be abnormal, for instance any spectral data
with a low signal to noise ratio, they were removed from the dataset so as not to

interfere with the analysis and skew the corresponding results.

2.9 Convergence Tests

In this work, the standard error (SE) and second order standard deviation (2SD) of
the data are analysed to determine if enough data has been collected that the spectral
average is sufficiently representative of the sample. These so-called convergence tests
involve plotting of the SE and 2SD waves for increasing numbers of spectra in the
average spectrum. Specifically, the average waves for increasing numbers of spectra
in the average spectrum are produced, along with the corresponding SE and 2SD
waves. For example, the spectral average for ten random spectra is produced, with
the corresponding SE and 2SD graphs. Then an average of 20 random Raman
spectra is made, again with the associated errors graphs. This is then done for
increasing numbers of spectra, until the SE and 2SD graphs converge to a point such
that the quantities cannot be reduced any further. At this point convergence has
been achieved and the sample has been properly characterised. Example convergence

tests for the 25D of graphene are shown in Figure 2.25b.
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Figure 2.25: Convergence tests of the Raman spectra of graphene showing the second order
standard deviation for increasing number of spectra in the average spectrum for normalised and

non-normalised data.
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2.10 Convergence Rates

The method for obtaining a convergence rate is similar to the method used in the
convergence tests (Section 2.9), and involves analysis of the SE of the spectral data
for increasing numbers of spectra in the average. This method involves computation
of the absolute or percentage SE value for a given quantity, such as the location
of a band in the Raman spectra, for increasing numbers of spectra in the average.
For example, for investigation into the rate of convergence of the level of defect of a
given graphene sample, the relative intensity of the D-band could be studied. The
SE value for the relative intensity of the D-band would be computed for two spectra
in the average spectra, then for three spectra in the average, then four spectra in
the average and so on, until the maximum number of spectra is reached. The SE
values decrease with increasing numbers of spectra in the average spectrum, which,
when plotted with respect to the number of spectra in the average can be fitted to
produce a convergence rate. The convergence rate for each sample, in this example,
would be indicative of the level of defect of the sample. These graphs are produced
using a manual code in Igor Pro.

The graphs are fitted with the model:
FIN)=1/VN

where N is the number of spectra. The rate of change was found by finding the
gradient of the curve at various points. This produces a convergence rate, A, for
each graph and, thus, for each associated quantity. This convergence rate can be
used for analysis of the level of heterogeneity of the quantity analysed, such as the
heterogeneity of a specific biomolecule in a biological sample.

The convergence rates are performed on the mean of normalised bands or PIRs
of bands in the Raman spectra, i.e., on relative intensities of bands. A higher decay
rate indicates a more rapid decay of the SE, thus correlating to a more homogeneous

sample or quantity. Lower decay rates indicate higher levels of heterogeneity.
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Table 2.4: Table of peak fittings and peak intensity ratios for normalised and non-normalised
graphene data. The analysis was performed on averages consisting of 100 individual Raman spectra.

The uncertainties are from the fitting of the + SE envelope.

Normalised Non-normalised

Band | Location | £ SE | FWHM | + SE | Location | = SE | FWHM | &+ SE
D-band 1342.2 0.1 26.8 0.7 1342.5 0.5 27 2
Gi-band 1579.0 0.1 18.2 0.5 1579.2 0.2 18.8 0.1
Go-band | 1585.7 0.1 13.3 0.1 1585.8 0.1 13.5 0.1
D’-band 1621.8 0.1 11.3 0.8 1622.1 0.2 12.8 0.8

Ip/les 0.17 4+ 0.03 0.17 + 0.2

Ip /1ge 0.031 £+ 0.003 0.035 £+ 0.005

2.11 Normalised vs non-normalised data

The data were checked for the effect of normalisation on the analysis. This involved
performing fittings and PIR analysis for investigation of any differences between the
results. This was tested on the Raman spectra of graphene between the wavenumbers
1300 - 1800 cm~t. The fittings results and corresponding PIRs are shown in Table
2.4. Both fitting results and PIR values are within error of each other. Therefore,
both normalised and non-normalised data analysis produces the same results for the
analysis of Raman spectra.

The convergence tests were also checked to establish whether normalisation re-
sulted in faster convergence of the sample. The results are shown in Figure 2.25,
which displays the convergence tests of normalised and non-normalised Raman spec-
tra of a graphene sample. Both convergence tests achieve convergence of the data at
a similar rate, and to the same level, thus, indicating that normalisation of the data
has little affect on the 2SD convergence due to the high levels of characterisation
achieved in this work.

As the normalised and non-normalised convergences produce similar results it
was decided that the convergence tests performed on the spectra would be done so
on the non-normalised data, as this offers a more robust test. Thus, for consistency

across data analysis procedures, the non-normalised data is used for data analysis.
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Furthermore, as only relative intensities of bands in the Raman spectra are consid-
ered, specifically through the calculation of PIRs, normalisation of the data is not
necessary. The exception is the use of normalised Raman spectra in the convergence
rate graphs, as this is performed on singular bands, thus, in order for consideration

of relative intensities the bands are normalised prior to analysis.



Characterisation of CVD Graphene using

Raman Spectroscopy

Raman spectroscopy is the gold standard for characterisation of graphene, due to
its ability to provide information on the number of layers, doping level and defects
of the sample [64]. Much work has been done on the investigation into graphene
samples using Raman spectroscopy, and the wealth of information provided in the
spectra [64, 67]. The work presented in this chapter draws from published works
and goes beyond the literature to analyse of the heterogeneity of graphene samples
formed via chemical vapour deposition (CVD). Principal component analysis (PCA)
and peak intensity ratios (PIRs) are used, as well as novel methods of analysis for
investigation of the heterogeneity of the samples.

The level of heterogeneity of the graphene studied in this work is reflected

through significant changes in the Raman spectra, such as extreme band shifts

70
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of up to 28 cm™!

across samples. These levels of heterogeneity are likely to be
attributable to defects in CVD graphene samples. These defects arise from the
formation process, such as rip and tears in the graphene sample from the transfer
process, and grain boundaries which introduces compressive strain into the graphene
sample due to limited domain size, governed by the temperature used in graphene
growth [52, 196, 197, 198].

The interactions of graphene with Escherichia coli (E. coli) are studied in this
thesis (Chapter 5), and the level of heterogeneity of the graphene samples uncovered
in this work could have repercussions for the interactions of the graphene with
such biological samples [57]. For instance, it has been reported that simulations of
heterogeneously oxidative graphene demonstrated the ability to cause cell membrane
rupture when interacting with cells, while homogeneously oxidised graphene caused
no damage to the cells, indicating that it was the heterogeneity which caused cell
damage [199]. Therefore, it is essential that the graphene samples are characterised
to a high level, in order to understand the sample properties prior to interaction
with cells. This includes collection of sufficient Raman data for characterisation of
graphene using Raman spectroscopy. A method of characterisation is proposed in
this chapter, which involves convergence of the standard error (SE) and second order
standard deviation (2SD) of the average spectrum for increasing numbers of spectra.

Such a method is necessary to ensure reliability of data throughout published works.

3.1 Raman Spectroscopy of Graphene

The average Raman spectra of the four graphene samples studied in this work can
be seen in Figure 3.1. Each average spectrum comprises one hundred random point
spectra. The prominent bands in the Raman spectra of graphene are the D-band
located at 1342.9 + 0.3 cm ™!, the G-band at 1586.2 + 0.2 cm ™!, the D’-band arising
at 1623.3 & 0.2 cm™! and the G’-band, also known as the 2D-band, at 2680.0 +

1

0.1 cm™-.

Chapter 2: Section 2.7.4.

The uncertainties arise from fitting of the SE envelope, as described in

The average band locations of the four samples are in agreement with the loca-
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Figure 3.1: The average spectra of four CVD graphene samples. Each spectrum comprises 100
individual Raman spectra, collected from random points all across the sample. The grey envelope
represents the standard error of the mean (SE) of the averaged spectrum. The main bands in the
Raman spectrum have been labelled. These non-normalised averages have been lineally baseline

subtracted.

tions reported in literature for these bands. Specifically, for single layer graphene
(SLG) formed via CVD on an Si/SiO, substrate the G-band has been found to arise
between 1580 cm ™! and 1590 cm™! [58, 161, 169, 174], the G’-band between 2676
cm ™t to 2693 cm ™!, the D-band at 1346 - 1350 cm™! and the D’-band at ~ 1610
cm~! [161, 165, 174]. The D- and G’-bands are dispersive, meaning the band loca-
tions are dependent on the laser wavelength, originating from the double resonance
(DR) Raman process [200, 201]. Thus, band locations will be compared against
Raman spectra acquired using a 532 nm wavelength, as was used in this work. The
individual band locations for the four samples studied in this work are in Table
3.1. Average band locations reported in literature for CVD and micromechanically
exfoliated (ME) samples have also been included for comparison.

The G-band in the Raman spectrum of graphene (Fig. 3.1) at 1586.2 + 0.2
cm~! arises due to in-plane LO and TO phonon modes which belong to the Eyq

representation at the I" point [36, 203, 204, 205]. These phonon modes are degenerate
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Table 3.1: Table of peak locations obtained from fittings of the bands in the Raman spectra of
four CVD graphene samples. The G’-band has been fitted with a Voigt and a double Lorentzian
profile, the results of both are included. The standard error values (SE) for each measurement are
included, as obtained from fitting of the SE envelope. The maximum instrumentation error is 3
ecm~!. Average peak locations reported in literature are included for samples formed via CVD and
mechanical exfoliation (ME) [58, 67, 161, 166, 174]. S1, S2, S3 and S4 are graphene samples one,

two, three and four respectively.

Fitting Location (cm™!) Lit. ref
Band Sub-band
type S1 SE S2 SE S3 SE S4 SE | CVD | ME
D-band | Lorentzian - 1342.5 | 0.5 | 1342.13 | 0.01 | 1344.5 | 0.1 | 1342.3 | 0.4 | 1349 -
Double Gl -band | 1579.2 | 0.2 | 1581.4 | 0.3 | 1589.5 | 0.2 | 1582.1 | 0.4
G-band 1587 | 1580
Lorentzian | G2-band | 1585.8 | 0.1 | 1588.3 | 0.1 | 1592.7 | 0.03 | 1590.3 | 0.1
D’-band | Gaussian - 1622.1 | 0.2 | 1623.1 | 0.1 | 1624.7 | 0.3 0 0 - -
Voigt - 2679.5 | 0.2 | 2678.0 | 0.1 | 2684.9 | 0.1 | 2677.8 | 0.1
G’-band Double Gl-band | 2673.0 | 0.2 | 2670.8 | 0.3 | 2678.6 | 0.3 | 2670.3 | 0.3 | 2687 | 2690
Lorentzian | G2-band | 2686.0 | 0.2 | 2684.8 | 0.5 | 2690.5 | 0.1 | 2686.0 | 0.1
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Figure 3.2: Phonon dispersion relation of single layer graphene [202]. The i and o represent in-
plane and out-of-plane vibrations respectively. L and T correspond to longitudinal and transverse
phonon modes, corresponding to whether the phonon vibration is parallel with that of the nearest
carbon-carbon bond or if it is perpendicular to it respectively. Finally the O represents optical

phonons, while the A acoustic phonon modes.
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Figure 3.3: Raman scattering in graphene. (Left) First order Raman scattering process which
gives rise to the G-band in the Raman spectrum of graphene. (Top center) Second-order double
resonance (DR) single phonon intervalley process involving a defect and an iTO phonon which
results in the D-band. (Top right) Second-order DR two phonon scattering process which gives
rise to the G’-band. (Bottom right) Second-order triple resonance two phonon scattering process
which also results in the G’-band. (Bottom center) Intervalley one-phonon second-order DR process
involving a defect and an iLO phonon resulting in the D’-band in the Raman spectra of graphene.

Figure obtained from [36].

at the I' point, as shown in Figure 3.2, corresponding to vibrations of sublattice A
against neighbouring sublattice B, thus it is a characteristic band in the Raman
spectra of sp? hybridised carbon allotropes [36, 206].

The scattering process involves the excitation of an electron-hole pair by an
incident photon, following which the electron or the hole are scattered by an iTO or
an iLLO phonon at the I' point (Fig. 3.3). The electron-hole pair then recombines,
emitting a photon in the process which is red-shifted by the amount of energy
transmitted to the zone centre phonon [36, 204]. The momentum of the photon is
equal to the momentum difference between the incident and scattered light.

The G-bands in the Raman spectra presented in this work are asymmetric in
shape, thus have been fitted with a double Lorentzian model giving rise to the so-
called Gi-band and Go-band. The asymmetric contributions to the G-band may
be attributable to unintentional p-doping of the sample from the Si/SiO, substrate
[59, 143, 144, 189]. The doping of the sample may also be due to localized charge
inhomogeneity within the laser probe area, as reported by Casiraghi et al. to be the
cause of asymmetric tendencies of the G-band when investigating charged impuri-

ties in graphene [59, 189]. Furthermore, the G’-band is fitted with both a double
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Lorentzian model and a Voigt profile, producing two sets of results for the band.
The Voigt model was found to be the most optimal fit for two of the four samples
studied, while two samples obtained optimal fittings with a double Lorentzian pro-
file (Chapter 2: Section 2.7.1). The optimal fitting of the G’-band with a double
Lorentzian may be representative of band splitting, which has been found to occur
for additional strain in graphene samples [207]. The deconvolution of both bands
can be seen in Appendix Figures A.2a and A.2b for the G- and G'-band respectively.

Unlike the G-band, the G’-band arises due to a DR process. The G’-band orig-
inates from inelastic scattering events of two iTO phonons near the K-point (Fig.
3.3) [36]. This band is also referred to as the 2D-band due to its location (~ 2680
cm~!) in the Raman spectrum of graphene being approximately twice that of the
D-band (~ 1340 cm™!). The stretching mode of the carbon atoms which gives rise
to the G’-band is known as ring breathing of the graphene honeycomb lattices [66].
This process is always allowed, as the second scattering is an inelastic scattering
from a second phonon [208]. The G’-band in graphene is due to two phonons with
opposite momentum in the highest optical branch near the K point (Ag; symmetry
at K) [64].

The D-band originates from DR process involving an iTO phonon and a defect
near the K-point (Fig. 3.3) and has been attributed to the ring breathing of the
iTO phonon modes [206]. This process is only allowed when the second scattering
by the defect occurs, thus is only present in the Raman spectra when the sample
contains defects [206, 209].

Similarly, the D’-band is only present in the Raman spectra of graphene samples
which contains defects (Fig. 3.1) [36, 68]. The D’-band arises at 1623 + 0.2 cm™?,
due to an intravalley scattering process (Fig 3.3). Similarly to the D-band, it is
a second order process which gives rise to the D’-band involving the scattering of
a charge carrier by a defect in the sample, however, the second scattering process
results from an iLLO phonon [36].

As mentioned previously, the band locations found in this work are in agreement
with those reported in literature for CVD graphene (Table 3.1) [58, 161, 174]. For

ME graphene samples, also considered as pristine graphene due to its high quality,
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low defect nature, the G-band has been found to appear at ~ 1580 cm™"! [67]. This
is comparable to the values obtained for the Gi-bands of samples one, two and four,
however, the Go-bands for these samples arises at 5 - 12 ecm ™! higher than this.
Both the G;-band and Gy-band for sample three are out of error of the ~ 1580 cm™*
location reported in literature for ME graphene, with the Go-band arising at 7 - 10
cm ™! higher than the other samples [67].

These band shifts may be due to residual strain in CVD graphene samples com-
pared with pristine ME graphene [207, 210]. The bands in the Raman spectra are
sensitive to residual strain in the samples, and shifts of up to 57 cm™! have been
reported for the G-band due to the application of biaxial strain strain to graphene
samples [207, 211, 212, 213]. Thus, strain may be responsible for the band shifts
seen in the spectra in this work.

Furthermore, band splitting has also been reported for strain applied to samples,
for instance in the work by Mohiuddin et al. splitting of the G-band into the G;- and
Go-bands was reported for applied uniaxial strain to the ME graphene sample [207].
This band splitting was attributed to the splitting of the Es mode into two distinct
components, one polarised along the plane and one perpendicular to it. Thus, the
emergence of the Gi- and Gsy-bands in this work, in addition to G-band shifts is
consistent with strain being present in the sample [207, 211, 212, 213]. Strain of
between 0.5 % and 0.61 % produces a G-band similar to the band obtained in the
Raman spectra in this work, thus, it is possible the graphene samples studied in this
work possess comparable levels of strain [207].

Strain is known to affect CVD graphene samples due to the use of photoresists on
the sample during the formation process [214, 215]. Photoresists are polymers used
to protect the graphene, such as PMMA, when transferring the graphene onto the
desired substrate [214, 215]. PMMA is used during the fabrication of the graphene
samples used in this work [49]. It is put onto the graphene after its formation at
extremely high temperatures (~ 1000 °C), following which both are then allowed to
cool in order to undergo the transfer process [49]. Graphene has a negative thermal
expansion coefficient (~-8.0x107%/°C), whereas PMMA has a large positive thermal
expansion coefficient (~5x107°/°C to 10x107°/°C). This results in the graphene
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expanding while the PMMA shrinks after fabrication, inducing compressive strain
into the sample [59, 215]. Thus, it is likely that the graphene samples studied in
this work possess additional residual strain compared with pristine graphene, due
to the use of PMMA during the growth process [49, 215].

Furthermore, it has also been reported that residual PMMA may remain on the
graphene surface following fabrication [216, 217]. Figure 3.4b shows an optical image
of the graphene studied in this work, indicating potential residual PMMA islands on
the graphene surface [218, 219]. The additional band shifts experienced by graphene
sample three indicate that the level of strain is not homogeneous across the three
graphene samples, despite being produced under the same conditions, and may be
due to spectra being collected from such PMMA islands [49].

The locations of the G’-band are down-shifted compared with the locations for
ME graphene as reported in literature (Table 3.1) [67]. Again, the use of photoresist,
PMMA can result in band shifts of the G’-band [59]. For instance, Matsubayashi
reported blue shifts of 4 cm™! to the position of the G’-band due to compressive
stress in the sample when investigating the effect of photoresists such as polymethyl
methacrylate (PMMA) on the graphene sample [59]. Thus, the band shifts of the
G’-band reported in this work could be due to compressive strain in the sample [59].

In order to quantify the level of defect due to residual PMMA in the graphene
samples, and other defects arising from the formation process, such as holes and rips
due to the transfer from the Cu catalyst on the Si/SiO, substrate, peak intensity
ratio (PIR) analysis of the bands in the Raman spectra can be used [197, 198].
Optical images of such potential holes and rips are shown in Figure 3.4 for the

graphene studied in this work.

3.1.1 Peak intensity ratio analysis of the Raman spectra of

CVD graphene

The relative intensity of the D- and D’-bands increase with the amount of defect in
the sample, while the G-band intensity is said to be independent of defects [220].
Therefore, the amount of defect in a sample can be quantified by calculating the PIR
of the D-band to the G-band (Ip/Is), as shown in Figure 3.5 [68, 204, 221]. This
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(a) Optical image of the CVD graphene sample studied in this work
showing holes and rips in the sample, indicated by the arrows. Such
rips and holes can arise in the graphene due to the transfer process

[197, 198]. The scale bar is 2 pm.

(b) Optical image of the CVD graphene sample studied in this work
showing residual PMMA on the graphene sample and grain boundaries
in the sample, indicated by the arrows [218, 219]. PMMA is used
during the formation process to protect the graphene sample during
the transfer process [59, 207, 210, 216, 217]. Grain boundaries are due
to the coalescence of domains in the graphene sample [52, 196]. The

scale bar is 2 pm.

Figure 3.4: Optical images showing the potential types of defects present in the CVD graphene

samples studied in this work.
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Figure 3.5: Peak intensity ratio (PIR) analysis for the four CVD graphene samples studied in
this work. The PIRs are shown for the G’-band fitted with both a Voigt model (filled marker) and
a double Lorentzian (unfilled marker), the corresponding fitting type is labelled below the graph.
The micromechanically exfoliated (ME) and chemical vapour depositions (CVD) samples refers the
I /I PIR values reported in literature for these sample types [36, 58, 59, 67, 161, 162, 164, 166,
167, 169, 174, 175, 188, 222]. All literature values are PIRs from the Raman spectra of graphene
on a substrate. Only one paper has fitted the G-band with a double Lorentzian, as done in this
work, the Ig//Ige PIR is referenced on the graph with an arrow [59]. All other literature values
have fitted the bands with single peaks. The inset shows a close up of the defect PIRs: Ip/I¢,,
Ip/Ic,, Ip /1g, and Ip//Ig,.

graph also includes the PIRs reported in literature for I /I for graphene samples
formed using CVD and ME [36, 58, 59, 67, 161, 162, 164, 166, 167, 169, 174, 188, 222].
The inset of Figure 3.5 shows a zoom in of the defect induced PIRs, specifically
the Ip/le,, In/la,, 1p//le, and Ip//lg,, which have values in the range 0 - 0.4.
As can be seen from the graph, these values are within error of those reported in
literature for CVD graphene [36, 58, 59, 161, 174, 175]. Highly defected graphene,
has been reported to have a value of Ip/Ig ~ 2.2 - 2.9, therefore, the PIR values
obtained in this work indicate the level of defect of the samples are low [66, 223].
The defect-induced PIR values obtained are, however, higher than those reported
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for pristine SLG in published works (Fig. 3.5) [67, 206, 209]. The increase in the
PIR values for CVD graphene compared with ME graphene is due to CVD samples
possessing increased levels of defect due to the way they are formed, compared with
ME samples [224]. For example, CVD graphene has reported to have smaller domain
sizes in comparison to ME graphene [141, 225]. Coalescence of two graphene do-
mains results in a grain boundary, introducing a level of defect into the sample from
disruption of the honeycomb lattice structure [52, 196]. An optical image demon-
strating the potential presence of grain boundaries for the graphene samples studied
in this work is shown in Figure 3.4b [52, 196]. Kalbac et al. reported a PIR Ip /I
= 0.28 due to small domain size when investigating CVD graphene, comparable to
the PIRs obtained in this work (Fig. 3.5) [174]. Thus, the presence of additional
grain boundaries in the polycrystalline CVD graphene may be attributable to the
increase in defect-induced PIRs in this work, compared with pristine ME graphene
224, 225].

The defect-induced PIRs are outside of error of one another across the four sam-
ples, for instance, for the I/ /I, ratio only sample one and three are in agreement
(Fig. 3.5), with the D’-band not being present in graphene sample four. This indi-
cates heterogeneity in the level of defect in each of the samples. This is likely to be
due to variation in the amount of micro-structural defects in the graphene sample,
such as holes and rips due to the transfer process of the graphene onto the Si/SiO,
substrate (Fig. 3.4) [197, 198, 219, 226].

PIRs of the bands in the Raman spectra of graphene can also be used for de-
termination of the number of layers in a graphene sample [64]. The intensity of the
G-band is reported to be unchanged when comparing SLG and bulk graphene or
graphite, whereas the intensity of the G’-band decreases and broadens for increasing
numbers of layers in the graphene sample, due to splitting of the electronic band
structure near the Fermi energy [64]. Therefore the computation of the ratio I /I¢
is often used as a marker to determine the number of layers in the sample. The
values of the PIRs obtained in this work are in Figure 3.5. The fittings of the G’-
band with a Voigt and double Lorentzian produces multiple PIRs, all of which are

included on Figure 3.5 for consideration. PIR values from published works are also
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included.

The PIRs obtained in this work for the band fittings with a Voigt model are in
agreement with literature values reported for SLG formed via ME and CVD (Fig.
3.5) [58, 59, 67, 161, 162, 166, 167, 168, 169, 170, 174, 175, 185, 187, 188, 222, 227,
228, 229]. All PIRs are within error of one another, expect the I /I, for graphene
sample one which produces a larger PIR than the other samples. Changes in I¢//I¢,
have been reported due to variation in the doping levels of a sample [230]. For
instance, Das et al. showed that for undoped graphene the PIR Ig//Ig ~ 3.2, which
decreased to a value of 1o /I < 1.5 when the electron hole doping of the sample
was increased two fold [230]. Therefore, the increase in the PIR found for graphene
sample one in this work (Fig. 3.5) may be due to inhomogeneous doping of the
graphene samples [230].

The PIRs obtained for the fittings with a double Lorentzian (Fig. 3.5) are
comparable to the value found by Das et al. of I /I < 1.5 for the doped graphene
samples [230]. The PIRs are also in agreement with the values reported by Zhao et
al., who found I¢/ /I = 1.2 when investigating CVD SLG [164]. These PIR values
are low compared with other reports for the PIRs of SLG formed via CVD, and has
been attributed to unintentional doping of the graphene sample from the substrate
[164]. Therefore, the PIR values obtained for the graphene samples in this work for
the double Lorentzian fittings may be reduced due to the p-doping of the sample
from the Si/SiO, substrate [164].

The PIR values obtained in this work are confirmatory that the graphene samples
studied in this work are SLG, when compared against literature results for CVD
SLG [36, 58, 59, 161, 162, 164, 169, 174, 175]. However, the PIRs for both Voigt
and double Lorentzian fittings are on average lower than literature value for ME
SLG (Fig. 3.5) [67, 166, 167, 188, 222]. Particularly for the PIRs of the double
Lorentzian fittings, only sample one is within error of the published results for ME
graphene. Similarly, the literature results for the PIRs for CVD SLG are also lower
than the reported results for ME SLG. For instance for the values included on the
graph, the PIRs for the ME samples fell within the range 2.5 - 6.1 4+ 0.2, while the
values for CVD graphene were between 1.2 - 3 [36, 58, 59, 67, 161, 162, 164, 166,
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Figure 3.6: Figure from the work by Lucchese et al. which analysed the evolution of the first-
order Raman spectra of a single layer graphene sample deposited on an SiO5 substrate following
different levels of ion bombardment of the sample [231]. The ion doses are indicated next to the
respective spectrum in units of Ar™ / cm?. The spectra are displaced vertically for clarity. A laser
wavelength of 514 nm was used for collection of the spectra. The pristine spectra, and the spectra
following ion bombarment of the sample with 1012 Ar™ / cm? and 10'3 Ar* / cm? are analogous to

the Raman spectra collected in this work showing different levels of defect in the graphene sample.

167, 169, 174, 175, 188, 222].

This decrease in the PIRs of CVD graphene reported in this work and in literature
may be due to the inherent defects in CVD graphene, which cause relative decreases
in intensity of the bands in the Raman spectra of graphene [231]. For instance,
Lucchese et al. reported that for heavily defected graphene the G-band underwent
significant decreases in intensity with respect to the D-band, which correspondingly
increased in relative intensity, demonstrated in Figure 3.6 [231]. Unfortunately, the
effects of the ion-induced defects on the G’-band is not investigated in the work by
Lucchese et al. [231]. Thus, defects in the sample, such as strain from the residual
PMMA on the graphene and grain boundaries (Fig. 3.4), may explain the difference
between the values obtained in this work for CVD graphene and those reported in
literature for ME SLG in literature for the PIR I/ /I [67]. These relative decreases

in the G- and G’-bands in the Raman spectra due to doping and defects in the sample
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Figure 3.7: FWHM of the bands in the Raman spectra of four CVD graphene samples. The G’-
band is fitted with both a Voigt model (filled marker) and a double Lorentzian (unfilled marker),
the corresponding fitting type is labelled below the graph. The micromechanically exfoliated (ME)
and chemical vapour deposition (CVD) samples refers to the average FWHM values reported in
the literature [58, 161, 166, 169, 174, 188, 227, 229]. The bars on the literature values represent the
range of values reported in literature, the error bars on the values from this work correspond to the
maximum uncertainties. All literature values refer to graphene samples on an Si/SiOy substrate,
the same as the samples that have been studied here, and represent fittings of the bands with a
single peak. Any papers which performed fits with double peaks failed to provide FWHM values
for the bands [59].

bring into question the reliability of this PIR for determination of the number of
layers [232, 233].

Another method for evaluation of the number of layers in a graphene sample
using Raman spectroscopy is use of the FWHM values of the bands [67]. Figure 3.7
shows the results obtained for the FWHM of the bands in the Raman spectra. The
results from literature are also presented on this graph for SLG formed via CVD
and ME [58, 161, 169, 170, 174, 175, 229].

The D-band shows significant broadening compared with the literature values of

for ME SLG reported in literature (Fig. 3.7) [67]. Similarly the FWHM of the G;-
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band is outside of error of the values reported in literature for this quantity in ME
graphene, while the Gy-band is within error of the literature values [166, 188, 227,
229]. The FWHM of the G-band for CVD graphene samples is not often provided
within literature, and many of the papers discussed here have not provided this
quantitative measurement for comparison [36, 161, 162, 164, 165, 168, 174, 175].
For instance, Roscher et al. studied the broadening of the G-band for the Raman
spectrum of graphene compared with graphite, however, did not provide quantitative
FWHM values, rather the broadening was determined using an R? goodness of fit
test, which is incompatible with non-linear models, such as Raman bands [168]. In
this thesis all FWHM values are included for comparison across samples.

The source of the broadening of the G-band in this work compared with the
values reported in literature may be due to the inhomogeneous and unintentional
doping of the sample from the substrate [187]. Doping due to the laser has also
been reported within literature (Fig. 3.7) [230, 234]. Furthermore, asymmetric G-
band tendencies were also reported in these works due to unintentional doping of
the sample [230, 234]. Broadening and asymmetric perturbations of the G-band
were both found in this work, thus, this may be due to unintentional doping of the
samples from the laser and the p-doping of the sample from the substrate [230, 234].

The FWHM of the G’-band fitted with a double Lorentzian model is within error
of the values reported in published works for this measurement for both ME and
CVD samples [58, 161, 166, 169, 174, 188, 227, 229]. However, the G’-band fitted
with a Voigt model is outside of error of these literature values, also suggestive of
band broadening. It has been reported that doping can result in an increase in the
FWHM of the G’-band of between 5 - 15 cm™! [187]. Therefore, the broadening of
the G’-band seen in this work may also be due to additional inhomogeneous doping
of the graphene sample from the Si/SiO, substrate on which the sample is deposited
[187].
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Figure 3.8: Three point Raman spectra of graphene obtained from the same sample showing
different levels of defect. One spectrum shows an area of pristine graphene (green), the D-band
has low intensity relative to the other bands in the spectrum and the both G- and G’-bands appear
as intense, symmetric spectral features. The spectrum from the slightly defected area of graphene
(blue) contains a relatively intense D-band to the G- and G’-bands. The spectrum obtained from
the highly defected area of the sample (red) shows an intense D-band and splitting of the G-band.
The G’-band in this spectrum has decreased in relative intensity. These non-normalised spectra

are linearly baseline subtracted. All spectra were collected using the same parameters.
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3.2 Analysis of point Raman spectra to investi-

gate the heterogeneity of CVD graphene sam-
ples

In order to investigate the differing levels of defect and heterogeneity within a
graphene sample, three point Raman spectra of varying levels of defect, collected
from the same sample, are presented and analysed here (Fig. 3.8). One spectrum
represents a pristine area of graphene, one from a moderately defected area and
the third is a spectrum representative of a highly defected area of graphene. The
levels of heterogeneity shown here are significant, and does not appear to have been
reported before for spectra collected from the same graphene sample.

Spectra similar to those shown in Figure 3.8 have been produced by Lucchese et
al. in work studying ion induced defects in graphene samples (Fig. 3.6) [231]. The
evolution of these spectra following different levels of ion-bombardment is analogous
to the spectra in Figure 3.8, confirming the changes in the spectra shown here are
characteristic of increasing amount of defect in the sample. Unfortunately, Lucchese
et al. does not analyse the affect of these defects on the G’-band [231], as has been
done here.

To quantify the level of defect in the different areas of the sample represented by
the Raman spectra (Fig. 3.8), the Ip /I and Ip/ /I ratios have been calculated for
each spectrum (Table 3.2). The corresponding I/ /I PIR have also been computed
to demonstrate how this affects the relative intensities of the G- and G’-bands. The
PIR values are obtained against the Gy-band as this is the prominent band of the
G-bands and is in line with what has been done in literature [59].

As expected, the Ip/Ige and I/ /12 PIRs increase with increasing level of defect
in the spectrum. The PIR values for Ip/Ige are in agreement literature values for
pristine, moderately defected and highly defected graphene reported to be Ip/Ig
=0, Ip/Ig ~ 0.3 and Ip/Ig > 3 respectively [67, 174, 235]. This provides further
evidence of the increasing level of defect of the spectra.

The relative decreases in the G’-band with increasing defects are clear from

the spectra (Fig. 3.8), and this is quantified from the PIR values obtained (Table
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Table 3.2: Table showing the peak intensity ratios (PIRs) for three Raman spectra of different
levels of defect. Pristine, moderately defected and highly defected spectra collected from the same
sample. The defect-related PIRs confirm the increasing levels of defect of the spectra. The level
of defect in these spectra is shown to have a direct impact on the results of the Ig/ /I PIR. The
PIR values are obtained against the Ga-band as this is the prominent of the G-bands and is in line

with what has been done in literature [59].

Peak intensity ratios

Area of graphene Ip/Ige Ip /1o I /1o

Pristine 0.0167 £ 0.0008 | 0.013 £ 0.002 | 3 £ 0.02

Moderately defected | 0.409 + 0.008 | 0.054 £+ 0.002 | 1.8 £ 0.7

Highly defected 8.2 + 0.6 1.8 £0.1 0.36 £+ 0.02

3.2). Ig//Ig = 3 £ 0.02 for the pristine spectrum is comparable to the PIR values
reported in literature for pristine SLG, I/ /I = 2.5 to 6.1 [67, 166, 188, 222]. The
value obtained for the moderately defected spectrum is similar to the PIR values for
the CVD graphene samples studied in this work (Fig. 3.5), and is in agreement with
the expected value for CVD graphene reported in literature to be I /I > 2 [161,
174, 175]. Thus, this indicates that this spectrum represents moderately defected
graphene, similar to CVD graphene [161]. The PIR for the spectrum collected from
the highly defected area of graphene shows a large decrease in the relative intensity
of the G’-band as a result of the defects in the sample. This PIR value is closer to
that obtained for bilayer graphene, reported to be I /I = 0.8 [169]. This shows the
misconceptions that could arise for use of this PIR for determination of the number
of layers in the graphene when defects are present in the sample.

It is evident from the variation in PIRs (Table 3.2) that the level of defect in a
graphene sample can have a consequential effect on the value of I /1. This analysis
demonstrates the issues with the use of the marker I /I for determination of the
number of layers in the graphene sample. This may be particularly problematic for
use on CVD graphene samples due to the defects present in graphene formed in this
way, such as wrinkles, holes and grain boundaries, as is the case for the graphene
studied in this work (Fig. 3.4) [59, 207, 210, 216, 217]. The reduction in the PIRs

seen here is consistent with the lower PIR values obtained for the graphene samples
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studied in this work compared with ME graphene (Fig. 3.5). Therefore, the relative
intensities of the bands in the Raman spectra may be affected by the inherent defects
in the samples.

Analysis of this kind does not appear to have been performed before for spectra
collected from the same graphene sample. For instance, most works examining the
levels of defect in graphene samples are investigations of defects induced into the
graphene sample. For example, the work by Lucchese et al. which investigated ion-
induced defects in the graphene samples (Fig. 3.6) [231]. The analysis presented
in this chapter demonstrates the importance of random point sampling from all
across the graphene sample, something which is not always done within literature.
Some works focus only on small areas of the samples, collecting maps of spectra from
specific points on the graphene, which is not representative of the entire sample [169].
In this work, spectra are collected from all across the sample for characterisation.

The significant levels of heterogeneity presented here could also have repercus-
sions for the interaction of graphene with biological samples, such as E. coli as is
done in this work (Chapter 5). For example, CVD graphene has been reported to
be biocompatible [236], however, it has also been shown using simulations that de-
fects in a graphene sample could result in the interactions with biological samples
to change. Gu et al. studied the chicken villin headpiece subdomain (HP35), a
protein found in the cytoskeleton of eukaryotic cells, interfaced with graphene [57].
It was reported that interfacing with graphene had no affect on HP35, however,
when interfaced with defected graphene severe protein denaturation was observed,
due to the attraction of the charged polar residues of the HP35 to the defects [57].
Simulations predicted that the residues would become anchored to the defects by
strong interaction. The movement of the protein around this anchored point created
an effective centripetal force resulting in local unfolding near the defect, exposing
the core hydrophobic and aromatic elements of the protein which eventually unfolds
due to hydrophobic interactions [57].

Unfortunately the effect of graphene defects on bacteria does not appear to have
yet been studied, however, this demonstrates that the level of defect and hetero-

geneity could seriously impact how graphene interacts with cells. This is extremely
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concerning for the application of graphene, such as in wearable biomedical devices,
as has been proposed [45]. Thus, this further reiterates the importance of proper

characterisation of graphene samples prior to use.

3.3 Convergence Tests

Given the heterogeneity that is encapsulated in collection of the random point
Raman spectra from the graphene samples, it is essential to ensure that proper
characterisation is performed on graphene samples. The proper characterisation of
graphene relies on sufficient data being collected to fully represent the sample. This
section demonstrates the method used to ensure that sufficient data has been col-
lected for each graphene sample, which involves investigation of the standard error
(SE) and second order standard deviation (2SD) waves, of the average spectrum,
for increasing numbers of spectra, to determine when the sample is characterised,
such that the SE and 2SD is sufficiently converged. Only when these quantities
have been converged within a reasonable margin can the sample be deemed to be
characterised to a sufficiently high standard. This test allows for determination of
how well characterised a sample is with a given number of spectra.

In this work a total of 100 spectra were collected from random points all across
each sample. The corresponding SE convergence graphs for graphene sample one are
shown in Figures 3.9a and 3.9b and the 2SD convergence graphs in Figures 3.10a and
3.10b for range one and two respectively. These waves are generated for increasing
numbers of spectra in the spectral average up to 100 spectra, in increments of 10
spectra. The inset of the figures show a close up of the convergence of each of the
peaks. The aim of the SE graphs is for each of the bands in the Raman spectra
to converge to a point. The SE for increasing numbers of spectra in the average
continually lowers until the SE is at a minimum which cannot be reduced further,
i.e. the SE associated with the natural heterogeneity of the sample, coupled with
the error of the instrument.

The SE could potentially be converged to a slightly lower value for more spectra

in this work (Fig. 3.9a & 3.9b), however, due to time limitations within this work 100
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Figure 3.9: Standard error (SE) graphs for the Raman spectra of graphene. The SE graphs are

computed for increasing numbers of spectra in the spectral average.
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Figure 3.10: Second order standard deviation (2SD) graphs for the Raman spectra of graphene.

The graphs are computed for increasing numbers of spectra in the spectral average.
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spectra was decided to bring the SE and 2SD to a sufficiently low value to conclude
that the level of characterisation to be representative of the sample. The SE of the
converged waves represent the SE envelope displayed on average graphs throughout.
The same is done for 25D graphs (Fig. 3.10a & 3.10b). The SE and 2SD waves were
brought to a value of < 5 % before being deemed sufficiently characterised. Future
work in this project will involve collection of additional spectra for analysis of when
complete convergence will be achieved. The convergence tests for the other samples
are shown in the Appendix: Figures A.3a to A.8b.

Often little to no form of analysis is performed on the graphene spectra in pub-
lished works to ensure proper characterisation is achieved, resulting in insufficient
data being collected to characterise the sample. For instance Wu et al. collected
only ten Raman spectra to characterise a graphene sample [58]. However, just one
spectrum was shown in the paper to represent the entire sample, with correspond-
ing analysis such as peak locations and PIRs pertaining to the single spectrum [58].
Similarly Matsubayashi et al. collected only 11 spectra from a graphene sample to
represent the various changes in the Raman spectra from four different stages of
the formation process, resulting in large uncertainties [59]. For instance, PIR un-
certainties were large relative to the data, such as the PIR Ip /I = 0.13 £+ 0.2 [59].
This large uncertainty makes the data unreliable and inconclusive. In this thesis,
much smaller uncertainties were obtained on PIRs (Fig. 3.5) due more thorough
characterisation of the samples.

Many papers do not provide the number of spectra collected within the work,
suggesting that it is not yet understood the level of variation that is captured in
the Raman spectra of graphene, and how that can affect the associated SE and 2SD
quantities [36, 161, 162, 164, 174, 175, 213]. For example, when investigating the
growth of CVD graphene samples, Tu et al. used Raman as a tool for character-
isation, however, no information on the number of spectra collected was included
in the work [161]. Thus, it is unknown the level of characterisation achieved in the
work, and the spectra could be unrepresentative of the entire graphene sample [161].
It does not appear that any other work has converged the statistical uncertainties

associated with the data to ensure proper characterisation of the sample, as has
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Figure 3.11: PCA comparing the Raman spectra of four different graphene samples for the

1

wavenumbers between 1200 cm ™! to 1800 cm™'. There is separation along PC1 which accounts

for 55% of the total variation.

been presented here.

3.4 Investigation of the heterogeneity of CVD graphene
samples using principal component analysis

Given the level of characterisation performed in this work, the analysis of the spectra
across the four graphene samples will be presented, to determine the heterogeneity
between the samples. This is done using PCA, and will give an indication into the
reproducibility of the graphene samples studied in this work, which were fabricated
under the same conditions [49].

The results from the PCA performed on the spectra between the wavenumbers
1300 em™! and 1800 cm ™! are shown in Figure 3.11. There is separation of graphene
samples three and four with samples one and two along principal component (PC1),

which represents 55.0 % of the total variance of the data. The data did not sepa-
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rate along any other PC. The separation along PC1, which exemplifies the largest
variance compared with the other PCs, represents that there is intrinsic differences
between samples three and four, compared with samples one and two.

In order to determine specifically what is causing the separation of the graphene
samples in PCA space, the corresponding loading has been plotted (Fig. 3.12), on
which the spectral components are labelled. For clarity, the points found by the
loadings to be the cause of separation in PCA space have also been labelled on the
average spectral graphs for the four graphene samples (Fig. 3.13).

It is evident from the average spectra (Fig. 3.13) that there is significant variation
in the spectra at the wavenumbers found by PCA to be the main points of difference
between the four samples (Fig. 3.12). This is particularly evident at the location
1587 cm ™!, due to the shifts in the average position of the G-band for each sample.
This is the reason for the spectral locations 1567 cm™!, 1587 cm™! and 1604 cm™*
causing separation in PCA space.

The G-band in the Raman spectra is extremely sensitive to additional strain

being applied to the sample [207, 210]. For instance, red shifts of 10 cm™! were
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reported by Ni et al. when investigating uniaxial strain applied to graphene [213].
Therefore, the band shifts reported in the PCA for the graphene samples may be
due to residual strain in the sample [59, 207, 210, 215, 216, 217].

These shifts in the G-band of the spectra collected from the different graphene
samples is more significant when considering the raw data which comprises these
averages. There are large shifts in locations of all bands in the Raman spectra across
samples. The largest difference in locations of D-bands in the raw Raman spectra of
graphene are the bands located at 1340 cm ™! and 1348 cm ™!, pertaining to a shift
of 8 ecm™!. This is 2 ecm ™! outside of the maximum possible value of instrumentation
error (+ 3 cm™! on each measurement).

The G-band displayed even more variation in band positions across samples, the
most extreme blue shifted G-band location found to be at 1577 cm ™!, while the most
extreme red shifted G-band location at 1597 cm ™! when comparing all the raw data
collected across the samples, correlating to a shift of 20 cm™!. These spectra which
displayed the largest variation are shown in Figure 3.14, the spectral components

causing separation in PCA space (Fig. 3.12) have also been marked on the graph



3.4. Investigation of the heterogeneity of CVD graphene samples using
principal component analysis 96

for reference. Within samples the band locations also displayed significant shifts,
with the G-band positions varying between 1578 cm™! and 1593 cm™!, a difference
of 15 cm™! being the maximum difference found. A plot of all the raw data collected
across the four samples can be seen in the Appendix: Figure A.9. This significant
variation in the band locations in the Raman spectra is likely to contribute to the
separation in PCA space (Fig. 3.13).

The shifts in the G-band in the Raman spectra (Fig. 3.14) may be due to residual
PMMA on the graphene sample due to the difficulty in removing the polymer from
the surface [216, 217]. Ahn et al. reported that in order to remove the PMMA
completely from the graphene surface it was necessary to use high temperatures to
break the backbone bond of the polymer, requiring temperatures of 300 — 400 °C
[217]. This can, however, result in amorphous carbon in the graphene sample and

so is generally not used [217]. The optical image Figure 3.4b of the samples studied
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Figure 3.14: Peak shifts of the bands in the Raman spectra of graphene across different samples
between the wavenumbers 1300 cm ™! and 1800 cm™!. The labels on the graph correspond to the
spectral components highlighted by PCA to be the main points of difference in the Raman spectra
of graphene across four different samples. The pink spectrum is from graphene sample three and
the grey spectrum is from graphene sample one. There is a difference of 20 cm™! between the
positions of the G-band and a difference of ~ 8 ecm ~! for the D-band when comparing the two

spectra.
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in this work may demonstrate the presence of the PMMA islands remaining on the
graphene surface.

Residual PMMA can apply strain levels of up to 0.15 % in the sample [216].
Mohiuddin et al. reported that for 0.11 % strain applied to a graphene samples, the
G-band underwent a shift of up to 5 cm~! [207]. However, the maximum band shift
reported in this work within a single graphene sample is 15 cm™!, indicating higher
levels of strain in the sample. According to the work of Mohiuddin et al. strain of
approximately 0.5 to 0.6 % causes shifts of this magnitude [207]. Thus, this analysis
is suggestive of levels of strain of 0.5 to 0.6 % being present in the graphene sample,
causing shifts of the G-band in the Raman spectra, likely as a result of PMMA
use and residual PMMA on the graphene following use in the fabrication process
207, 215, 216, 217].

PCA was also performed on the second range of the graphene spectra from 2400
to 2900 cm~! (Figure 3.15). There is separation of the samples along PC3, which
represents 10.5 % of the variance for the data set. This is the only PC along which
the data separated. The corresponding loading for the PCA is shown in Figure 3.16
which indicates there is one main spectral difference between the samples at 2679
cm~!. To demonstrate the variation of the spectral averages about this point, this
location is shown on the average graph for the G’-band of the four graphene samples
(Figure 3.17).

The location found to cause variation of the graphene samples (2679 cm™') falls
at around the peak centre of samples one, two and four, however, there is a noticeable
shift in the peak center for graphene sample three. This shift may contribute to
the separation of the samples in PCA space. Sample four is also separated from
the others in PCA space, however, there appears to be no significant differences
between the average spectrum for graphene sample four compared with one and
two, therefore, to further investigate the cause of this separation the raw data must
be considered for clarity.

Across the four samples, there are significant shifts in the G’-band of the individ-
ual point Raman spectra, with the most blue and red-shifted bands in the spectra

located at 2664 cm™! and 2692 cm™! respectively, pertaining to a location differ-
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wavenumbers between 2400 cm ™! to 2900 ecm~!. There is separation along PC3 which accounts

for 10.5 % of the total variation of the data set.
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Figure 3.18: Peak shifts of the bands in the Raman spectra of graphene across different samples
between the wavenumbers 2400 cm ™' and 2900 cm~!. The label on the graph correspond to the
spectral component highlighted by PCA to be the main point of difference in the Raman spectra
of graphene across four different samples. The pink spectrum is from graphene sample four with a
G’-band located at 2664 cm~!. The grey spectrum is from graphene sample two with the G/-band

at 2692 cm~!. There is a difference of 28 cm™! between the positions of the two G’-bands.
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Figure 3.19: SEM image obtained from Graphenea [49]. This image is included online for
consideration when purchasing the CVD graphene samples used in this work. The dark patches
in the graphene sample have been reported in the literature to be bilayer graphene islands [198].
The lines in the samples have been reported to be cracks, wrinkles and grain boundaries [198, 237].

None of these features are referred to or discussed by Graphenea.

ence of 28 cm~!. For ease, only the most extreme shifts have been shown here, to
demonstrate the level of heterogeneity of the graphene sample (Fig. 3.18). A plot
of all the raw data collected across the four samples can be seen in the Appendix:
Figure A.10. These shifts in the G’-band may be due to the presence of bilayer is-
lands in the graphene sample [161]. Blue shifting of the G’-band from 2699 to 2686
cm~! when collecting spectra from monolayer and bilayer graphene respectively for
CVD graphene samples has been reported by Tu et al. when investigating graphene
growth by CVD [161]. Tu et al. does not include information on the laser wave-
length used within this study, thus this work cannot be directly compared with the
exact wavenumbers obtained due to the dispersive nature of the G’-band [64, 161].
However, the magnitude of the blue shifting of the band is highly suggestive that
bilayer areas could be present in the samples studied in this work.

A scanning electron microscopy (SEM) image obtained from Graphenea, the
manufacturer of the graphene studied in this work, is shown in Figure 3.19 [49]. The
image is from graphene samples fabricated under the same conditions as studied here.
There are many noticeable dark patches on the sample, which other papers have

referenced as bilayer graphene [198, 238, 239]. There is no reference by Graphenea
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that bilayers areas are present in the graphene sample, however, this optical image
is evidence that they may be present in the sample [49, 198]. Furthermore, the blue
shifting of the band reported here also suggests the presence of bilayer graphene in
the sample [161].

The presence of bilayer islands in the graphene sample would also be in agreement
with the PIR analysis (Fig. 3.5). PIRs for the graphene studied in this work were
found to be low for SLG, which is commonly reported as being I /I > 2 (Fig. 3.5)
[58, 59, 67, 161, 162, 166, 167, 168, 169, 170, 174, 175, 185, 187, 188, 222, 227, 228,
229]. While the PIRs for the bands fitted with a double Lorentzian in this work are
in agreement with the PIR value reported by Zhao et al. for doped SLG 15/ /I = 1.2
[164], however, the PIRs are also within error of the PIR value obtained by Tu et al.
for bilayer graphene, found to be I/ /I = 1.1 [161]. Thus, this is further suggestion
of bilayer graphene being present in the sample [161]. However, this reduction in
PIR I/ /1 may also be due to doping and defects in the samples (Table 3.2) [164].

The G’-band location shifts were also investigated within samples, the largest
differences were bands located at 2664 cm™! for the most down shifted and 2691
cm ™! for the most up-shifted band, resulting in a band location difference of 27 cm™*
found for graphene sample four. This level of heterogeneity within the graphene
sample is more than was displayed by any other sample, and may be the cause of
the separation of this sample in PCA space (Fig. 3.15).

These significant G- and G’-band shifts found for the graphene samples in this
work may be due to defects in the graphene sample [240]. For instance, grain bound-
aries which result from limited domain size in CVD graphene samples contributes to
the level of defect in the graphene sample [51, 52, 196, 212]. The grain boundaries
introduce compressive strain into the sample, which can cause a red shift in the
G-band and a blue shift in the G’-band [212]. Specifically, Chong et al. reported

land 24 cm™! for the bands respectively [212]. Thus, it may

shifts of up to 6 cm™
be the presence of grain boundaries in the graphene sample causing shifts of the
bands [212]. Grain boundaries are currently unavoidable in the fabrication process
of CVD graphene, and the samples in this work have domain sizes of up to 20 pm,

suggestive of the presence of grain boundaries at the interface of the domains [49].
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An optical image of the graphene sample studied in this work highlights a potential
grain boundary in the samples (Fig. 3.4Db).

The levels of heterogeneity shown here within a graphene sample with no modifi-
cations following growth have not been reported within the literature to our knowl-
edge. For instance, the heterogeneity of graphene following defects or strain being
applied to the sample has been investigated, however, such significant levels of vari-
ation in the spectra of unperturbed graphene does appear to have been reported
and investigated as thoroughly, using multiple forms of analysis, as has been done
in this work [211, 231].

It is evident that the samples studied in this work are not homogeneous [49].
Furthermore, it is also indicative each sample displays differing levels of defects such
as strain and grain boundaries, reflected through the significant variation in the
band locations in the Raman spectra (Fig. 3.14 and 3.18). In the next section a
novel method for analysis of the heterogeneity of the graphene samples is applied to
the samples, to determine the rate of convergence, and thus the rate of heterogeneity

of the samples.

3.5 Statistical Convergence Rates of CVD Graphene
samples

A novel method for investigation of the level of heterogeneity of a given sample
is proposed here. This analysis involves performing fittings on a given normalised
band in Raman spectrum of graphene for an average of one spectrum, then two
spectra, three spectra etc. up to the maximum number of spectra, in this case 100
spectra. The corresponding SE value of the normalised intensity of the band is then
plotted, which decreases for increasing numbers of spectra in the average, as also
demonstrated by the SE and 2SD convergence tests (Section 3.3). This produces
a decay graph, termed a convergence rate graph. This graph can be fitted with
al/ V/N function producing a convergence rate A for each graphene sample. The
amount of heterogeneity in a graphene sample results in varying decay rates. A

larger value of X indicates a more rapid decay of the SE meaning the sample is more
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Figure 3.20: Image showing the convergence of the standard error of the mean of the normalised
amplitude of the D-band for increasing numbers of spectra in the spectral average for graphene
sample one. A represents the rate of convergence, which provides information about the hetero-

geneity of the defects in the sample.

homogeneous, while smaller \ values are representative of a slower decay and a more
heterogeneous samples.

Here, the analysis has been performed on the normalised intensity of the D-
band in the Raman spectra for increasing number in the average. The decay rates
obtained for these convergence graphs will give insight into the level of defect and
heterogeneity of the samples. These convergence rates can also be performed on
other quantities, for instance, a convergence rate could be obtained for the location
of the G-band in the Raman spectra in order to investigate the level of heterogeneity
of the sample due to the variation in G-band location, which may be a result of
residual strain in the sample [211].

A convergence test of the standard error of the mean (SE) of the normalised D-
band intensity for increasing numbers of spectra in the averaged Raman spectrum
of graphene sample one can be seen in Figure 3.20. The SE for this data converges
to a value of ~ 0.00040, for around 95 to 100 individual point Raman spectra in the
spectral average. The fitting of this convergence graph produces a rate of change of

A =192 £ 0.05.
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Table 3.3: Convergence rates, A, of the standard error of the mean of the normalised intensity
of the D-band in the Raman spectra for four CVD graphene samples. The convergence rate
indicates the level of heterogeneity of the sample, with a large convergence correlating to a more

homogeneous sample.

Convergence rate
+ SE
A
Sample one 1.92 0.05
Sample two 0.89 0.02
Sample three 0.48 0.1
Sample four 0.57 0.2

The convergence rates for the other samples can be seen in Table 3.3, the cor-
responding convergence rate graphs are included in the Appendix (Figures A.11,
A.12 and A.13 for samples two, three and four respectively). Graphene sample two
achieves the next highest rate of convergence after sample one. This indicates that
when comparing graphene sample one with the other samples, graphene sample two
possesses the most comparable levels of heterogeneity and defect. This is in agree-
ment with the PCA results which found graphene samples one and two not to vary,
indicated by the lack of separation of the samples in PCA space (Fig. 3.11). The
univariate analysis is also in agreement, with the PIR Ip/Igo = 0.17 £ 0.03 for both
samples (Fig. 3.5). However, the Ip/Ig PIR is in disagreement, with the values
falling just outside of error of one another, indicating slight variation in the defect
levels of the sample which may be the cause of the difference in convergence rates
(Table 3.3). Overall, the majority of analysis demonstrates that graphene sample
one differs significantly when compared with samples three and four and is most
comparable with graphene sample two. Graphene samples one and two produce the
largest convergence rates, indicating they are the least defected of the samples.

The convergence rate achieved for graphene sample three is much lower compared
with graphene samples one and two, indicating a more heterogeneous sample (Table
3.3), and suggestive that the level and types of defects in sample three are less

homogeneous. This is also true for the SE and 25D convergence tests for graphene
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sample three (Appendix: Figures A.5a & A.5b and Figures A.6a & A.6b for the
SE and 2SD convergences respectively). When compared with the other graphene
samples, graphene sample three is not as converged as the other samples when the
average of 100 Raman spectra is reached, indicating that the level of heterogeneity
and defect of this sample is larger than the other CVD graphene samples studied
here.

The heterogeneity of graphene sample three differing from the other samples
was also demonstrated through PCA (Fig. 3.11). Sample three separated from all
other samples, also suggestive of variation of the sample. This is, however, not in
agreement with the PIRs obtained for graphene sample three: Ip/Ig; = 0.19 + 0.06
and Ip/Ig; = 0.12 £ 0.06, both of which are comparable with the results for the
other samples (Fig. 3.5), and the latter of which is in fact the lowest of this PIR for
all samples, indicating the lowest level of defect of the samples. This highlights the
importance of performing more than one type of analysis on the Raman spectra.

Graphene sample four produces a lower convergence rate than graphene samples
one and two and a higher rate than that obtained for graphene sample three (Table
3.3). This suggests that sample four has an average amount of heterogeneity and
defect when compared with samples one, two and three. Again, this is in agreement
with the SE and 2SD convergence tests performed on the data showing increased
convergence compared with sample three and decreased compared with samples one
and two (Appendix: Figures A.7a & A.7b and Figures A.8a & A.8b for the SE and
25D convergences respectively). This is also in line the PCA findings, which showed
sample four separating from all other samples (Fig. 3.11), with the most amount of
scatter indicating increased levels of variation in the sample.

Overall, the analysis indicates that graphene sample three is the most heteroge-
neous of the samples, likely to be a result of more varying defects compared with
the other samples, thus resulting in the lowest convergence rate (Table 3.3). This
tool could aid in the determination of the level of characterisation required for a
given sample. It acts as an excellent complementary tool alongside the univariate
PIR analysis and multivariate PCA performed in this work, as an efficient tool to

determine the level of heterogeneity of a given sample. This could be significant for



3.6. Conclusion 106

determining if graphene samples are of a sufficiency high quality to be used within
applications, as a tool for quality control.

A statistical analysis tool like the one proposed here could also be extremely
beneficial for understanding the differing levels of defects of samples. It is important
that differences between samples which are produced under the same conditions are
investigated. These convergence tests rely only on the changes in the normalised
D-band intensity, and so are not influenced by changes in the spectra resulting from
unintentional doping or the sensitivity of the G-band to perturbations in the sample.
There is currently a need for a test like this given the lack of reliability of the use of
PIRs and the need for further analysis into the heterogeneity of graphene samples in
literature. In future work, this protocol would work best alongside determination of
the types of defects in graphene samples and how they affect the rate of convergence.
Eventually, alterations in the rate of convergence for certain bands could be linked
to a specific type of defect in the Raman spectra.

The level of analysis of the CVD graphene samples performed in this chapter is
necessary for complete and proper characterisation. Furthermore, for graphene to be
utilised in biomedical devices, and for interaction with biological samples, analysis
of this level is necessary to understand the fundamental properties and defects of

the sample [57].

3.6 Conclusion

Many methods of analysis have been performed within this chapter on the Raman
spectra of graphene, some of which are well established of methods of characterisa-
tion and some novel methods which investigate the samples in ways which not been
done previously. This work has achieved a thorough level of characterisation which
does not appear to have been accomplished before.

The perturbations of the Raman spectra studied in this work compared with
pristine graphene are significant. The FWHM of G;-band was found to be between
19 - 30 cm™!, indicating band broadening compared with ME SLG, whereas the
FWHM of the Go-band had a value of 11 - 14 cm™!, in agreement with the expected
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value for pristine graphene [67, 166, 185, 187, 188, 222, 227, 228, 229]. The G'-band
produced FWHM values of between 35 cm™! - 46 cm™!, larger than expected for
SLG [166, 188, 227, 229]. The asymmetric nature and broadening of bands in this
work indicates that there is unintentional inhomogeneous doping of the graphene
sample, likely to be resultant from the Si/SiO, substrate [59, 189]. Phonon softening
resulting from strained or stressed samples may also have contributed to the increases
in the width of the bands in the Raman spectra seen here [211, 230].

An average PIR of I/ /Ige = 2.2 + 0.2 was achieved for fitting of the G’-band
with a Voigt model in this work. This is in agreement with the values in literature
for CVD SLG, which is generally found to be ~ 2 [161, 174, 175]. However, this PIR
analysis was found to unreliable when performed on spectra representing different
levels of defect in the graphene sample. The Ig /Ige value was found to change
considerably for varying levels of defect in the sample. The PIR for the Raman
spectra representing pristine graphene was found to be I /I = 3 £ 0.02, for mod-
erately defected g/l = 1.8 + 0.7, and for the highly defected Raman spectrum
of graphene I /I = 0.36 + 0.02 across samples. This analysis demonstrates the
impact of defects in CVD graphene has on this Raman marker, and indicates why
it is unreliable for determination of the number of layers in the graphene samples.

The different types of defect in the graphene sample, for example, the residual
strain from the use of PMMA during the fabrication process, contributes to the
extreme levels of heterogeneity found in the samples studied within this work [215].
PCA performed on the Raman spectra found all samples, except samples one and
two, to separate for the wavenumbers 1300 - 1800 cm™' and 2400 - 2900 cm ™! in
PCA space. The lower wavenumbers were found to separate along PC1, representing
55 % of the variance of the data set. The higher wavenumbers separated along PC3
representing 10.5 % of the total variance. The reason for the separation of these
samples in PCA space is due to significant shifts in the bands in the Raman spectra.
Examination of the raw data found that there were band shifts of up to 8 cm~! for
the location of the D-band, shifts of up to 20 cm™! for the position of the G-band
and of up to 28 ecm™! for the G’-band in the Raman spectra. These band shifts

may be due to the residual strain from the use of PMMA on the sample, as well
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as smaller domain size compared with ME graphene, and cracks and holes from the
transfer of the graphene onto the substrate, which contribute to the heterogeneity
levels of the samples studied in this work [52, 196, 214, 241].

A novel method for determination of the level of heterogeneity of the graphene
samples was also proposed and performed on the spectra. This involved plotting
the SE of the normalised intensity of the D-band in the Raman spectra in a conver-
gence rate graph, to obtain a convergence rate for each sample. Samples one and two
achieved the same convergence rate of 1.92 + 0.05 and 0.89 4+ 0.02 respectively. The
convergence rate for graphene sample three was 0.48 + 0.1, while graphene sample
four obtained a convergence rate of 0.57 £ 0.2. Therefore, this analysis confirmed
that graphene sample three was the most heterogeneous of the samples. Graphene
sample four obtained the average convergence rate compared with the other sam-
ples and graphene samples one and two were the most homogeneous samples. No
other method of analysis allows for determination of the heterogeneity in a graphene
sample in such a way.

The number of spectra collected to represent each graphene sample has also
proven to be significant, alongside random point sampling. Given the level of het-
erogeneity found within this work, it is essential that enough spectral data are
collected from each sample, that it is properly characterised. Within this work sta-
tistical tests were performed involving convergence of the SE and 25D of the Raman
spectra for increasing numbers of spectra in the average. These convergence tests
ensure that sufficient data are collected to be statistically representative of the en-
tire sample. To our knowledge, no other test like this has been performed before,
and often insufficient numbers of data are collected for the characterisation of CVD
graphene samples, as little as ten spectra per sample, with many works not provid-
ing information on the number of spectra collected [58, 67, 169]. Consideration of
the SE and 2SD convergence tests presented in this work indicates that a minimum
of 100 individual Raman spectra collected from all points in the graphene sample is
necessary for proper and thorough sample characterisation.

A thorough level of characterisation is performed in this chapter, with full in-

vestigation into the changes in the Raman spectra being explored. No other work
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has performed analysis to this extent or performed such extensive analysis on the
spectra, to our knowledge. This may be the reason why such levels of heterogeneity
do not appear to have been reported before within literature. This heterogeneity
of the graphene samples could have serious implications for the application of this
type of graphene. Particularly, in wearable graphene devices, and such applications
which entail close proximity of graphene with human cells, it is not known what
effect these high levels of heterogeneity will have on the interactions of the graphene
with the cells [45]. In future it is necessary that both the specific defects which
are contributing to this inhomogeneity and how this affects the properties of the
graphene sample is understood.

Future work for this project would involve performing Raman mapping of the
graphene samples. The work presented within this chapter laid the basis for future
work involving more extensive Raman measurements. It has provided good under-

standing of the samples which could be further expanded with Raman mapping.



Characterisation of E. coli using Raman

Spectroscopy

The use of Raman spectroscopy for analysis of Escherichia coli (E. coli) has pre-
viously been studied within literature for characterisation and identification of the
bacterium [154, 242]. The ability for Raman spectroscopy to be utilised as a tool
for characterisation is, however, hindered by the heterogeneity of the bacterial sam-
ple causing variation in the Raman spectra, which could result in misclassification
of bacteria [108]. For example, Kastanos et al. investigated the classification of
bacteria for urinary tract infection (UTI) diagnosis and reported that Raman was
able to classify the majority of bacteria causing infection, however, two of seventeen
samples were misclassified as incorrect bacteria types [243]. This poses a potential
issue for the use of Raman spectroscopy for identification of bacteria in clinical set-

tings [155]. Thus, it is important that sufficient data are collected, to ensure that a

110
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given bacterial sample is properly characterised and the average Raman spectrum is
representative of the heterogeneity of the entire sample. No protocol currently exists
within the literature pertaining to the level of characterisation necessary for bacterial
samples using Raman spectroscopy, and many papers collect insufficient numbers of
spectra to be representative of the wealth of information contained in the Raman
spectra [151, 153]. There are works within literature which have collected as few as
ten or less spectra for characterisation of a bacterial sample [120, 151, 153, 159].

The work in this chapter investigates the number of spectra necessary to prop-
erly represent an E. coli sample across three biological replicates, and proposes a
standardised procedure which can be used across systems to ensure proper charac-
terisation of the sample [87]. Papers have called for standardised procedures due to
the ambiguity surrounding the level of characterisation needed [108, 244, 245, 246].
Schie et al. proposed a procedure for Raman characterisation of biological samples,
specifically looking at lymphocytes, to determine the number of spectra required
to characterise the sample [246]. However, the standardised procedure proposed is
system-specific to large biological cells, as it investigates the heterogeneity of spectra
collected at different points on the same cell, not applicable to E. coli due to the
small size of the cells [246]. Furthermore, the work by Schie et al. [246] does not
ensure convergence of the statistical quantities such as standard error of the mean
(SE) and second order standard deviation (2SD) for the number of spectra collected,
as was done in this thesis.

Evidence will be presented in this chapter to show that the protocols used in this
work go beyond proposed protocols of characterisation in literature. Furthermore,
the procedure for the determination of the number of spectra required to ensure
proper characterisation presented in this chapter can be applied to any system, as
was done with graphene (Chapter 3). The heterogeneity of the E. coli samples are
also investigated using PCA and peak intensity ratio (PIR) analysis, as well novel
methods of analysis which allow investigation into heterogeneous biomarkers in the

Raman spectra of F. coli.
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Figure 4.1: Average Raman spectrum of E. coli comprising 55 individual Raman spectra. The
grey envelope represents the standard error of the mean (SE) of the averaged spectrum. The band
locations are labelled, with the corresponding biomolecular assignments included on the graph
[77, 120, 124, 136, 153, 155, 156, 247]. The peaks in bold are common to all three E. coli replicates
studied. The spectra which make up this non-normalised average have been linearly baseline

subtracted.

4.1 Raman Spectroscopy of FE. coli

An average Raman spectrum of F. coli, strain MG1655, is shown in Figure 4.1. It
is an average of 55 individual Raman spectra collected from random points across
the sample on CaFy (Fig. 4.2), and represents one of the three biological replicates
presented in this chapter. The grey envelope represents the SE envelope for the
given sample, this was converged across the three replicates, as will be discussed in
Section 4.2. The bands in the averaged FE. coli Raman spectrum, labelled on the
graph, are representative of the biomolecules of the cells, i.e., lipids, proteins and
DNA (Table 4.1)[124].

The bands arise from the Raman-active modes of the biomolecules in the cell,
such as stretching, bending, rocking or twisting of bonds (Table 4.1) [124]. For
example, Figure 4.3 shows O-P-O~ symmetric and PO; asymmetric stretching of

the phosphate bonds in the DNA backbone which contribute to the bands at 1096
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(a) Optical image of an E. coli sample studied in this work. The E. coli cells
are dried onto a CaF3 disc. The green dot represents the position of the Raman

laser. The scale bar is 2 um.

(b) Optical image of an E. coli sample studied in this work. The E. coli cells

are dried onto a CaFg disc. The green dot represents the position of the Raman

laser. The scale bar is 2 pm.

Figure 4.2: Optical images of an F. coli sample dried on CaFs which was characterised using

Raman spectroscopy in this work. Both images are from different points in the same sample.
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Table 4.1: Table showing the band locations for the average Raman spectra of the three E. coli
samples studied in this work. Band locations from literature are included for comparison as well
as the corresponding biomolecular assignment. Most bands in the Raman spectra of E. coli are
convolved, representing more than one biomolecule. The maximum error of the band locations is
instrumentation error of 3 cm™'. The stated uncertainties are obtained from the fitting of the SE

envelope. S1, S2 and S3 refer to E. coli samples one, two and three. The nucleobases are adenine

(A), cytosine (C), guanine (G), thymine (T) and uracil (U). The units are cm™!.
Location (cm™) Literature Peak
Bond Reference
S1 S2 S3 location (cm™!) Assignment
667.9 | 667.29 | 666.0 DNA:
665 - 668 C-S stretching [77, 124, 136]
+01 | £004 | +£02 G, T,C
722.4 722.6 721.0 Phospholipids )
720 - 730 CHj; rocking [77, 123, 124, 136, 156]
+ 0.1 + 0.1 + 0.2 DNA: A
755.9 758.8 755.22 Proteins:
759 - [77, 124]
+ 0.1 +03 | £0.06 Tryptophan
782.03 | 781.49 | 780.43 DNA: C=0, C-N
783 [77, 120, 124, 153, 155, 156]
+0.03 | £0.01 | £0.02 U, T, C Ring deformation
C-O-P-O0-C
809.4 809.2 | 809.35 RNA
811 - 813 of DNA backbone [77, 124, 136, 155, 156]
+ 0.1 +0.2 | £0.07 Proteins: Tyrosine
C-C stretching
Proteins: Tyrosine C-C stretching
854.25 | 854.1 853.5 _
857 Skletal mode of C-O-C stretching [77, 124, 155, 156]
+£0.05 | £05 + 0.3
alpha-anomers 1,4 glycosidic link
1002.33 | 1002.15 | 1000.90 Proteins: C-C stretching
1000 - 1005 [77, 124, 136, 153, 155, 156, 247]
+0.02 | £0.03 | £0.03 Phenylalanine of aromatic ring
1010.3 Proteins:
- - 1008 - [124]
+0.2 Phenylalanine
1040.7
- - 1035 Proteins - [124]
+ 0.7
1078.1 | 1078.2 | 1076.9 Proteins: Alkane C-C stretch
1080 [77, 124, 156]
+ 0.4 +0.8 + 0.1 Phospholipids Phosphate vibrations
1093.1 DNA: DNA O-P-O- symmetric
. . 1095 - 1100 [77, 136, 155, 156]
+ 0.5 backbone vibration stretching
O-P-O- symmetric
1098.3 1099 | 1096.96 DNA: DNA
1095 - 1100 stretching [77, 124, 136, 155, 156]
+0.2 +1 =+ 0.06 backbone vibration
C-N
DNA: C, T
C-C
1124.6 | 11244 | 1123.6 Proteins
1126 C-N stretching [77, 124, 156]
+ 0.2 + 0.2 + 0.1 Carbohydrates
C-O stretching
Lipids
Proteins: Tyrosine
1173.1 | 1172.6 C-H in-plane bending mode
- 1170 - 1175 Phenylalanine [77, 124, 136]
+0.2 + 0.1 C-H
DNA C, G
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Table 4.1 continued.

Location (cm™') Literature
Peak Assignment Bond Reference
S1 S2 S3 location
Proteins: Tryptophan,
1205.8 | 1206.2 | 1205.9
1208 Phenylalanine C-CsHs [77, 124]
+0.1 +0.3 +0.1
DNA: A, T
1237.2 | 1237.3 | 1236.06 Proteins: Amide III C-H bend
1242 - 1250 [77, 120, 124, 153]
+0.3 +0.1 | £0.04 DNA: U C-N, N-H
Proteins: Amide III
1255.9 | 1256.4 | 1255.78
1256 DNA: T - [115, 124]
+0.1 +£0.1 | £0.06
Lipids
1294.0 1295 1295 Lipids CH; and CH,
1300 [77, 120, 136]
+ 0.3 +1 +2 Proteins twisting or bending
1314.0 | 1314.8 1314 . CHj and CH,
1314 Proteins [124]
+ 0.5 + 0.4 +1 twisting mode
CH3 and CHZ
1335.6 | 1335.3 | 1334.2 Proteins
1336 deformation (77, 124]
+0.3 +0.9 +0.8 DNA: G
CH deformation
1453.64 | 1452.49 | 1453.4 Protein deformation
1453 CH, deformation [120, 121, 124, 155, 156]
+0.07 | £0.05 | £0.2 Lipids
1481.13 | 1481.2 | 1480.1 Proteins: Amide I1
1481 - 1486 - [77, 124, 247
+0.01 | £0.1 +0.1 DNA: A, G
Ring breathing modes
1572.2 | 1572.5 | 1572.2 DNA: A, G
1574 - 1578 NH deformation [77, 115, 124, 153, 155, 156]
+0.3 + 0.3 + 0.5 Proteins: Amide 1T
CN stretching
Proteins: Tyrosine
1606.4 | 1606.10 | 1607.9
1605 - 1607 Phenylalanine Cc=C 77, 121]
+01 | £008 | +£0.3
Unsaturated lipids
Lipids
1665.8 | 1665.1 | 1663.8 C=C .
1660 Unsaturated fatty acids [77, 153, 155, 156]
+ 0.3 + 0.4 +04 Phenyl ring vibration
Proteins: Amide I
2852.73 | 2851.86 | 2851.65 Fatty acids CHy symmetric
2855 [124, 153]
+0.02 | £0.03 | £0.03 Lipids stretch
2875.7 | 2874.28 | 2873.89 Lipids CH, asymmetric
2875 [124]
+0.5 | £0.02 | £0.07 Proteins stretch
CHy assymmetric and
2029.5 | 2924.7 2926 Lipids
2929 CHj3 symmetric [153]
+ 0.1 + 04 +1 Proteins
stretch,
2936.65 | 2936.84 | 2935.80 Lipids Chain end
2935 [124]
+0.02 | £0.01 | +0.08 Proteins CHj stretch
2978.3 | 2979.16 | 2976.1 . Asymmetric
2973 Proteins [124]
+0.02 | £0.01 + 0.6 CHj stretch
3062.6 3065 3065 .
3067 Proteins - [248]
+ 0.5 + 2 + 2




4.1. Raman Spectroscopy of E. col: 116

() (o)
(a) O 7

Figure 4.3: Vibrational modes of the backbone of DNA (a) PO symmetric stretching responsible
for the band at 1096 cm™! (b) O-P-O bond stretching which gives rise to the band at 781 em™!

in the Raman spectra. Figure obtained from [249].
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Figure 4.4: Vibrational modes for the bands in the Raman spectra representative of proteins
(a) carbonyl C=O0 stretching with a small contribution from in-plane N-H bending (b) the Amide

IIT mode arising at 1256 cm ™!

in the Raman spectra with the largest contribution from the N-H
bending mode and lesser so from the C=0 stretching (c) phenyl ring breathing mode giving rise

to the intense band at 1002 cm~! representing phenylalanine. Figure obtained from [249].
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cm~! and 781 ecm™! respectively [249]. More complicated vibrational modes for
bands associated with proteins, such as the band at 1665 cm™! representing Amide
I, the sharp intense band at 1002 cm™! for amino acid phenylalanine and the band
at 1256 cm™! indicative of Amide IIT can be seen in Figure 4.4 [249]. These bands
are labelled on the average E. coli spectrum (Fig. 4.1).

The three E. coli samples discussed in this chapter correspond to three biological
replicates, the averages of which are shown in the Appendix: Figure A.14. The band
locations, as labelled on the average spectrum (Fig. 4.1), were obtained from peak
fittings and are an average of the locations across the three E. coli samples studied
in this work. The separate band locations of the three E. coli samples are in Table
4.1, along with the corresponding molecular vibration and cellular component which
gives rise to this band, as obtained from literature [77, 115, 119, 120, 121, 123, 124,
136, 153, 155, 156, 247]. Many of the bands in the E. coli Raman spectra (Fig. 4.1)
are convolved, i.e., each band is generally representative of at least one, often more,
biomolecules due to the complexity of the E. coli cells [250].

This work attempts to achieve a spectral average of the samples which is fully
representative of the heterogeneity which they encompass. The levels of character-
isation achieved in this work will first be presented, followed by an investigation
of the heterogeneity of the spectra using principal component analysis (PCA) and

peak intensity ratios (PIRs).

4.2 Standard error and second order standard de-
viation convergence tests

In this section, the number of spectra collected have been analysed for investigation
into the level of characterisation achieved across the three E. coli samples. This will
involve examination of the standard error (SE) and second order standard deviation
(2SD) waves, to determine the amount of spectra necessary to converge these quan-
tities so that the average is fully representative of the analyte. This convergence
allows for determination of how well characterised a sample is with a given number

of spectra.
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(a) SE convergence graphs for the fingerprint region (600 - 1800 cm~!) in the Raman spectra across three E. coli

samples.
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(b) SE convergence graphs for the high wavenumber (2800 - 3100 Cm’l) region in the Raman spectra across three

E. coli samples.

Figure 4.5: Convergences of the standard error (SE) waves for the fingerprint and high wavenum-
ber region of the Raman spectra of E. coli for increasing numbers of spectra in the average spec-
trum, up to the maximum 165 spectra collected in this work, with each replicate represented by

55 Raman spectra. The non-normalised spectra have been linearly baseline subtracted.
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(a) 28D convergence graphs for the fingerprint region (600 - 1800 cm™!) in the Raman spectra across three E. coli

samples.
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(b) 2SD convergence graphs for the high wavenumber (2800 - 3100 cm™!) region in the Raman spectra across three

E. coli samples.

Figure 4.6: Convergences of the second order standard deviation (2SD) waves for the fingerprint
and high wavenumber region of the Raman spectra of E. coli for increasing numbers of spectra
in the average spectrum, up to the maximum 165 spectra collected in this work, with each repli-
cate represented by 55 Raman spectra. The non-normalised spectra have been linearly baseline

subtracted.
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(b) Zoom in of the 2SD convergence waves for the E. coli spectra across three replicates in this work.

The number of spectra collected for characterisation of bacteria samples in the literature are labelled on

the graphs [77, 108, 120, 121, 136, 151, 152, 153, 154, 155, 159].

Figure 4.7: Zoomed in areas of the SE and 2SD convergence graphs with the total number of

spectra collected in the literature studies of Raman spectroscopy for characterisation of bacte-

ria samples. The number in brackets is the number of replicates over which these spectra were

collected.
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The convergence of the SE and 2SD is performed on 165 spectra across the three
E. coli samples, with each sample represented by 55 point Raman spectra. Figures
4.5a and 4.5b shows the convergence of the SE of the mean for the fingerprint and
high wavenumber regions respectively. The SE graphs decrease in magnitude for
increasing numbers of spectra in the average, until such a point where the SE cannot
be decreased any further, i.e., convergence is achieved, as demonstrated for the 165
spectra across the three E. coli samples. Figures 4.6a and 4.6b shows the convergence
of the 2SD for the fingerprint and high wavenumber region respectively for increasing
numbers of spectra in the average. Similarly the 25D waves demonstrate convergence
to a point for increasing numbers of spectra in the average.

The convergence tests for a single replicate is included in the Appendix: Figures
A.15 and A.16 for consideration. While the data achieves reasonable convergence
across one sample, the data are not completely converged. Full convergence could
not be achieved within one biological replicate due to the amount of time required
for spectral collection.

Figures 4.7a and 4.7b show a zoomed in section of the SE and 25D convergence
graphs (from Figures 4.5a & 4.6a respectively). This allows for closer examination
of the level of convergence achieved. The SE and 2SD waves are within < 1 % error
of each other, indicating sufficiently low levels of SE and 2SD, thus the samples are
converged. Additionally, the total number of spectra collected for the characteri-
sation of bacteria in the literature are labelled on the graph, in order to highlight
the level of characterisation achieved in this work compared with previous studies of
Raman on bacteria [77, 108, 120, 121, 136, 151, 152, 153, 154, 155, 159]. The num-
ber of spectra represents the total number of spectra collected across the number
of replicates performed in the work, which is included in brackets. Table 4.2 also
shows the number of Raman spectra collected from bacterial samples in literature,
and includes the number of biological replicates performed. It is evident there is
no standard to determine the minimum number of spectra necessary for character-
isation, thus bringing into question the reliability of data.Often insufficient spectra
are collected from a given sample resulting in the sample being under-represented

by the spectral average. It can be seen from the SE and 2SD convergence graphs
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Table 4.2: Table of experimental details from literature for the collection of Raman spectra from

bacterial samples, including the number of spectra collected for characterisation. This includes

whether the spectra are from single cells or colonies, the laser wavelength and the spectral resolution

of the data. Whether the sample is dried or in media is also included. The number of spectra

collected for within each work and the number of biological replicates performed is also shown.

. . Colony or Dried or Spectral Laser )
Number of spectra | Replicates Bacteria Ref.
single cell | in media | resolution (cm™') | (nm)
S. epidermidis
30 1 Colonies In agar - 785 | [154]
E. coli
S. aureus
S. epidermidis
25 3 Colonies Media 8 830 | [155]
E. coli
E. faecium
E. coli
S. aureus
10 1 Colonies - - 785 | [159]
S. epidermidis
Candida albicans
3to4 1 E. coli Clusters Dried 1-2 514 | [151]
Single optically
75 - E. coli g1 optieaty - - 785 | [152]
trapped cells
45 3 E. coli - Dried 7 785 | [136]
3 6 E. coli Single cell Dried - 532 | [153]
20 - E. coli Single cell Media - 633 | [156]
S. epidermidis
10 1 - Dried 6 532 | [120]
E. coli
50 3 E. coli - Dried 9-15 532 [121]
20 3 E. coli Single cell Dried 1 532 [77]
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(Figure 4.5 and Figure 4.6 respectively) that for as little as ten spectra the SE and
2SD have large magnitudes, and are at unsatisfactory levels for a complete data
set. Specifically, for the 2SD convergences in this work, the percentage difference
between the 25D for ten spectra and the maximum 165 spectra was found to be 37
%. Therefore, utilising ten or less spectra or characterisation would result in large
uncertainties for the data, and thus may bring the reliability of results into question.

Moritz et al. collected 75 spectra from a cell sample, more than in any other
published study [152]. While this does not compute to a statistically converged data
set the resultant spectral average is statistically more representative, however, only
one biological replicate was performed, thus reproducibility has not been determined
[152]. Three biological replicates were performed in this work.

Zu et al. and Bittel et al. achieve similar levels of characterisation compared
with this work, with collection of 50 and 45 spectra respectively per sample, also
performing three biological replicates (Table 4.2) [121, 136]. However, both works
had large spectral resolutions, specifically 9 - 15 cm™! for the spectra collected in
the work by Zu et al. and 7 ecm™! in the work by Bittel et al.. A much lower
spectral resolution of 3 cm™!

data [121, 136].

was achieved in this work, resulting in more accurate

The level of analysis of the number of spectra performed here is necessary for
proper characterisation of the biological sample. Despite the fact that some papers
have reported the need for standardised levels of characterisation, no standardised
procedure is currently applied in literature to deal with the issue [155]. The method
of convergence of the SE and 2SD presented in this section provides an easy and
efficient method of determination of the number of spectra required to properly
characterise a biological sample, and is applicable to other systems (as was done
with graphene spectra in Chapter 3). It ensures that the natural heterogeneity of
samples is not overlooked, and is properly represented by spectral averages. The
implementation of this method for published studies would ensure reliability of data

across the board.
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Figure 4.8: PCA results for comparison of the fingerprint region of the three E. coli samples

(600 - 1800 cm™1). The graph shows separation along PC3 which represents 5.35 % variance of

the entire data set.
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Figure 4.9: The loading for PC3, along which there was separation in the PCA results for the

spectra of three E. coli samples between the wavenumbers 600 to 1800 cm™!. PC3 represents 5.35

% of the total variance for the data set. The main spectral components of the loading are labelled,

indicating the bands which are causing variation between the samples.
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4.3 Analysis of heterogeneity across E. coli sam-

ples

4.3.1 Principal component analysis of the Raman spectra

The heterogeneity will now be assessed at a population level across all spectra col-
lected from each E. coli sample, using PCA. The result of the PCA performed on
the fingerprint region of the spectra (600 - 1800 cm™1) is shown in Figure 4.8. There
is separation along PC3 which encapsulates 5.35 % of the total variance of the data
set. The corresponding loading shows the spectral features causing the separation
along PC3 (Figure 4.9). The band assignments for these peaks can be found in
Table 4.1.

PCA was also performed on the high wavenumber region of the spectra of F.
coli (2800 - 3100 cm™1), the results of which can be seen in Figure 4.10. There
is separation along PC4 which represents 3.13 % of the total variance of the data
set. The corresponding loading (Fig. 4.11) indicates that only two spectral features
in the high wavenumber are causing the separation in PCA space, specifically the
convolved lipid - protein bands band at 2875 cm™" and 2936 cm™! [124].

The separation in PCA space indicates phenotypic differences of the samples at
a population level. For instance, the band at 1040 cm™!, representative of proteins,
noted in the loading to represent one of the spectral features causing separation of
the three E. coli samples in PCA space (Fig. 4.9) was found to appear only in the
average spectrum for E. coli sample one, and was not present in the other samples
(Fig. 4.1). The presence of this band in the Raman spectrum of E. coli sample one
is suggestive of increased metabolic processes of proteins in comparison with the
other samples [121, 124]. Additionally, the absence of this band in two of the three
biological replicates may be attributable to inhibition of protein synthesis during cell
death, which has been found to cause a decrease in the relative intensity of this band
[77]. For the high wavenumber region the band at 2936 cm™! was found to cause
separation (Fig. 4.11). It is a protein-dominant band (Fig. 4.12), thus, the variation

of this band is further evidence of the protein heterogeneity across the three samples
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Figure 4.10: PCA results for comparison of the high wavenumber region of the three E. coli
samples (2800 - 3100 cm~1!). The graph shows separation along PC4 which represents 3.13 %

variance of the entire data set.
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Figure 4.11: The loading for PC4, along which there was separation for the three E. coli samples
between the wavenumbers 2800 to 3100 cm™!. PC4 represents 3.13 % of the total variance for the
data set. The main spectral components of the loading are labelled, indicating the bands which

are causing variation between the samples.
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Figure 4.12: Raman signature of biochemical components of cells in the high wavenumber region
of the Raman spectra (2800 - 3100 cm™1), specifically showing lipids, proteins, RNA and DNA
spectra, collected using a laser wavelength of 785 nm. The spectra are normalised using total area

normalisation. Figure obtained from [249].

249, 251]. This heterogeneity demonstrates the importance of performing at least
three biological replicates, something which is not always done within literature
(Table 4.2) [120, 151, 154, 159], and is consistent with different toxicity processes
and defences employed by bacterial samples under toxic conditions [109].

It is not unusual for different cells within a population to respond differently to
toxic conditions, and within literature it has been found that cells within a popu-
lation can evolve to avoid cell death by toxic substances. For instance, Bigger et
al. found that sub-populations of a genetically homogeneous culture of S. aureus
did not die following prolonged doses of penicillin which caused the death of the
majority of cells in the population [109]. These cells, termed persister cells, are
genetically identical to the non-resistant cells in the same population and do not
require proximity to antibiotics to develop resistance [252]. In other words, sub
populations of cells can respond differently to stressful environments, thus, the sep-
aration in PCA space may be due to different toxicity responses, which could also
explain the presence of the band at 1040 cm ™! in the Raman spectrum of only one
sample [109].

The RNA/ DNA bands at 667 cm™!, 722 cm™!, 781 cm™?!, 1096 cm™! and 1481
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cm ™! were also found to change according to PCA results (Fig. 4.9) [77, 124, 136,
155, 156]. This may be due to natural heterogeneity of RNA/ DNA across samples
due to variation in growth stages of the cells [253]. The RNA/ DNA is known to
vary with the stage at which the cell is at in its growth. For example, Manoharan
et al. reported relative intensity increases of RNA bands in the Raman spectra for
bacteria entering the logarithmic phase [253]. Thus, the changes in the RNA/DNA
bands Raman spectra may be indicative of variation of growth rates across samples
[253].

Alterations in the DNA in Gram negative bacteria has been found to occur
as a result of toxic perturbations to the cells [119, 121]. For example, Xie et al.
reported changes in the band at 781 cm ™! due to degradation of DNA following heat
treatment. Thus, the changes in the RNA/ DNA according to PCA results (Fig.
4.9) could be suggestive of heterogeneous DNA degradation during the desiccation
process [119, 121].

The changes in the band at 722 cm™! (lipids and DNA), according to the PCA
results (Fig. 4.9), may be due to a toxicity response from lack of nutrients, i.e., cell
starvation [77, 120, 123, 124, 136, 156]. Specifically, the changes in this band may be
representative of a stress response, attributable to alterations in lipid composition of
cells due to cell starvation [254]. For example, it has been found that more varieties
of phospholipids are present in growing cells compared with starving cells [254].
Thus, this variation of the 722 cm™! band may be attributable to slowing of cellular
processes from lack of nutrients and dessication [254].

The lipid-protein band at 2875 cm™! in the high wavenumber region, prominent
in pure lipid signatures (Fig. 4.12), was also found to vary from the PCA results
(Fig. 4.11) [249]. This is further indication of heterogeneity in the lipids between
the three samples. Lipid perturbations are crucial for E. coli cell response to toxicity
and stress and may be representative of different toxicity responses of the samples
[255]. The variation in the lipid signatures seen here may also be natural variation

in lipid conformation across the samples [254, 255].
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Figure 4.13: Peak intensity ratios for bands in the Raman spectrum of E. coli against the band
at 722 cm™! representing lipids and DNA [77, 123, 124, 136, 156]. This band was determined to

vary between the three samples according to PCA results.
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Figure 4.14: Peak intensity ratios for bands in the Raman spectrum of E. coli against the band
at 781 cm ™! representing DNA [77, 120, 124, 153, 155, 156]. This band was determined to vary

between the three samples according to PCA results.
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Figure 4.15: Peak intensity ratios for bands in the Raman spectrum of E. coli against the band at
1481 cm ™! representing proteins and DNA [77, 124, 247]. This band is being analysed to determine
the heterogeneity between the three E. coli samples as it was found by PCA to be the cause of
heterogeneity between the samples (Fig. 4.8). Separation of the PIRs indicates heterogeneity of

the biomolecule between the E. coli samples.

4.3.2 Peak intensity ratio analysis of the Raman spectra

In order to analyse the heterogeneity of the spectral averages PIR analysis has been
performed on the bands noted to change from PCA (Fig. 4.9). PIRs against the
bands at 722 cm ™! (lipids / DNA), 781 cm ™! (DNA) and 1481 cm ™! (protein/ DNA)
are shown in Figures 4.13, 4.14 and 4.15 respectively, to investigate the heterogeneity
of different biomolecules in the average.

The PIRs against the band at 722 cm™! which is a lipid-dominant band, convo-
luted with DNA signatures shows no separation for any of the bands in the average
Raman spectra across three E. coli replicates (Fig. 4.13) [77, 123, 124, 136, 156].
This is indicative that the variation found for this band by the PCA results (Fig.
4.8 & 4.9), present at a single spectrum level, is not present in the spectral average.
This may be due to the phenotypic differences in this band being representative
of natural heterogeneity of lipids in the sample [254, 255], which is not significant

enough to cause separation at a spectral average level. The lack of separation across
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these PIRs also demonstrates a high level of reproducibility across the replicates.

The PIRs against the band at 781 cm™* (DNA) displays variation of the samples
for only two of the bands in the Raman spectra, those at 757 cm™! and 1002 cm™!,
representative of tyrosine and phenylalanine respectively (Fig. 4.14) [77, 124, 136,
153, 155, 156, 247]. This indicates that the heterogeneity of the DNA in the cells is
dependent on protein variation. The relative changes in the DNA and protein bands
may be due to the slowing growth of the cell as a result of inhibited protein synthesis
from the desiccation process, subsequently resulting in DNA variation [77, 251]. The
other PIRs against the band at 781 cm ™! are all within error of one another, thus, the
bands which demonstrate separation may be biomarkers for heterogeneity, sensitive
to variation in the sample and changes due to cell death.

The PIRs against the band at 1481 cm™! (proteins and DNA) show separation
for the bands at 667 cm™! representative of DNA and proteins and the band at 1002
cm ™! for phenylalanine (Fig. 4.15), both of which were also found to vary according
to PCA (Fig. 4.9) [77, 124, 136, 153, 155, 156, 247]. This further reiterates that
the relative changes of the bands seen in the spectra are primarily resultant from
heterogeneous alterations in DNA and proteins, which may be due to variations in
the toxicity response of the E. coli samples from desiccation and lack of nutrients
(77, 251]. Again, the other PIRs show reproducibility across the samples, thus, the
bands at 667 cm™! and 1002 cm ™! could be considered as heterogeneity biomarkers.

The link between protein and DNA heterogeneity could be a specific cellular
response due to desiccation, resulting in associated variation of the biomolecules.
It has been predicted using cell modelling that heterogeneity in protein expression
in E. coli can cause metabolic variability, i.e., can result in variation in the growth
rates of cells within the same population [251]. As a result, modelled populations of
bacteria were shown to contain sub-populations with different growth rates, resultant
in bacterial heterogeneity in the culture as a whole [251]. Therefore, this variation
in the rate of growth due to the protein heterogeneity may explain the changes of
the protein bands at 667 cm™!, 757 cm~! and 1002 cm™~! with respect to the DNA
PIRs [77, 124, 136, 153, 155, 156, 247, 251]

The band at 1002 cm™! in particular was found to vary for both PIRs Tjg02/T14s81
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Figure 4.16: Peak intensity ratios for bands in the Raman spectrum of E. coli against the band
at 2875 cm~! representing lipids and proteins [124]. This band is being analysed to determine
heterogeneity between the three E. coli samples as it was found by PCA to be the cause of
variation between the samples (Fig. 4.10). Separation of the PIRs indicates heterogeneity of the

corresponding biomolecules. The band assignments can be found in Table 4.1.

and Iygoo/I7s1 (Fig. 4.14 & 4.15). This band was also reported in the PCA loadings
for differing across the three samples (Fig. 4.9), and so may be a sensitive biomarker
for heterogeneity across samples. This band arises due to phenylalanine, and so it
may be indicative of variation of proteins across the samples [77, 124, 136, 153, 155,
156, 247, 251]. Proteins lose their shape and integrity with the loss of water, thus,
this variation may be due to the different conformational changes of the proteins
across samples due to the dessication process [256].

In the high wavenumber region, the heterogeneity of the bands at 2875 cm™! and
2936 cm ™! is analysed using PIR analysis, shown in Figure 4.16 and 4.17 respectively,
both of which were found to cause separation in PCA space (Fig. 4.11). The PIRs
have been compared for the bands in the high wavenumber region (2800 cm™! - 3200
cm™!) for the three samples. There is no separation for any of the PIRs against
either of the bands. This suggests that the heterogeneity of these bands, which
caused separation in PCA space, was due to natural variation of the cells across

the samples, which is fully represented across all three samples in the corresponding
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Figure 4.17: Peak intensity ratios for bands in the Raman spectrum of E. coli against the band
at 2936 cm~! representing proteins and lipids [124]. This band was determined to vary between

the three samples according to PCA results.

spectral average.

4.3.3 Convergence rate tests of the peak intensity ratio biomark-
ers

To further investigate the heterogeneity of PIR biomarkers, convergence rates have
been obtained for the change in the percent standard error of the mean (pSE) of
the PIR for increasing numbers of spectra in the average spectrum, which will be
compared across the three samples. The convergence rate of the band at 1453 cm™*
(proteins) against the band at 781 cm™! (DNA) is shown in Figure 4.18 [120, 121,
124, 155, 156]. Each point on the graph represents the pSE for the PIR Ij453/175; for
increasing numbers of spectra in the spectral average, which produces a convergence
rate graph. This is then fitted to produce a convergence rate (\) for each graph.
More homogeneous samples produce a faster convergence, thus, a larger convergence
rate \. The convergence rates for each sample are also investigated for the PIR
L1453/ T1as1-

The band at 1453 cm™! has been reported to change due to altered metabolic
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Figure 4.18: Convergence of the percent standard error of the mean of the PIR biomarker

1 was

T1453/I781 for increasing numbers of spectra in the average spectrum. The band at 781 em™
found to vary across three E. coli samples using PCA. The band at 1453 cm~! has been noted to
change due to altered metabolic processes in E. coli as a result of lethal conditions and cell death

[77, 121]. X is the rate of convergence.

Table 4.3: PIR biomarker convergence rates of bands in the Raman spectra of E. coli. The rate
of convergence determines the heterogeneity of a sample, with a larger convergence rate indicative
of a more homogeneous sample. The bands at 781 cm ™! and 1481 cm™! were found to vary across
the three samples according to PCA. The band at 1453 cm ™! has been found to change due to

altered metabolic processes in E. coli as a result of lethal conditions and cell death [77, 121].

Convergence rates
Liass/Trs1 | Tiass/Tiasa
Sample 1 | 3.1 £ 0.1 | 3.4 +0.1
Sample 2 | 6.9 £ 0.2 | 6.3 £0.2
Sample 3 | 5.2 + 0.1 | 5.2 + 0.1
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processes in F. coli as a result of lethal conditions and cell death within literature
[77, 121]. This band was found not to differ across three E. coli samples, according
to PIR analysis (Fig. 4.13, 4.14 & 4.15) and PCA (Fig. 4.9), thus indicating
similar metabolic responses to cell death across the samples [77, 121]. Analysis of
the heterogeneity rate of the PIRs for each sample will give an insight into the
variation of the metabolic responses of the cells studied within each sample, with
respect to the bands at 781 cm™! (DNA) and 1481 cm™! (proteins and DNA) [77,
120, 124, 153, 155, 156, 247]. The bands at 781 cm™! and 1481 cm™! were chosen
for the analysis as they were found to change according to PCA results (Fig. 4.9).
Thus, the convergence rates of the PIRs will give an indication into the level of
heterogeneity of the metabolic state for the biomolecules DNA and protein within
samples, and will also be comparable across samples [77, 121].

The convergence of PIR biomarker I453/I7s1, shown in Figure 4.18, achieves a
rate of A = 3.1 £+ 0.1 for E. coli sample one. The convergence rates of the PIR
l1453/1781 for the other samples (Table 4.3) are not within error of one another for
the three samples, indicating heterogeneity of the biomarker between the samples.
This PIR did not vary across the three spectral averages (Fig. 4.14), however, the
band at 781 cm™ (DNA) did vary according to PCA results (Fig. 4.9). Thus, in
agreement with the PCA results, the convergence rates suggest heterogeneity which
may be due to altered metabolic processes in E. coli cells [77, 121]. Sample two
achieved the highest convergence rate, suggestive that the metabolic processes of
DNA in that sample are most homogeneous, while sample one the lowest rate, thus,
the most heterogeneous sample.

The convergence rates for the PIR biomarker 1453 /11481 are also included in Table
4.3, with the corresponding graphs in the Appendix: Figures A.17 to A.21. The rates
for the three samples are outside of error of one another, indicating differing levels
of heterogeneity across the samples. Sample one gave the lowest convergence rate
compared with the other samples. Therefore, it is indicative that E. coli sample
one possesses high levels of heterogeneity for the biomarker I1453/11481. The band
at 1481 em™! was found to change according to PCA results (Fig. 4.9). Thus,

the heterogeneity in E. coli sample one could be the primary contributor to the
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separation in PCA space. The convergence rate of Iy453/11481 is indicative of more
heterogeneous metabolic responses of the cells due to the dessication and cell death
process for E. coli sample one, also reflected through separation in PCA space partly
due to the band at 1481 cm™! [77, 121]. In agreement with the Iy453/T75; biomarker,
the PIR Iy453/11481 found sample two to have the largest convergence rate, thus
reflecting least variation in the sample (Table 4.3).

This analysis allows for investigation into the heterogeneity of the biomarkers in
the Raman spectra of E. coli across different biological samples, in a way which has
not previously been analysed within literature. These convergence rates could allow
for future work to compare the heterogeneity of biomarkers during different cellular
processes, such as cell growth or death.

Furthermore, the level of analysis into the heterogeneity of the samples performed
in this section is more than what is commonly done within literature. For exam-
ple, Hermelink et al. studied the phenotypic differences of Legionella bozemanii
and Bacillus cereus using Raman spectroscopy, however, the results presented in
this thesis demonstrated more thorough analysis of the Raman spectra [172]. Her-
melink et al. discussed the changes of the relative intensities of the bands with no
quantitative analysis performed, comparatively in this work, the relative intensities
were quantified using PIR analysis, PCA was performed on the spectra and a novel
method for analysis of the heterogeneity of PIR biomarkers was utilised [172]. Fur-
thermore, similar convergence tests will also be applied to the individual bands to
investigate the heterogeneity of biomolecules within the sample.

Given the level of heterogeneity which has been demonstrated across all spectra
collected using PCA | PIRs and convergence rates, the heterogeneity of single spectra
will now be investigated to show how much variation can be present within a single
sample, through analysis of single spectra collected from different points in the
sample. This will further reiterate the need for collection of sufficient numbers of

spectra for characterisation of bacterial samples.



4.4. Heterogeneity of single spectra of E. col: 137

e e e e e
I—gpec}rum; "g _g —E ]
- |— Spectrum 1
25x10° L _ Q@ N h
[ - N e NN E - 2 ]
C c £ E = 5 , ]
—_ B G < E = ]
S, 2 s 3 |§E -
. 20| @ =] = 55 o a
© i T v & ]
= | 1
= B 1
B 15F .
2 C _ 1
2 g ' 1
510-5 ]
- T[8- ]
@ [ <" 1
(_“ - .
05 -
= L 1
ey B J
(@) L
=

o
=)

600 800 1000 1200 ] 1400 1600 1800
Wavenumber (cm ')

(a) Two Raman spectra collected from different cells in the same E. coli sample. Both spectra have

been normalised and smoothed for ease of comparison.
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(b) Peak intensity ratios (PIRs) for the two Raman spectra collected from the same bacterial sample.
The peak intensity ratios are computed against the band at 781 cm™! representing RNA/ DNA [77,
120, 153, 156], as it had the same relative intensity for the two spectra. The error bars represent fitting

uncertainties.

Figure 4.19: The fingerprint region of two Raman spectra collected from different cells in the
same F. coli sample and the corresponding PIRs, which demonstrate the level of heterogeneity of
spectra collected from different cells in a biological sample. The PIRs are computed against the
band at 781 cm~! as it was found to vary across the three samples according to PCA and was also

used for PIR for the spectra averages.
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4.4 Heterogeneity of single spectra of E. col:

Figure 4.19a shows two Raman spectra collected from different cells in the same FE.
coli sample (the corresponding optical images are in Fig. 4.2). These spectra have
been normalised and smoothed for ease of comparison, the band locations have been
labelled on the graph. There are clear differences in the spectra, such as the relative
intensities of the bands.

The heterogeneity of the spectra from the same sample shown in Figure 4.19a has
been suggested to be a result of cells in the same culture stochastically transitioning
among different phenotypes in order to enhance the overall fitness of the cell popula-
tion [111]. Cell variation can be detected in genetically identical colonies due to the
bacteria adapting to survive in alternating and unpredictable environments, i.e., to
prepare against any attacks from toxic substances or conditions [110, 111]. However,
quantification of such heterogeneity does not appear to have been performed using
Raman spectroscopy and specific variation of biomolecules has not been investigated
to the level presented in this chapter.

For instance, Garcia-Timermans et al. investigated the phenotypic heterogeneity
of E. coli using Raman spectroscopy and flow cytometry, however, only the finger-
print region is considered in the work, with the high wavenumber region not collected
in the Raman spectra [257]. Furthermore, following growth, the E. coli cells were
stored at 4 °C and analysed using Raman spectroscopy within a week, however, it
was shown in another paper published by the same group that the length of time
left in storage can cause changes in the Raman spectra [108]. Specifically, it was
found that the bands at 781 cm™!, 1395 ecm™!, 1572 cm™! and 1581 cm ™ displayed
significant changes following storage of 5 and 12 days according to Random forest
analysis [108, 257]. Therefore, the collection of the Raman spectra one week follow-
ing growth could cause variation in the Raman spectra [108, 257]. For the spectra
collected in this work, fresh samples were used for each experiment, i.e., samples
were prepared the same day Raman analysis was performed.

In order to quantify the difference in relative intensity of the bands in the Ra-
man spectra shown in Figure 4.19a peak intensity ratios (PIRs) for each spectrum

were computed against the band at 781 cm™! representing RNA/ DNA (Table 4.1)
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(77, 120, 153, 156]. This band was chosen as it had the same relative intensity for
both spectra, indicating homogeneity. This band has also been used for determi-
nation the metabolic functions being undertaken by FE. coli cells following exposure
to alcohol in literature [121]. Furthermore, it has been used in this work for deter-
mination of heterogeneity between samples when studying the spectral averages for
each sample (Fig. 4.14). The PIRs for the two spectra are shown in Figure 4.19b.
Band assignments are in Table 4.1.

The PIRs for the bands representative of DNA/ RNA at 722 cm™!, 1096 cm ™,
1237 cm™t, 1256 cm™t and 1572 em™! [77, 115, 120, 123, 124, 136, 153, 155, 156]
show separation for the two spectra (Fig. 4.19b). These changes in the RNA/ DNA
associated bands may be due to the physical distortions of DNA within dehydrating
cells [258]. This deformation of the DNA would particularly be in agreement with
the changes seen in the band representing the DNA backbone at 1096 cm ™! [77, 124,
136, 155, 156]. The variation in the RNA/ DNA shown here could give an indication
into the different changes the cells underwent due to the dehydration process [259].
The bands at 722 cm ™! and 1096 cm ™! were also found to change according to PCA,
indicating that the variation in these bands is significant at a population level (Fig.
4.9). As the 1096 cm™! band also varies in PCA results (Fig. 4.9), it is possible that
the potential DNA deformation occurred both within and across samples, suggesting
significant levels of heterogeneity could be introduced into an E. coli sample due to
the dessication process.

The PIRs for the high wavenumber region (Fig. 4.20a) of the spectra are shown
in Figure 4.20b. The PIRs are computed against the protein and lipid band at
2927 cm ™! (Fig. 4.20b) as this has previously been used to monitor cell death and
membrane fluidity [121]. This band was also used for PIR analysis of the spectral
averages for determination of heterogeneity between samples.

The PIRs show separation for the bands at 2852 cm™! (fatty acids and proteins),
2875 cm ™! (lipids and proteins) and 3064 cm ™! (proteins) for the two Raman spectra
(Fig. 4.20b) [124]. The band at 2875 cm™! was also found to vary according to PCA
results performed on all spectra across the three replicates (Fig. 4.11).

The changes in the lipid-predominant bands in the fingerprint region at 722 cm™!,
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(b) Peak intensity ratios (PIRs) for the two Raman spectra collected from the same sample. The PIRs
are computed against the band at 2927 cm ™! representing lipids and proteins [124], which has previously

been used to assess membrane fluidity [121]. The error bars represent fitting uncertainties.

Figure 4.20: The high wavenumber region of two Raman spectra collected from different cells in
the same FE. coli sample and the corresponding PIRs, which demonstrate the level of heterogeneity
of spectra collected from different cells in a biological sample. The PIRs are computed against the

band at 2927 cm ™!, found not to vary according to PCA and PIRs of all spectra.
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1078 em™t, 1295 cm ™!, 1453 em ™! and 1665 cm ™! and the high wavenumber region
at 2852 cm~! and 2875 cm~! (Fig. 4.19b and 4.20b) [77, 120, 121, 123, 124, 136,
153, 155, 156] may be due to natural heterogeneity of lipopolysaccharides (LPS) as
has been reported in the literature, which could explain the differences in the PIR
values obtained for the two spectra [103].

Proteins are one of the biomolecules represented by nine of the thirteen bands in
the fingerprint region (Fig. 4.19) and all of the bands in the high wavenumber region
(Fig. 4.20) which display separation for the PIR values obtained for the two spectra,
those being the bands at 854 cm™!, 1078 cm ™!, 1206 cm™!, 1237 cm™*, 1295 cm ™!,
1453 em~!, 1481 ecm~!, 1607 cm™!, 1665 cm ™!, 2852 cm ™!, 2875 cm ™! and 3064 cm !
(77,120, 121, 124, 136, 153, 155, 156]. The heterogeneity of these protein bands may
be due to the cellular processes which take place due to cell desiccation [260]. As
the cells undergo dehydration the proteins can lose their shape and integrity [256].
However, according to work by Nystrom et al. this is not the case for all proteins
in the bacterial cells, in fact during desiccation of 12 hours the bacteria cell was
found to attempt to protect the proteins from oxidative modifications, which often
occurs during dehydration due to the formation of reactive oxygen species (ROS)
[261]. The differences in the Raman spectra shown here are indicative of these
heterogeneous protein modifications resultant from cell desiccation. The bands at
854 cm™!, 1481 cm™! and 2875 cm™! were also found to change according to PCA
results, indicating that these modifications may be causing variation at a population
level also, suggesting significant levels of variation of proteins [256, 260)]

This analysis of the Raman spectra goes beyond previous investigations, through
its ability to identify specific proteins and amino acids. For example, significant
differences were found for the PIR of the protein-dominant band at 1206 cm™!,
representative of phenylalanine and tryptophan (Fig. 4.19b) [77, 124]. This indi-
cates that these proteins and amino acids may be altered due to cell dehydration,
and could act a marker for the cell undergoing different metabolic processes during
desiccation. Papers are generally published focusing on the variation of one specific
biomolecule, such as proteins [256, 261], however, published work on the heterogene-

ity of specific proteins and amino acids in a bacteria population has proved difficult
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Figure 4.21: Convergence of the standard error of the mean of the normalised intensity of the
band at 1002 cm™!, representative of phenylalanine [77, 124, 136, 153, 155, 156, 247]. This band
was found to vary across the three samples, according to PCA results and PIRs against the bands

at 781 ecm~! and 1481 ecm™!. ) is the rate of convergence.

to find following extensive literature searches.

This analysis of the single spectra presented here goes beyond what has been done
for analysis of bacterial samples using Raman spectroscopy. For instance, Schuster et
al. investigated the heterogeneity of Clostridia using Raman spectroscopy, however,
no quantitative analysis was performed on the four spectra collected from the same
sample, rather relative intensity were discussed from visual observation [160].

The levels of heterogeneity presented here show the necessity to collect sufficient

spectra from a given bacteria sample to ensure the sample is properly characterised.

4.5 Heterogeneity of biomolecules in E. colz

In addition to analysis of the heterogeneity of the PIR biomarkers for biological
systems, and to further investigate the heterogeneity of specific biomolecules in
samples, convergence rates can also be obtained for individual bands in the Raman
spectra. This test determines the absolute standard error of the mean (SE) of the

normalised intensity of the bands in the Raman spectra of E. coli for increasing
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Table 4.4: Convergence rates for bands in the Raman spectra of E. coli samples. The rate of

convergence corresponds to the heterogeneity of the biomolecule(s) that the band represents. A

larger convergence rate indicates increased homogeneity. The band assignments are included.

Location Convergence rates Band

(cm™!) S1 S2 S3 assignment et
667 5.65 £ 0.09 | 5.91 £0.09 | 7.7+ 0.2 DNA [77, 124, 136]
722 3.82+0.08| 7.1+£0.1 10.5 £ 0.2 | Lipids, DNA [77, 123, 124, 136, 156]
781 8.6 £0.1 10.0 £ 0.2 | 11.0 £ 0.2 DNA [77, 120, 124, 153, 155, 156]
809 72+0.1 71+0.2 | 148 +£0.2 | RNA, Proteins [77, 124, 136, 155, 156]
1002 128 £0.2 | 153+04 | 23.8£04 Proteins [77, 124, 136, 153, 155, 156, 247]
1453 89+ 0.2 82+ 0.2 | 12.5 £ 0.2 | Proteins, lipids [120, 121, 124, 155, 156]
1481 6.3 £0.1 10.7 £ 0.2 | 15.2 + 0.3 | Proteins, DNA [77, 124, 247)
1572 5.74 £ 0.09 | 5.27 £ 0.08 | 9.9+ 0.2 | Proteins, DNA [77, 115, 124, 153, 155, 156]
1607 3.07 £ 0.05 | 5.44 £ 0.09 | 13.8 £ 0.3 | Proteins, lipids [77, 121]
1665 4.69 £ 0.08 | 5.54 = 0.09 | 11.2 & 0.2 | Proteins, lipids [77, 153, 155, 156]
2852 11.8 £0.2 | 1565+ 0.3 | 3.83 £ 0.06 Lipids [124, 153]
2875 271+ 0.5 62.6 + 1 6.1 = 0.1 | Proteins, lipids [124]

numbers of spectra in the average spectrum. When plotted against the number of
spectra in the average spectrum, this produces a convergence rate graph, the same as
those seen for analysis of the heterogeneity of graphene (Chapter 3), thus, allowing
for analysis of the heterogeneity of band-specific biomolecules. For example, the

!'is shown in Figure 4.21. This band is

convergence rate for the band at 1002 cm™
representative of phenylalanine which was found to vary across three samples from
PCA (Fig. 4.8), as well as for the PIRs against the bands at 781 cm™! (Fig. 4.14)
and 1481 cm™! (Fig. 4.15). For the sample shown here, the SE was converged to
2.81 x 107° at a rate of A = 12.8 £ 0.2 (Fig. 4.21).

The convergence rates for the 1002 ecm™! band for the other samples are in Ta-
ble 4.4. Sample three achieves a higher convergence rate compared with the other
two replicates. This indicates that phenylalanine in E. coli sample three is more
homogeneous than the other samples. Sample one produced the lowest convergence
rate for the band at 1002 cm™!, indicating higher levels of heterogeneity. This band

was also found to vary in the PCA results (Fig. 4.9), thus, according to the conver-

gence rates seen here, the heterogeneity of this band mainly stems from sample one,
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Figure 4.22: Convergence of the standard error of the mean of the normalised intensity of the
band at 1453 cm ™1, representative of lipids and proteins [120, 121, 124, 155, 156]. This band was
found to vary across the three samples, according to PCA results and PIRs against the bands at

781 cm~! and 1481 em™!. ) is the rate of convergence.

which gave the lowest convergence rate. The variation of this band may be due to
different toxicity response of the cells due to cell death, or the amino acids under-
going different conformational changes due to the dessication process [256]. Sample
one being the most heterogeneous of the samples is not in agreement with the PIR
results against the band at 781 cm™!, which shows separation for the PIR Tjp2/I7s;
for sample three only (Fig. 4.14), found to be the most homogeneous sample in this
analysis. Thus, the separation of the PIR may be a result of heterogeneity of the
781 cm~! biomarker.

! obtained a lower convergence rate than

Comparatively, the band at 1453 cm™
the band at 1002 cm™!, indicating decreased homogeneity of this biomarker. The
1453 cm™! band (lipids and proteins) converged to 1.90 x 107° at a rate of A\ =
8.9 + 0.2 (Fig. 4.22) [120, 121, 124, 155, 156]. The convergence rates of the 1453
cm~! band for the other samples (Table 4.4) were all lower than the corresponding

convergence rates for the band at 1002 cm™?.

However, the values obtained for
the 1002 cm~! band vary significantly across values, whilst for the 1453 cm™! the

variation is less significant. This increased variation in the values obtained for the



4.5. Heterogeneity of biomolecules in E. col: 145

1002 cm~! are in agreement with both PCA and PIR analysis, which found the
band at 1002 cm™! to be heterogeneous, while showing the 1453 cm™! peak not to
vary across the three samples (Fig. 4.9). This can allow the conclusion that the
1453 cm ™! is more heterogeneous within samples, while the 1002 cm ™! band displays
greater heterogeneity across samples.

The largest variation in the convergence rates for the band at 1453 cm™! was
seen for sample 3 which had a value of 12.5 £ 0.2 compared with 8.9 + 0.2 and 8.2 +
0.2 for samples one and two respectively (Table 4.4). All three results were outside
of error of one another. Similar results were obtained for the convergence of the PIR
biomakers I453/I7s1 and Ij453/11481, which demonstrated heterogeneity across the
three samples (Table 4.3). This band has been previously used for determination of
changes in the metabolic processes of bacteria due to toxic conditions and substances
[77, 121]. Thus the variation of convergence rates of this band is indicative of
significant variation of the metabolic processes of the cells across the population
(77, 121]. This heterogeneity may only be observable at a single spectrum level, and
may not be significant at a population level, hence, the lack of separation in PCA
and PIR analysis.

For the convergence rates of the band at 781 cm ™! (DNA), all samples are outside
of error of one another (Table 4.4). This is in agreement with PCA results (Fig. 4.9),
which found this band to vary across the samples. Variation in bands associated
with DNA can occur due to cells or samples being at different stages in their growth
cycle, causing natural heterogeneity of the DNA in the cells [253]. The heterogeneity
may also be a result of changes in the DNA due to the cell death process [253].

The convergence rates of other bands in the three E. coli spectra are in Table
4.4. In general E. coli sample one achieves lowest convergence rates, meaning it is
the most heterogeneous of the three replicates. This heterogeneity can also be seen
in the PCA results (Fig. 4.8), with E. coli sample one displaying separation from
the other samples.

Sample three has the largest convergence rates, however, the rates for this sample
vary most significantly when compared with the other samples, suggesting that this

sample was undergoing different cellular processes compared with the other samples,
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despite being most homogeneous within the sample. This heterogeneity can also be
seen in the PCA results (Fig. 4.10), with E. coli sample three displaying separation
from the other samples.

Some of the bands which are representative of the same biomolecule produce
different convergence rates, for instance, for the bands at 667 cm~! and 781 cm™*
produce different rates for E. coli sample three (Table 4.4), despite both being
representative of RNA/ DNA. This may be due to the fact that the band at 667
cm ™! is representative of nucleic acids guanine, thymine and cytosine, while the 781
cm ™! of uracil, thymine and cytosine [77, 120, 124, 136, 153, 155, 156]. Thus, it is
likely that the variation in the guanine is causing the decrease in convergence rates
for the 667 cm ™! band.

These convergence rates offer an insight into the heterogeneity of specific biomolecules
across F. coli samples in a way which has not previously been done. The ability
of Raman spectroscopy to detect changes in metabolic states of cells has previously
been investigated, and this analysis could aid future investigations in an attempt to
show the variation of biomolecules due to cellular alterations [77]. For future work,
this analysis could allow an interesting look into how heterogeneous these changes
are across biological samples following specific cellular changes or perturbations,

such as cell interaction with graphene.

4.6 Conclusion

The level of characterisation achieved in this chapter goes beyond what has previ-
ously been done before within literature to our knowledge, in order to ensure full
representation of the heterogeneity of the E. coli sample within the spectral average.
The number of spectra required for characterisation of the E. coli samples in the
work was determined through convergence of the SE and 2SD. It was found that con-
vergence of the data was achieved for the 55 individual point Raman spectra across
three FE. coli replicates, i.e., for a total of 165 spectra. This level of characterisa-
tion goes beyond what has been done within literature to our knowledge, with some

papers collecting ten or less spectra for representation of an entire cell population
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[120, 151, 153, 159], or only performing one biological replicate for characterisation
purposes [120, 151, 152, 154, 159].

Characterisation to the level performed in this chapter is necessary due to the
significant levels of inter- and intra-sample heterogeneity for the three E. coli repli-
cates investigated in this work. In order to investigate this inter-sample heterogene-
ity two random point spectra collected from the same E. coli sample were analysed.
These spectra displayed significant variation, which was analysed using PIR analysis.
These PIRs uncovered relative intensity differences of many of the bands represent-
ing RNA/ DNA, specifically those at 722 cm™', 1096 cm ™!, 1237 cm™!, 1256 cm ™!
and 1572 ecm™! [77, 115, 120, 123, 124, 136, 153, 155, 156]. These changes are likely
due to cells in the same sample being at different growth stages, a natural occurrence
in bacterial samples [253].

The cell variation within samples also caused changes in the bands representative
of proteins, such as the bands at 854 cm™!, 1078 cm ™!, 1206 cm ™!, 1237 cm ™!, 1295
cm !, 1453 cm ™!, 1481 em ™!, 1607 e, 1665 cm ™!, 2852 em ™!, 2875 cm ! and 3064
cm~! [77, 120, 121, 124, 136, 153, 155, 156]. This protein variation in the Raman
spectra of the two cells may be representative of protein modifications resultant from
cell dessication [256, 260].

The heterogeneity of all Raman spectra were also compared across the three sam-
ples, to determine heterogeneity across the replicates, using PCA and PIR analysis
of the spectral averages. The lipid bands at 722 cm™! and 2875 cm ™! were found
to vary across the three samples according to the PCA results, however, the PIR
analysis showed no separation, indicating that the heterogeneity may be natural
variation of lipids across the samples [77, 123, 124, 136, 156, 254, 255].

The PIR analysis uncovered that the RNA/ DNA heterogeneity was heavily
linked with the variation in the protein bands. For instance, the PIRs against the
band at 781 cm™! representative of DNA only showed separation for the protein-
related bands at 757 cm™! and 1002 ecm™! [77, 120, 124, 153, 155, 156]. This associ-
ated variation is due to heterogeneity of proteins in the sample causing retardation
of cell growth, thus resulting in differences in DNA signatures across the sample

[251]. The variation in the protein bands may be due to heterogeneous inhibited
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protein synthesis from the dessication process [77, 251].

Novel methods for determination of the heterogeneity in the PIR biomarkers
and individual bands in the Raman spectra were then utilised. These so-called
convergence rates were obtained for the PIRs Ij453/I781 and Iy453/11481, the former
of which showed separation in the PIR analysis, whereas the latter displayed no
differences across the three samples. Irrespective of this, the Iy453/I781 PIR achieved
an average convergence rate of 5.1 £+ 0.1, and the Iy453/l1451 PIR biomarker an
average convergence of 5.0 + 0.1. Thus, despite the I;453/I73; biomaker being more
heterogeneous between samples than the I453/T1451 PIR, this analysis suggest both
biomarkers have similar levels of homogeneity across samples.

The investigation of the PIR biomarkers provides a new method for analysis of
heterogeneity of the metabolic processes of the cell. For instance, the relative inten-
sity of the band at 1453 cm™! can be used to monitor cell viability [77, 121]. Thus,
the variation of the PIRs Iy453/I781 and Iy453/11481 is reflective of the heterogeneity
of the metabolic processes of the cells in the sample with respect to changes in DNA
and proteins respectively [77, 121]. Therefore, future work could involve utilising
this method for analysis of the heterogeneity of the metabolic processes of bacterial
samples following cellular changes, for example, different methods of cell death.

Analysis of the heterogeneity of individual bands was also performed to gain a
more specific insight into the alterations of particular biomolecules using conver-
gence rates of the SE of the normalised intensity of the bands. For instance, it
was found that on average pure DNA bands achieved lower convergence rates than
lipid or protein bands. For example, the band at 781 cm™' (DNA) has an average
convergence rate of A = 9.9 + (0.2 across the three samples, whereas the proteins
band at 1002 cm~! and the lipid band at 2852 cm ™! have higher convergence of \ =
17.3 & 0.4 and A = 10.4 £ 0.5 respectively. This indicates increased heterogeneity
for DNA compared with other biomolecules in the samples.

The rates of convergence of the biomolecules of E. coli sample one were lower
than the other samples, indicating this sample is the most heterogeneous of the three
replicates.

The level of analysis performed in this chapter is more than has been done
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within literature. For example, it is common for works to visually compare the
relative intensity changes of bands in the Raman spectra without quantification
[123], however, in this work both PCA and PIR analysis were performed. The
methods proposed within this chapter ensure full and proper characterisation of
biological samples using Raman spectroscopy. The convergence of the SE and 2SD
is a suitable method for determination of the level of characterisation achieved, and
is an appropriate protocol for application across literature to ensure reliability of

data.



Analysis of Graphene’s Antibacterial

Properties Using Raman Spectroscopy

The ability of graphene to kill microbes is something which has been previously
investigated, and proven, within literature [71, 73, 74, 75]. For example, Akhavan
et al. found the percentage of viable bacteria to decrease by 70 % following the in-
teraction of E. coli with graphene nanowalls for 60 minutes [75]. The biomolecular
mechanism via which graphene causes the death of bacteria is, however, not some-
thing which is currently understood. This is because it is often the morphology of
the cells which is examined following the interfacing of graphene and bacteria, such
as the use of scanning electron microscopy (SEM) by Li et al. to show the morpho-
logical changes, specifically membrane damage and cytoplasm leakage, due to cell
death by CVD graphene [71]. Li et al. thus hypothesised that graphene kills cells

by cell membrane destruction, however, no specific cellular changes, i.e., changes of
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biomolecules such as proteins, lipids or RNA/ DNA, are shown or discussed [71].
The counting of colony forming units (CFUs) is commonly utilised within the
literature to determine the viability of cells following interaction with graphene
(71, 74, 75]. The ability of the cells to form colonies can be used as a measure of
cellular viability. Thus, counting the number of colonies before and after interfacing
with graphene can allow determination of loss of cell viability. For example, Akhavan
et al. used the method of counting CFUs and measurements of the concentration of
RNA to evaluate the efflux of cytoplasmic materials when assessing the antibacterial
properties of graphene and graphene oxide (GO) nanowalls [75]. The counting of
CFUs showed a decrease in the number of viable E. coli cells of over 50 % following
interaction with graphene nanowalls. However, the work by Akhavan et al. was
limited only to investigation of the change in RNA, and no information on changes in
other biomolecules were considered [75]. By utilising Raman spectroscopy this work
aims to investigate the composition of various biomolecules following interaction
with graphene such as proteins, lipids and RNA/ DNA, and will look to gain an
understanding into the biomolecular interactions between graphene and FE. coli.
Raman spectroscopy has significant potential to investigate the changes in the
cells following interaction with graphene. It has previously been used to investigate
the changes in chemical composition of bacterial cells following death by different
lethal conditions [77]. For instance, Teng et al. found that cell death by antibiotic
ampicillin caused changes in lipid related bands at 957 cm™!, 1302 cm™!, 1445 cm™*
and 1660 cm™! in the Raman spectra [77]. This is consistent with inhibition of cell
wall synthesis, the process via which ampicillin has been found to cause cell death
(77, 262]. Whereas, it has been reported that death by heat treatment changed
protein-related bands at 1250 cm™!, 1610 cm™! and 1670 cm~! representative of
protein denaturing at high temperatures [120]. Raman has also been used to in-
vestigate the antimicrobial properties of GO, a study which found changes in the
bands at 729 cm™! (adenine), 490 cm™! (proteins) and 610 cm™! (Amide IV), for
which cell death was attributed to cell membrane degradation [123]. However, there
was no quantitative analysis performed on the Raman spectra and only visual ob-

servation of changes in band intensities are discussed. In this thesis, both principal
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component analysis (PCA) and peak intensity ratio (PIR) analysis are performed
on the spectra to determine what changes the cell undergoes due to cell death by
graphene.

Specifically, the aforementioned investigations will involve determining the rela-
tive intensities of the bands in the Raman spectra prior to and after being interfaced
with graphene [121]. PCA and PIR analyses will be utilised to determine changes
in the Raman spectra due to interaction with graphene. Zu et al. used PIRs in
the high wavenumber region of the Raman spectra to investigate F. coli cell death
by alcohol [121]. Changes in the PIR of the bands at 2852 cm™! (FAs and lipids)
and 2924 cm™! (lipids and proteins), i.e., the PIR Iggso/Iag24, Were used to assess
changes in membrane fluidity after cell death by alcohol [121, 124, 127, 153]. Similar
analysis will be performed in this work, which will aim to determine the biomolec-
ular changes in the cell following interfacing with graphene. No published work has
studied the changes in E. coli cells following interaction with CVD graphene using
Raman spectroscopy, thus to the best of our knowledge, the findings in this thesis
will be the first report of such investigations.

Many hypotheses have been proposed for the ability of graphene to cause cell
death. For instance, Li et al. suggested that the bacterial cells lose electrons due to
the negative resting potential of the bacterial cell membrane forming a circuit with
CVD graphene on a conductor or semiconductor substrate, specifically Cu and Ge
[71]. Furthermore, graphene on Si/SiO, showed little reduction in cell viability, thus,
it was hypothesised that graphene on Si/SiO, has no antimicrobial properties due
to the substrate being an insulator, unable to form the proposed circuit [71]. The
work by Li et al. has however, been criticised for use of antibacterial Cu interfering
with the results [71, 74].

It has been suggested that the size and shape of the graphene can affect its
antimicrobial properties [263]. For instance, it has been shown using fluorescence
microscopy that the shape of graphene quantum dots (GQDs), which are carbon
nanosheets of < 20 nm in lateral dimension, affects its ability to disrupt the cell
membrane [263]. GQDs which were curved in shape displayed higher levels of toxicity
to S. aureus compared with flat GQDs [263]. It has also been shown that the size
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of GO can affect its ability to cause cell death [264]. Specifically, the antimicrobial
efficiency was shown to be four times greater for a reduction in sheet size from
0.65 pum? to 0.01 pum? [264]. This was attributed to high defect density of smaller
graphene sheets, causing higher oxidative stress [264]. This work will investigate
large area graphene, specifically samples of 1 cm?.

The most common hypothesis to be proposed for the ability of graphene to
kill microbial cells is the extraction of lipids from the lipid bilayer of the cell by
graphene [73, 75, 123]. This hypothesis is based on the idea that nanographene acts
as a knife, cutting into the membrane, extracting the lipids from the lipid bilayer
[73]. However, as nanographene is not being studied within this work, rather it is
large area graphene (1 cm?) on a substrate, it is unlikely that this method of cell
inhibition would be possible. The graphene will be unable to act as a nanoscale
knife cutting into the cell membrane due to the increased size of the samples, which
is 107 orders of magnitude larger than nanographene.

The antimicrobial properties of large area CVD graphene have been investi-
gated less than graphene formed via other methods [71, 265]. For instance, for the
published works explored in this chapter almost 60 % of those examined graphene
nanosheets, while around 25 % were investigating CVD graphene [71, 73, 74, 75,
123, 264, 266]. Some works have even claimed the CVD graphene possesses no
antimicrobial properties [74]. However, the work presented in this thesis shows sig-
nificant changes in the Raman spectra of the cells following interaction with CVD
graphene. For example, the emergence of new bands in the high wavenumber re-

1 or the splitting of peaks, for

gion of the spectra such as the band at 3000 cm™
instance the band at 722 cm™! into the bands at 717 cm™! and 727 cm ™!, suggestive
of conformational changes of the cell following interaction with graphene.

The work in this chapter aims to investigate the biomoleular interactions of
graphene and F. coli using Raman spectroscopy, to gain an understanding into the
mechanism of cell death. Two experimental designs are presented in this chapter

to investigate the toxicity response of the E. coli cells after being interfaced and

cultured with graphene.
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(a) Average spectrum of E. coli on CVD graphene. Intense graphene and Si/SiOs signatures in the
fingerprint region (600 - 1800 cm 1) effectively obstruct the Raman signals of E. coli. The grey represents
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(b) The high wavenumber region (2800 - 3100 cm™1!) of the average spectrum of E. coli on CVD

graphene. The grey represents the SE of the mean of the averaged spectrum.

Figure 5.1: Average spectrum of E. coli on CVD graphene showing (a) the full average spectrum
and (b) the high wavenumber region. The cells were placed onto the CVD graphene surface
following growth to interface. The Raman spectra were collected from F. coli cells on the graphene.
The averaged spectrum is an average of 55 individual non-normalised Raman spectra collected from

random points across the sample for one biological replicate.
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5.1 E. coli Interfaced with Graphene

For the work presented in this section, the F. coli cells were interfaced with graphene
following growth. The cells were washed to ensure the removal of all media, and
were re-suspended in sterile water. The cells were pipetted onto the graphene in 5
ul droplets, in the same way that was done for the characterisation of E. coli on
CaFy (Chapter 2: Section 2.5.1). The cells dried onto the graphene surface during
interfacing with the sample, and the Raman spectra were collected from these dried
cells on the graphene surface.

An average Raman spectrum is shown in Figure 5.1a. It is an average of 55 indi-
vidual Raman spectra collected from a single biological replicate of this experiment.
Unfortunately, due to the intense graphene and Si/SiOs signatures in the finger-
print region (600 - 1800 cm™'), the Raman spectrum of E. coli was obstructed (Fig.
5.1a). Background subtraction of these data were attempted in order to remove the
graphene signals from the spectra. However, due to the low intensity of the bands
in the Raman spectra of E. coli this introduced ambiguity as to whether peaks
arising in the spectra were Raman signals of E. coli or due to leftover signal from
subtraction of the intense graphene and Si/SiO, background noise. An example of
such residual signal from background subtraction is shown in the Appendix: Figure
A.22. The fitting of the bands in the average spectrum are shown in the Appendix
along with the corresponding residuals (Fig. A.24).

As aresult, the focus in this chapter will be on the high wavenumber region (2800
- 3100 cm™1!) of the Raman spectra, which was unimpeded by the graphene and sub-
strate signatures (Fig. 5.1b). The high wavenumber region is particularly significant
as it primarily constitutes lipids and proteins (Table 5.1), the main biomolecules in
the E. coli cell membrane. Therefore, investigation of this region will give an insight
into the hypothesis that graphene’s antimicrobial properties are due to its ability to
extract the lipids from the lipid bilayer of the cell [73, 75, 123].

The average spectrum of the high wavenumber region of one of the three biolog-
ical replicates can be seen in Figure 5.1b. It is an average of 55 individual Raman
spectra collected from random cells all across the sample. The three replicate aver-

ages are included in the Appendix (Figure A.23). The peak locations of the three



5.1. E. coli Interfaced with Graphene 156

Table 5.1: The locations of the bands in the high wavenumber region of the Raman spectra
for three replicates of E. coli interfaced with graphene sample, referred to as interfaced S1, S2

and S3. The E. coli band locations correlate to the bands in the high wavenumber region of the

Raman spectrum, averaged across three biological replicates. The units of all locations are cm™?.

I on each measurement. The stated errors are obtained

The maximum instrument error is 3 cm™
from the fitting of the standard error envelope (as described in Chapter 2). Fatty acids has been

abbreviated to FAs.

Interfaced band locations | E. coli band | Literature Band
Bond Ref.
S1 S2 S3 locations location Assignment
2847 | 2845.7 2846.8 FAs Symmetrical stretching
2852 2846 [121, 124, 127]
+ 3 + 0.2 + 0.8 4 Lipids vibrations of CH, and CHjz
2857 | 2858.1 2857.8 FAs CH,, CHj3 symmetric
2855 [121, 124, 153]
+ 3 + 0.1 + 0.2 Lipids stretch
2875 | 2872.0 2872.8 2877 Lipids )
2875 CH, asymmetric stretch [124, 155]
+ 2 + 0.3 + 0.1 + 2 Proteins
2882.2 | 2887 2896 Unsaturated lipids | CHy asymmetric stretching
- 2882 - 2895 [124, 127]
+ 0.1 + 2 + 3 Proteins of lipids and proteins
2910.3 | 2908.5 | 2909.61
- 2910 Lipids CH, CHj stretch [124, 127]
+3 +0.7 + 0.05
2927 Lipids CH, asymmetric stretch,
- - - 2929 [124, 153]
+3 Proteins symmetric CHg stretch
2936.7 | 2932.3 2938 2936 Lipids Symmetrical CHy
2935 [124, 127, 267]
+ 0.2 + 0.8 +1 +1 Proteins and CHj stretch
2972 | 29774 2975.5 2978
2973 Proteins Asymmetric CHj stretch [124, 267]
+2 + 0.5 +0.7 +1
3000.45 | 2999.5 | 3000.09 Lipids )
- 3000 CH stretching [124, 127]
+0.01 | £0.3 + 0.05 Unsaturated FAs
3021.3 | 3022.3 3021.1
- 3015 Lipids C-H stretching [124]
+05 | £02 + 0.5
3062.8 | 3061 3063.2 3064.25
3067 Proteins C=C-H aromatic stretch [248, 267]
+0.8 + 2 +0.2 =+ 0.06
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samples, with corresponding biomolecular assignments and bonds which give rise to
the bands are shown in Table 5.1. The Raman spectra of E. coli after being inter-
faced with graphene will be compared against the spectra collected from the three
E. coli samples dried onto CaF,, as presented in Chapter 4, which will be used as a
control. The locations of the peaks in the averaged F. coli spectrum, are included in
the table for comparison of band shifts as a result of cell death by graphene (Table
5.1). The E. coli band locations were obtained from fittings of the averaged spectra
across three biological replicates.

There is significant variation of the band locations in the averaged FE. coli spec-
trum compared with the Raman spectra of E. coli interfaced with graphene (Table
5.1). The first of these differences is the potential splitting of the band at 2852 cm™!
into two bands at 2846 cm~! and 2858 cm ™, representative of lipids and fatty acids
(FAs) [121, 124, 127]. It is uncommon for two bands to appear in this region in the
Raman spectra of FAs or lipids. Czamara et al. studied 35 different lipids using
Raman spectroscopy, and found only a single band was present between ~ 2832
cm ™! to 2862 cm ™! in the Raman spectra of each lipid, that is, in no spectrum were
there two bands between these wavenumbers as found in this work for the bands
at 2846 cm~! and 2858 cm™!, which are representative of symmetric CHy and CHjy
stretching vibrations of FAs and lipids [124, 127]. This suggests that the two bands
are present due to the splitting of the band at 2852 cm ™ as a result interfacing with
graphene. Following literature searches, no reports of such splitting of this band
were found. Therefore, this suggests the band splitting is a unique toxicity response
of the cells due to being in contact with graphene. These bands arise due to FAs
and lipids, therefore, the changes in these bands suggest significant perturbations of
these biomolecules, and is indicative of lipid bilayer perturbation [121, 124, 127, 153].

There are additional bands present in the Raman spectra of F. coli interfaced
with graphene compared with the E. coli spectrum, specifically the lipid bands at
2910 cm™!, 3000 cm™! and 3022 cm™! [124, 268]. These bands are prominent in
the Raman spectra of FAs [126, 268]. In particular, the band at 2910 cm™! is
especially prominent in the Raman spectra of saturated FAs myristic acid, palmitic

acid, and arachidic acid [268]. The 3022 cm~! band is also due to the presence
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of saturated FAs [126], while the band at 3000 cm™! is a prominent band in the
spectrum of palmitoleic acid, a monounsaturated FA [268]. Therefore, the arisal
of the bands at 2910 cm ™, 3000 cm ™! and 3022 cm™! in the Raman spectra of E.
coli, representative of C-H stretching of lipids and FAs, following interfacing with
graphene may be further indication of perturbations to the FAs and lipids in the
cell [124, 127]. Specifically it is suggestive of conformational changes due to cell
disruption as a result of being interfaced with graphene. This is in agreement with
papers which have hypothesised that graphene kills bacterial cells by disrupting the
lipid bilayer of the cell [73, 75, 123].

Investigation of the changes in the Raman spectra across the three samples will
be performed, which analyses the heterogeneity of the FE. coli samples due to cell

death by graphene.

5.2 Analysis of the heterogeneity of the Raman
spectra of E. col: following interaction with

CVD graphene

PCA was performed on the three replicates for analysis of the different mechanisms
employed during cell death by graphene within the samples. The data separated
along PC1, representative of 19.0 % of the variance of the data set (Fig. 5.2). The
corresponding loading showing the features which caused separation in PCA space
is shown in Figure 5.3. The data did not separate along any other PC.

Two of the spectral features noted to change according to the PCA results (Fig.
5.2 & 5.3) are the bands at 2888 cm™! and 2895 cm™!. Comparison of the band
locations for the three E. coli interfaced with graphene samples (Table 5.1) indicates
a noticeable shift in the location of the band at 2888 cm™! for samples one and two,
to a location of 2895 cm™! for sample three. A similar shift is reported by Czamara
et al., who found that the protein-lipid CHy asymmetric stretching vibration at 2885
cm ™! in the Raman spectra of HMEC-1 cells cultured for a six hour period, shifted

to 2895 cm™! in the Raman spectra collected after 24 hours of incubation [127].
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Figure 5.2: PCA results for the high wavenumber region (2800 - 3100 cm™!) in the Raman
spectra of three samples of F. coli interfaced with graphene, showing PC1 against PC2. There is

separation along PC1 which represents 19.0 % of the total variance of the data.
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Figure 5.3: Loading one for the PCA results of the Raman spectra of the three E. coli interfaced
with graphene samples. There is separation along PC1 representative of 19.0 % of the total variance

of the data set. The main spectral features causing separation are labelled.
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The reason for this band shift is not explained, however, the bands arise due to the
same bonds and biomolecules, thus, the differences may be due to variation in the
growth stages of the E. coli samples, which has been reported to cause changes in
the cellular proteins and lipids [253, 269, 270]. The E. coli samples in this work
were grown to the same optical density (ODggp = 0.4 - 0.6) and so if this band shift
is a result of variation in growth phases this is due to natural growth variation in
the bacterial samples.

The change in band locations from 2888 cm™! to 2895 cm™!, and the separation
of the samples in PCA space, may be reflective of changes in FA composition re-
flective of different toxicity responses across samples. Sample three of the E. coli
interfaced with graphene replicates was interfaced with graphene sample three, which
according to the novel convergence rate tests presented in Chapter 3 is the most het-
erogeneously defected of the samples used for these experiments (Section 3.5). Thus,
the interactions between the graphene and the bacteria may differ as a result. It has
been shown that heterogeneity of graphene can cause different interactions with cells
[199]. For instance, pristine graphene and homogeneously oxidative graphene were
found to cause no damage to bacterial cells according to cryo-electron microscopy
(Cyro-EM) and simulations of the interactions [199]. Comparatively simulations of
heterogeneously oxidative graphene resulted in cell membrane rupture [199]. There-
fore, the shift of the band from 2888 cm™! to 2895 cm ™! and the separation of the
samples in PCA space may be due to different interactions of the E. coli cells with
the heterogeneously defected graphene samples.

Four of the bands found to change across the three samples are lipid-related
bands, specifically those at 2846 cm™!, 2874 cm™!, 2888 cm~! and 2936 cm™!
[121, 124, 127, 155]. Lipids and FA composition has been found to naturally vary
dependent on the stage at which the cells are at in their growth cycles, as determined
using mass spectrometry [271]. The changes in these bands may also be reflective
of different toxicity responses of the samples [252]. As discussed in Chapter 4, cells
can stochastically transition in order to prepare for unexpected lethal attacks which
could result in cell death [109, 252]. These so-called persister cells can alter them-

selves to avoid cell death, to ensure a sub-population of cells will survive any stress
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conditions. For example, a sub-population of cells within a population were shown
not to die following prolonged dosages of penicillin which would of eradicated a ho-
mogeneous cell population [109, 252]. Therefore, it is possible that the differences
in the Raman spectra seen here for the different samples may be due to the cells
reacting in a different way to the harmful interaction with graphene [109, 252]. This
may also be due to different interactions of the lipids in the cells with the differing
levels of defects of the graphene samples.

The interactions of the bacterial cells and lipids with the defects could be further
investigated using Raman spectroscopy by identifying or inducing specific types of
defects in the graphene sample. This would allow investigation of how different
defects affect bacterial cell death, and could be further examined by interfacing
pure lipids with these defects to monitor the changes. This type of study could be
significant in determining if increased level of defect in graphene promotes the loss
of cell viability, as hypothesised within this work, allowing graphene to be utilised
in a more targeted manner.

In order to further investigate the changes in the Raman spectra of E. coli in-
terfaced with graphene compared with the control E. coli samples, PCA results
performed on the two data sets comprising the three biological replicates of each

experiment will now be investigated.

5.3 Analysis of the Raman spectra of E. col: in-

terfaced with CVD graphene

The PCA results of E. coli and E. coli interfaced with graphene are shown in Figure
5.4. This figure shows the separation of the data set along PC3 and PC7 which
represent 7.39 % and 0.94 % of the total variance respectively. The corresponding
loadings can be seen in Figures 5.5 and 5.6 respectively, with the spectral features
causing separation in PCA space labelled.

Loading three (Fig. 5.5) of the PCA results, representative of the bands causing
separation along PC3 (Fig. 5.4), indicates the band at 3000 cm™' as a spectral

component which varies between the E. coli spectra compared with F. coli inter-
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Figure 5.4: PCA results for the high wavenumber region (2800 - 3100 cm~!) in the Raman
spectra of E. coli (black) and E. coli interfaced with graphene (red). There is separation along
PC3 and PC7 which represent 7.39 % and 0.94 % of the total variance of the data set respectively.

The separation represents different cellular changes due to cell death by graphene.
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Figure 5.5: Loading three for the PCA results of E. coli compared with E. coli interfaced with
graphene. There was separation along PC3 representative of 7.39 % of the total variance of the

data set. The main spectral features causing separation are labelled on the loading.
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Figure 5.6: Loading seven for the PCA results of E. coli compared with E. coli interfaced with
graphene. There was separation along PC7 representative of 0.94 % of the total variance of the

data set. The main spectral features causing separation are labelled on the loading.

faced with graphene. This band arises only in the FE. coli interfaced with graphene
spectra (Table 5.1). The band at 3000 cm™' has been reported to only appear as
an additional feature in the Raman spectra due to stretching modes of additional
=C-H bonds of unsaturated FAs [268]. Therefore, this suggests relative changes in
the FA composition, pertaining specifically to variation in the unsaturated FAs in
the cells, and may be due to changes in the level of saturation of the FA composition
of the E. coli [127].

The lipid band at 3022 cm~! was found to vary between the E. coli and E.
coli interfaced with graphene spectra, according to both loading three and loading
seven of the PCA results (Fig. 5.5 & 5.6). This is again due to the band being
present only in the FE. coli interfaced with graphene spectra (Table 5.1). This band
has been found to arise due to saturated FAs being present in the sample, and
diminishes for increasing levels of unsaturation in the sample [126]. That is, the
presence of the band at 3022 cm™! in the E. coli interfaced with graphene spectra
suggests alterations of the FA composition, specifically additional saturated FAs
which are not present in the E. coli sample [126].

The separation along PC7 also uncovered changes in the band at 2874 cm™!
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(Loading 5.6), which arises due to proteins and lipids [124, 155]. Changes in this
band have been reported to be representative of the preservation of saturated FAs
in the cells as a toxicity response to lethal conditions [121]. Furthermore, this
band was found by Zu et al. to change as a result of alteration of membrane
fluidity of cells representative of a toxicity response to alcohols, following FE. coli
cell growth with alcohol for one hour [121]. Thus, the changes in the band at 2874
cm ™! may be reflective of changes in the saturation of the membrane due to altered
membrane fluidity from cellular stress by graphene [121]. These changes in lipid and
FA composition, which may be causing a change in the membrane fluidity, could
be further investigated using mass spectroscopy as a complementary tool to Raman
spectroscopy, which has previously been used to monitor changes of FAs and lipids
in cells [271].

Raman spectroscopy can determine relative changes in the metabolic state of the
cells and provide insight into changes in the chemical composition of the cells [160].
For E. coli interfaced with graphene results presented here, the variation of each of
these bands are suggestive of relative changes in the level of saturation in the F.
coli samples due to being interfaced with graphene [121, 126, 127]. Specifically, the
spectra displayed additional bands correlating to an increase in the bonds related
to saturated FAs, such as the emergence of the band at 3022 cm™!, and changes in
the band at 2874 cm ™! also demonstrated preservation of saturated FAs in the cells
[121, 126].

Further work could be performed using Raman spectroscopy to more thoroughly
investigate the cause of these changes, specifically pure lipids could be interfaced
with the graphene samples and the changes in the Raman spectra monitored. This
would allow monitoring of the exact variation in lipid bands, particularly if this was
performed for specific lipids and FAs present in E. coli which are hypothesised to
change in this work, such as myristic acid and palmitic acid [268].

To further investigate the interactions of F. coli with graphene the second ex-

perimental design of graphene cultured with E. coli will now be presented.
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Figure 5.7: Average spectrum of E. coli after being spun down onto CVD graphene and left
to interface for 1.5 hours. The cells were washed and air-dried onto a CaFsy disc following which
the Raman spectra were collected. This spectrum is an average of 55 individual smoothed Raman
spectra collected from random points across the sample. The grey represents the SE of the mean

of the averaged spectrum.

5.4 FE. coli cultured onto Graphene

In order to further investigate the antimicrobial properties of graphene, an experi-
ment was performed to analyse the interactions of E. coli and CVD graphene when
it was cultured on the antimicrobial material. Following overnight growth of the
E. coli, the cells were diluted into fresh media and spun down onto the graphene
in a 24 well plate using a swing out centrifuge. The cells were incubated with the
graphene in media for 1.5 hours at 37 °C. Following which the cells were washed
from the graphene and placed onto a CaF'sy disc for Raman analysis. This allowed for
collection of Raman spectra of E. coli which had been cultured on CVD graphene,
and which is free of background graphene and Si/SiO, signatures.

The average Raman spectrum is shown in Figure 5.7. It is an average of 55 indi-
vidual Raman spectra collected from random points across the sample. The spectra
have been smoothed due to increased levels of noise, likely to a result of additional

artefacts in the sample from cell culturing with graphene. The raw spectrum is
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shown in Figure A.25. Dead cell spectra have been shown to have additional noise
compared with live cell spectra, thus the additional toxicity perturbations of cells
due to interaction with graphene may be the cause of the additional noise [272]. Due
to time restraints within the PhD, only one biological replicate of the experiment
has been performed.

The locations and corresponding assignments are shown in Table 5.2. As with
the E. coli interfaced with graphene, the Raman spectra of F. coli dried onto CakF,
will be used as a control. Thus, Table 5.2 also includes the E. coli band locations for
comparison of band shifts or additional peaks in the E. coli interfaced with graphene
spectra.

There is significant variation in the bands in the Raman spectrum of FE. coli
compared with E. coli cultured with graphene (Table 5.2). For instance the band

1'in the Raman spectrum of E. coli appears to have split

appearing at 722 cm™
into two bands at 717 cm~! and 727 cm~! both representative of DNA and lipids
(77, 123, 124, 136, 156]. This band was also observed to vary in a literature study
following exposure of E. coli cells with penicillin for 4.5 hours [152]. Penicillin is has
been found to cause cell death by inhibition of cell wall synthesis [274, 275]. Thus,
the splitting of the 722 cm™! bands into the DNA, lipid convoluted bands at 717
cm~ ! and 727 cm~! may be due to inhibition of the cell wall synthesis, and thus,
reflective of slowing of the cellular processes as a result [276]. The 722 cm ™! band
in the Raman spectrum of E. coli has also been found to change due to cell death
by GO, as reported by Nanda et al. [123]. However, no reason is stipulated as to
why this change occurs.

In order to further investigate if the alterations of these bands is a result of
the inhibition of the cell wall, this mechanism could be monitored using metabolic
fluorescent staining [277]. This method has previously been utilised to determine
the specific mode of action of cell-wall-inhibiting antibiotics, such as ramoplanin,
and vancomycin [277]. Thus, fluorescence staining could be utilised in this case in a
similar manner, alongside Raman spectroscopy, to determine alterations in bacterial
cell wall synthesis due to interaction with graphene.

There are also noticeable changes in bands associated with proteins. For instance,



5.4. E. coli cultured onto Graphene 167

Table 5.2: Table of band locations and assignments for peaks in the average Raman spectrum of
E. coli cultured with graphene. The bands in the average Raman spectrum of E. coli are included
for comparison. The units on all locations are cm™!. The maximum instrument error is 3 cm™!
on each measurement. The stated uncertainties are obtained from the fitting of the standard error

envelope. Fatty acids is abbreviated to FAs and phenylalanine to phe. C, A, G, T, U are the

nucleic acids cytosine, adenine, guanine, thymine and uracil.

Interfaced | E. coli | Literature
Peak Assignment Bond Reference
location | locations | location
666.1 667.1 DNA: G, T .
665-668 C-S stretching [77, 124, 136]
+ 0.6 + 0.1 Protein: cystine
717.49 Membrane phospholipid head
- 718-720 C-N [124]
=+ 0.03 DNA
727.0 722.0 DNA: A
720-730 CH, rocking [77, 123, 124, 136, 156]
+0.2 +0.2 Phospholipids
756.6 Proteins:
- 759 - [77, 124]
+ 0.2 Tryptophan
775 Lipids:
- P - [124]
+2 Phosphatidylinositol
785 781.32 C=0, C-N
783 RNA/DNA:U,C, T [77, 120, 124, 153, 155, 156]
+2 + 0.02 ring deformation
C-C stretching
807.9 809.3 Proteins: tyrosine
811 - 813 C-0-P-O-C in [77, 124, 136, 155, 156]
+ 0.3 +0.1 RNA
A-RNA backbone
848.9 854.0 Proteins: CC stretching
857 [77, 124, 155, 156]
+0.3 + 0.3 tyrosine CcOC
1000.2 1001.79 .
1000-1005 Proteins: Phe CC stretching [77, 124, 136, 153, 155, 156, 247]
+ 0.1 + 0.03
1038.7 1040.7
1035 Proteins - [124]
+= 0.7 + 0.7
1077.5 Proteins Phosphate vibrations
- 1080 [77, 124, 156]
+0.3 Lipids C-C stretch
1098.2 PO2-, CC stretching
- 1095 - 1100 DNA [77, 124, 136, 155, 156]
+ 0.5 COC stretching, C-N
DNA: C, T
1121.9 1124.2 Proteins C-N stretching, C-C
1126 [77, 124, 156]
+ 0.6 +0.2 Carbohydrates C-O stretching
Lipids
1172.8 Proteins: Tyrosine, Phenylalanine C-H in-plane
- 1170- 1175 [77, 124, 136]
+ 0.2 DNA: C, G bending mode
1202.8 1206.0 Proteins: tryptophan, phenylalanine
1208 C-C5Hg [77, 124]
+ 0.3 +0.2 RNA/ DNA: A, T
1236.8 Proteins: Amide III
- 1242-1250 C-N, N-H (77, 120, 124, 153]
+0.1 RNA: U
1256.0 Proteins: Amide III
- 1256 [115, 124]
+ 0.1 Lipids, DNA: T




5.4. E. coli cultured onto Graphene 168
Table 5.2 continued
Interfaced | E. coli | Literature
Peak Assignment Bond Reference
location | locations | location
1294.7 . CH,/ CHj twisting
- 1300 Lipids [77, 120, 136]
+ 0.9 or bending
1309.73 13144 ) CH,, CH,
1314 Proteins [124]
+ 0.05 + 0.7 twisting mode
1334.4 1335.0 Proteins CH, CH,, CHj
1336 [77, 124]
+ 0.7 + 0.7 DNA: G deformation
1453 1453.2 Protein deformation
1453 CH, deformation [120, 121, 124, 155, 156]
+1 + 0.1 Lipids
1481 1480.81 Proteins: Amide II
1481 - 1486 - (77, 124, 247
+2 =+ 0.09 RNA/ DNA: A, G
1519.56 Proteins:
- 1515 - [124]
+ 0.01 Cytosine
1556.3 Proteins: Amide II, .
- 1554-1558 CN, NH, COO- [124]
+ 0.2 Tryptophan, Tyrosine
1573.6 1572.3 RNA/ DNA: A, G NH deformation
1574-1578 [77, 115, 124, 153, 155, 156]
+ 0.2 + 0.4 Proteins: Amide 1 CN stretching
1600.26 1606.8 Proteins: Phenylalanine, tyrosine
1605 - 1607 Cc=C [77, 121]
+ 0.03 +0.2 Unsaturated lipids
Lipids
1665.3 1664.9 C=C
1660 Unsaturated FAs (77, 153, 155, 156]
+ 0.4 + 0.4 Ring vibration
Proteins: Amide II, Phenylalanine
1696.23 Proteins:
- 1697 - (124]
+0.01 Amide I
2830 .
- 2817-2849 Lipids CH, symmetric stretch [124]
+1
2853.1 2852.08 Lipids CH,, CH;
2855 [121, 124, 153, 273]
+ 0.1 + 0.03 FAs symmetric stretch
2874.1 2874.6 _ Lipids CH, asymmetric stretch,
2870 - 2875 [124, 267, 273]
+ 0.3 + 0.2 Proteins CHj symmetric stretch
2900 Lipids
- 2900 CH stretch [124]
+1 Proteins
2926.6 Lipids CH, asymmetric stretch,
- 2929 [124, 153]
+ 0.7 Proteins Symmetric CHj stretch
2937.42 2936.43 Lipids Symmetrical CHy
2935 [124, 127, 267]
+ 0.05 + 0.04 Proteins and CHj stretch
2966.5 Lipids CHj; asymmetric
- 2970 [124]
+0.1 FAs bond
2980.8 2977.8 X Asymmetric CHy
2973 Proteins [124, 267]
+ 0.3 + 0.2 stretch
3061.5 3064 . C=C-H aromatic
3067 Proteins [248, 267]
+ 0.4 +1 stretch
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the bands at 756 cm™*, 1077 cm™!, 1172 ecm™! and 1256 cm~! were found not to
be present in the average Raman spectrum of E. coli interfaced with graphene.
Furthermore, the bands at 1556 cm™! and 1696 cm™! appear in the spectra of E.
coli interfaced with graphene but are not present in the control Raman spectrum
of E. coli (Table 5.2). The band at 1256 cm ™" was found to significantly decrease
due to denaturing of proteins in E. coli cells from heat treatment at 121 °C [120].
Furthermore, the band at 1556 cm ™! was also reported by Escoriza et al. to appear in
the Raman spectra following heat treatment of E. coli, which was also attributed to
denaturing of proteins at high temperature [120]. As discussed previously, graphene
may have the ability to cause the denaturing of proteins due to defects in the sample,
which act as an anchor for the proteins, according to simulations published by Gu
et al. [57]. Specifically it was thought that the defects attract the charged residues
of the proteins resulting in the proteins becoming anchored. The movement of the
protein around the anchor results in unfolding [57]. Thus, the changes in this band
and the other protein-dominant bands may be due to denaturing of proteins due to
interaction with the defects in CVD graphene [120].

Various methods have been employed to investigate the denaturing of proteins
in bacterial cells, for example, mass spectrometry and NMR [278, 279]. Such meth-
ods could be utilised to investigate the hypothesis suggested here that graphene
could cause the denaturing of proteins in bacterial cells. This could also be fur-
ther examined by extracting pure proteins from the bacterial cells and monitoring
their evolution after being interfaced with graphene to determine changes to specific
proteins.

In order to further analyse the changes in the Raman spectra of E. coli cultured
with graphene and the control E. coli sample PCA was performed on the spectra.
As only one replicate of the F. coli cultured with graphene was performed this will
be compared against one FE. coli replicate. Each data set consists of 55 individual

Raman spectra.
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Figure 5.8: PCA results showing PC1 and PC2 results for E. coli compared with E. coli cultured
on CVD graphene. There is separation of the two data sets along PC2 which represents 5.20 % of

the total variance.

5.5 Analysis of the Raman spectra of E. col: cul-

tured with CVD graphene

PCA was performed on the E. coli cultured with graphene spectra and the control of
dried FE. coli on CaFy. The PCA results for the fingerprint region are shown in Figure
5.8. There is separation along PC2 which represents 5.20 % of the total variance
of the data. The corresponding loading is shown Figure 5.9, the spectral features
causing separation are labelled. The data did not separate along any other PC.
There is noticeable scatter of the samples in PCA space, likely to be representative
of the heterogeneous changes during the cell death process of the E. coli.

The bands representative of RNA/ DNA, located at 722 cm™!, 808 cm™!, 1122
ecm ™!, 1237 em ™! and 1480 cm ™! were found to change according to PCA results (Fig.
5.8). The changes in the RNA/ DNA are suggestive of a change in the metabolic
processes of the cells [77, 120, 121]. For instance, the band at 722 cm™! in the

Raman spectra of E. coli has been reported to decrease in relative intensity at the
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Figure 5.9: The corresponding loading for the PCA results of E. coli compared with E. coli
cultured with CVD graphene. The data separated along PC2 which represents 5.20 % of the total

variance. The spectral components found to cause separation of the data are labelled.

same rate at which the cell loses viability, thus, may be a marker for the slowing and
effective inhibition of cellular processes due to lethal conditions [120]. Therefore, the
changes in the RNA/ DNA bands found in this work may be due to retardation of
cell growth, i.e., the slowing of metabolic processes as a result of interaction with
CVD graphene [120, 280]. These changes could be further monitored in future work
using methods such as counting colony forming units or using live/dead assays to
determine loss of cell viability [71, 74, 75]. Such methods could be performed at
specified time points to determine the time taken for the cells to cease metabolic
processes following initial interaction with graphene.

The band at 785 cm™!, which also arises due to RNA/ DNA, was not found
to change in the PCA results, however, within literature it has been reported to
change due to altered metabolic processes of the bacterial cells due to cell death
(77, 120, 124, 153, 155, 156]. Therefore, in order to further investigate the cause of
the changes in the RNA/ DNA associated bands, PIR analysis was performed on the
bands in the Raman spectra of E. coli compared with the Raman spectra of E. coli
cultured with graphene (Fig. 5.10). The PIRs have been computed against the band
at 1453 cm™! (proteins and RNA/ DNA), as this band is common to both spectra



5.5. Analysis of the Raman spectra of E. coli cultured with CVD

graphene 172
T T aaaseansy T T T e T
1.8F ‘e v
o B3 1.
e E B °
= 12f % 3 N
> 10f = T E : T'E
= E £ ¥ < L o
c 08FE"_ I e Y, - 8
£ 6N 5 i e
£ 06y 8 =41 5
® 04F § = 57 2 -
o ¥ g i = g
0 o02F 2 R = -
3 e g ™ [m E. coli sample 1
0-0§— E ; e E. coli sample 2
E © g A E. coli sample 3 =
-0.2 E 2 E. coli cultured with graphene|3
Daloraliig Livialeng 1l 1 1 1 1 I TN TN NN AN NN

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Wavenumber (cm”)

Figure 5.10: Peak intensity ratios (PIRs) for three E. coli replicates and one E. coli cultured on
CVD graphene replicate. The PIRs have been calculated for the common bands in both spectra
against the band at 1453 cm~! which is representative of proteins and RNA/ DNA [120, 121,
124, 155, 156]. This band has previously been used to monitor general cellular response to toxic

substances and conditions in the literature [77, 119, 121].

(Table 5.2), and it has been utilised within literature to monitor general cellular
response to toxic substances and conditions [77, 119, 120, 121, 124, 155, 156]. For
instance, Zu et al. found that the relative intensity of the band increased following
exposure to alcohol, 1-butanol, indicative of up-regulated metabolic process of the
cell in response to the toxic conditions, [121]. In contrast, Teng et al. determined this
band to undergo relative decreases in intensity correlating to slowing of physiological
development of the cells due to interaction with ethanol [77]. Thus, changes in this
band can provide insight into the overall metabolic alterations of the cells due to
toxic conditions [77, 121].

The PIR graph is shown in Figure 5.10, from which it can be seen that the PIR
I785/11453 undergoes a relative decrease following interaction with graphene. This
change in relative intensity is indicative of altered metabolic processes of the E. coli
cells, and may specifically be demonstrating the slowing of cellular processes due to

E. coli cell death by graphene [77, 120].
The PIR analysis also displays significant change for the RNA/ DNA bands
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in the Raman spectra. Specifically the decreases in the PIRs Igg7/T1453, L722/11453,
I7s5/T14s3, T1as1/Tiass and Ii573/11453, following interaction with graphene may be a
result of slowing of the synthesis of nucleic acids in the cells, thus causing the slowing
of cellular processes [77, 119]. The relative changes in the RNA/ DNA band at 1481
ecm~!, also found to vary according to PCA results (Fig. 5.8 & 5.9), has been
reported in literature to decrease due to altered pace of cell growth resultant from
toxic conditions, as reported by Teng et al. when investigating metabolic changes
in E. coli due to interaction with ethanol [77].

Ethanol has been shown to cause the slowing of synthesis of nucleic acids, which
results in the retardation of E. coli cell growth, as monitored through the incor-
poration of tritiated thymidine (H3-TdR) into the DNA, which is widely used as
tracker for DNA synthesis, and measuring the optical density [77, 281]. Thus, the
relative changes in the RNA/ DNA associated bands according to the PIR analysis
may be representative of slowing of cellular processes due to cell death by graphene
(77, 119]. The incorporation of tritiated thymidine (H*-TdR) into the DNA could
also be utilised after interaction of the bacteria with graphene to track the DNA
synthesis and conclude if the changes in these PIRs are in fact due to slowing of
nucleic acid synthesis as hypothesised here.

The band at 1098 cm™!, which arises due to the symmetric stretching of the
phosphate bond in the DNA backbone, was also found to change according to PCA
results (Fig. 5.8) [77, 124, 136, 155, 156]. This band is not present in the Raman
spectra of E. coli cultured with graphene (Fig. 5.7). The disappearance of this band
following interaction with graphene may be due to conformational changes of DNA,
which has been noted to occur due to cell death [120, 123, 152]. The splitting of the
bands representative of RNA/ DNA at 722 cm™! in the Raman spectra of E. coli into
two bands at 717 ecm~! and 727 cm ™! in the spectra of E. coli cultured with graphene
has not previously been reported on within literature, however, band splitting is
further indication of conformational changes of the cells nucleic acids, and may be
representative of a unique toxicity response of the cells to the antimicrobial CVD
graphene [282]. Thus, the changes in these bands are suggestive of conformational

changes of RNA/ DNA in the sample following interaction with graphene [120, 123,
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152].

Furthermore, the bands at 808 cm™!, 1098 cm~! and 1237 cm~! were found to
vary according to PCA results due to interfacing of the cells with graphene (Fig. 5.8).
Prominent changes in these DNA-associated bands have been reported in literature
for the Raman spectra of bacteria due to DNA conformational changes as a result
of freeze drying of bacterial cells [283]. Thus, the changes reported in this work for
the DNA bands at 717 cm™?!, 727 em ™!, 808 ecm ™!, 1098 cm ™! and 1237 ecm ™! may
be due to conformational changes of the RNA/ DNA in the sample, and indicative
of DNA degradation as a result of E. coli cell culturing with graphene [77, 119, 283].
Conformational changes of DNA has previously been investigated using AFM [284].
This could act as a complimentary tool for future work to specifically determine any
conformational changes undergone by the RNA/DNA as a result of being interfaced
with graphene.

According to the PCA results, ten of the twelve bands that were found to change
in the Raman spectra of F. coli following interaction with graphene were attributable
to proteins (Fig. 5.9). The changes of these bands may be due to protein inhibition,
reported in published works to cause changes to the protein-related bands in the
Raman spectra [77, 280]. Specifically, the bands at 1310 cm™! and 1480 cm™!
have been reported to vary due to cell death by antibiotic amikacin [280]. This
antibiotic is known to kill cells by inhibiting the synthesis of proteins in the cells,
monitored through the fluorescence tracking [285]. Thus, the changes in the bands
at 1310 ecm~! and 1480 cm ™! in this work due to interaction with graphene may be
suggestive of inhibition of protein synthesis [280]. Such conformational changes could
be confirmed by performing a similar fluorescence tracking of proteins in the bacterial
cells after being interfaced with graphene, which would provide confirmation of the
protein changes hypothesised in this work.

Changes in the protein bands at 808 cm ™! and 849 cm™! in the Raman spectra of
E. coli following interfacing with CVD graphene, according to PCA results (Fig. 5.9)
is further suggestion of reduction in the synthesis of proteins in the E. coli cells [77,
286]. Variation in these bands has been previously reported within literature due to

cell death by antibiotic kanamycin [77, 120], known to cause cell death by inhibition
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of protein synthesis by binding to the 30S ribosomal subunit of the bacteria, as
analysed by nuclear magnetic resonance (NMR) [287, 288]. The PIR Igps/l1453 also
demonstrated significant increases in the Raman spectra of F. coli cultured with
graphene (Fig. 5.10). Teng et al. specifically noted a relative increase in intensity
of this band due to cell death by kanamycin [77].

Furthermore, the disappearance of the protein band at 1237 cm ™! in the Raman
spectrum of FE. coli cultured with graphene is further suggestion of reduction in the
synthesis of proteins in the E. coli cells [77, 286]. This band has been noted to un-
dergo significant reduction in relative intensity due to cell death by heat treatment,
as a result of conformational changes of proteins [120]. Thus the changes in the
bands at 808 cm~! and 849 cm ™! and the disappearance of the band at 1237 cm™!
may be due to inhibition of protein synthesis and conformational changes due to
interaction with graphene [77, 120].

To determine specifically the cause of the changes in the protein bands, addi-
tional methods could be employed, such as NMR spectroscopy for determination of
conformational changes or inhibition of protein synthesis. This method was previ-
ously employed by Fourmy et al. when investigating such changes due to cell death
by kanamycin [287], and could be utilised here in order to more definitively conclude
the cause of the changes to the Raman bands of proteins reported in this work.

The lipid bands at 722 cm ™!, 775 cm ™!, 1294 em ™! and 1453 em ™! were also found
to change according to PCA results (Fig. 5.9). The changes in these bands have
been reported for cell death by starving, heat treatment, alcohol and antibiotics,
ampicillin and penicillin [77, 120, 121, 152, 280]. The changes in these bands has
been suggested to result from inhibition of the synthesis of the cell wall or alteration
of the lipid bilayer of the cell [77, 120, 289]. Specifically, cell death by antibiotic
ampicillin has been investigated using Raman spectroscopy and it has been found
that the lipid bands at 1453 cm™! and 1237 cm™! were found to change as a result
(77, 289]. The antibiotic ampicillin belongs to the beta-lactase family of antibiotics
which has been reported to kill bacterial cells by inhibiting the synthesis of the
cell well, according to radiolabeling and high-performance liquid chromatography

(HPLC) [262]. Thus the changes in the lipid-related bands found in this work may
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Figure 5.11: PCA results for the high wavenumber region (2800 cm~! - 3100 cm ™) in the Raman
spectra of E. coli compared with the Raman spectra of E. coli cultured with CVD graphene. The

data separates along PC1 which represents 47.3 % of the variance.

be representative of inhibition of the cell wall due to interaction with graphene [77].
Radiolabeling and HPLC could also be utilised here to draw a solid conclusion into
the specific cause of the alteration of the lipid bands after being in contact with
graphene.

To further investigate the change in the lipids following culturing with graphene,
it is essential to analyse the high wavenumber region of the Raman spectra as this is
rich in lipid and protein signatures [126, 249]. The PCA results are shown in Figure
5.11, which separated along PC1. PC1 is representative of the maximum variance
of the data, specifically 47.3 %. The corresponding loading is shown in Figure 5.12,
with the spectral components which are causing separation labelled on the graph.
All of the bands found to change in the high wavenumber region according to PCA
are lipid - associated bands, suggesting significant changes in the lipid composition
of the cells [121, 124, 127, 153, 267, 273].

The band at 2830 cm™!, representative of lipids, was found to vary according

to the PCA results (Fig. 5.12), it arises only in the spectra of E. coli cultured
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Figure 5.12: The corresponding loading for the PCA results of E. coli compared with E. coli
cultured with CVD graphene. The data separated along PC1 which represents 47.3 % of the total

variance. The spectral components found to cause separation of the data are labelled.

with graphene (Table 5.2). This band is prominent in the spectrum of saturated FA
myristic acid [268]. Generally the phospholipids of E. coli, specifically K12 strain
derivatives as studied in this work, contain only 0.5 to 2 % of myristic acid, however,
increasing levels of myristic acid have been reported to be correlated to an increase
in the degree of saturation of the FA composition of E. coli cells [178]. Therefore,
the presence of the band at 2830 cm™! in the Raman spectra of E. coli cultured
with graphene, may be due to increasing levels of saturation of the cells [178].

The band at 2967 cm™!, found to change according to PCA results (Fig. 5.12),
is not present in the E. coli spectrum and also arises only as a result of culturing
with graphene (Table 5.2). Of ten different FAs investigated by Czamara et al. the
band is present only in the spectrum of the saturated FA palmitic acid [268]. The
amount of palmitic acid in E. coli cells has been shown to vary for different growth
conditions [178, 179]. For example, the level of palmitic acid in E. coli was found to
decrease to 16.4 % for growth at 10 °C compared with 33.1 % of the FA composition
for growth at more optimal 37 °C [179]. This was due to the cells altering the level
of saturation as a result of a decrease in temperature during growth [179]. Thus,

the changes in the band at 2967 cm™!, as seen by the PCA results (Fig. 5.11 &
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5.12), is further indication of changing levels of saturation of the cell due to growth
with CVD graphene [178, 268]. Further investigations could be performed using
Raman spectroscopy to monitor these changes by interfacing the pure lipids with
the graphene sample to determine the specific changes to lipids and FAs, such as
palmitic acid. Additionally, the lipid and FA composition could be monitored before
and after interfacing with graphene to determine specific increases in the level of
saturation of the FA composition of the cell.

Both experiments of E. coli cultured with and interfaced with graphene have
shown indications of changes in the level of saturation of the cells due to interaction
with graphene. For instance, the E. coli interfaced with graphene spectra showed
the emergence of the band at 3022 cm™! (Table 5.1), which was suggestive of the
presence of additional saturated FAs [126]. For the E. coli cultured with graphene
the band at 2967 cm™!, also not present in the control Raman spectra of E. coli,
may be due to changing levels of saturation of the cells [178, 268].

Alteration of cellular FA composition has previously been reported as a bacterial
response to toxic conditions [290, 291]. For instance, the ratio of saturated to unsat-
urated FAs has been reported to decrease for the adaptation of F. coli to octanoic
acid, which has been shown to cause E. coli cell death by disrupting the cell mem-
brane [291, 292]. This change in the FA composition as a toxicity response may be
due to the cellular alteration of membrane fluidity [291]. Therefore, the variation of
the lipid-associated bands in the Raman spectra of E. coli interfaced and cultured
with graphene may be indicative of a change in membrane fluidity, as a toxicity
response of the cell [291]. Fluorescent membrane dyes have been shown to have the
ability to assess the membrane fluidity of bacteria [293]. Such dyes could be utilised
when interfacing the bacterial cells with graphene to further monitor the effect on

membrane fluidity, and provide further information on the membrane changes.
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Figure 5.13: PCA results for the high wavenumber region (2800 cm~! - 3100 cm ™) in the Raman
spectra of E. coli compared with the Raman spectra of E. coli interfaced with CVD graphene and
the Raman spectra of F. coli cultured with CVD graphene. The data separates along PC1 which
represents 46.9 % of the variance. There is also separation along PC5, representative of 2.19 % of

the variance.

5.6 Investigation of the differences between E.
coli cultured with graphene and FE. coli in-
terfaced with graphene

In order to further investigate the difference between E. coli cultured with graphene
and FE. coli interfaced with graphene, analysis comparing the two will be presented.
This is significant as it demonstrates how the cells react to the graphene in different
conditions. For instance, for the cells interfaced with graphene, the F. coli are not
in media and are undergoing the dessication process, thus the toxicity response will
vary significantly compared with the E. coli cells cultured with graphene. The F.
coli cultured with graphene may provide insight into whether the graphene killed
the cells or simply hindered the cell processes, and eventually stopped cell growth.

PCA was performed to compare FE. coli cultured with graphene and E. coli in-

terfaced with graphene against the control E. coli sample. The PCA results showing
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Raman spectra of E. coli interfaced with CVD graphene and the Raman spectra of F. coli cultured
with CVD graphene. The data separates along PC1 which represents 46.9 % of the variance. The

spectral components found to cause separation of the data are labelled.

2852 cm]

2936 cm”’

0.05F j\I\J\ ]
e r ]
g 0.00 n . An A s A IJ\JIV\ [\ h /\ ]
S v TA%A W\WfV \,\/J WV W :
o A ]
2 -0.05[ 4 IR
[#] E i
R o ]
-0.10{* A Q g ]
C ' “ ]
L (¥} 4
L <t 4
-0.15 P .
L A T S ]

2850 2900 2950 3000 3050

Wavenumber (cm”)

Figure 5.15: Loading five for the PCA results of Raman spectra of E. coli compared with the
Raman spectra of E. coli interfaced with CVD graphene and the Raman spectra of F. coli cultured
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spectral components found to cause separation of the data are labelled.



5.6. Investigation of the differences between E. coli cultured with
graphene and E. col: interfaced with graphene 181

PC1 against PC5 is shown in Figure 5.13. There is separation along PC1 and PC5
which represent 46.9 % and 2.19 % of the variance respectively. The corresponding
loading one and loading five are shown in Figures 5.14 and 5.15 which have the spec-
tral features resulting in separation labelled. The FE. coli cultured with graphene
appears to be most distinctly separated from the other samples, which may be in-
dicative of more fundamental changes in the cells. Both E. coli cultured with and
interfaced with graphene display significant amounts of scatter in the PCA plot,
which may be due to increased levels of heterogeneity in the samples as the cells
adapt to the toxic conditions.

The PCA results indicate a few bands which appear only in one sample, for in-
stance, the band at 2846 cm ™! and 2888 cm ™! are present only in the Raman spectra
of E. coli interfaced with graphene (Fig. 5.14). This highlights the level of varia-
tion in the bands present in each spectra, suggestive of significant conformational
changes of FAs [126]. The band at 2846 cm™! was found to appear in the spectra of
E. coli interfaced with graphene due to splitting of the band at 2852 cm ™! present in
the Raman spectra of E. coli, further indicative of cellular conformation alterations
following contact with graphene.

According to PCA results the band at 2874 cm™! causes variance between the
three samples (Fig. 5.14 & 5.15). The convoluted lipid-protein band at 2874 cm™?,
which arises due to CHy, and CHj stretching, is present in the Raman spectra of
the E. coli sample, the interfaced sample and the cultured sample (Table 5.1 & 5.2)
(124, 267, 273]. This band has been reported to change due to the preservation of
saturated FAs, according to a report by Zu et al. when examining E. coli cell death
by 1-butanol [121]. Thus, the change in this band according to PCA results may
be representative of the preserved FAs in the cell, while the changes in other bands
are indicative of increases in the level of saturation of the samples, for example, the
arisal of the band 3022 cm™! due to C-H stretching of saturated FAs [121, 126].
Overall, this is suggestive of a higher level of saturation of the FAs of the cells
compared with E. coli spectra [121, 126]. Such findings could be further examined
by interfacing specific lipids found to change in this work directly with graphene, to

determine the specific changes the lipids undergo, or by utilising fluorescent dyes to
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Figure 5.16: Peak intensity ratios for the average E. coli spectrum, F. coli interfaced with

graphene spectrum and E. coli cultured with graphene spectrum against the band at 2874 cm ™1,

representative of lipids and proteins [121, 124, 127]. Peak intensity ratios against this band have

been utilised in literature for analysis of membrane fluidity of E. coli cells [121].

investigate changes in membrane fluidity after interaction with graphene [293].

In order to further investigate changes in the levels of saturation due to interac-
tion with graphene, PIRs against the band at 2874 cm™! have been calculated for
both interfaced and cultured samples. The PIR results, shown in Figure 5.16, are
for the average of one biological replicate of each experiment, comprising 55 indi-
vidual Raman spectra each. PIR analysis has previously been performed against
the band at 2874 cm™! in literature to assess membrane fluidity [121, 294]. There
are varying numbers of bands in the Raman spectra of each sample (Table 5.1 &
5.2), potentially due to differing conformational changes as a result of interaction
with graphene, thus, only the bands common to more than one sample have been
included in the PIR analysis, that is the convolved protein-lipid band at 2936 cm™!,
and the protein bands 2975 cm™" and 3064 cm™* [126].

Bands such as the protein-dominant band at 2925 cm™!, present only in the E.
coli spectrum, have not been considered. The reason for the disappearance in the

interfaced and cultured Raman spectra of E. coli may be due to the inhibition of

protein synthesis, something which has been found to occur for cell death by antibi-
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otics and alcohols [77, 295]. It has also been reported that relative increases in the
bands representative of lipids in the high wavenumber region could simultaneously
result in significant decreases in relative protein bands, however, the reason for this
connection is not understood [126]. Thus, the presence of the additional lipid bands
at 2910 cm™!, 3000 cm™! and 3022 cm~! for the E. coli interfaced with graphene
spectra and the bands at 2900 cm™! and 2967 cm ™! in the cultured Raman spectra
may be causing a relative decrease in intensity of the protein-related bands, leading
to the disappearance of the band at 2925 cm™" [126].

The PIRs for the two samples cultured and interfaced with graphene against
the 2874 cm™! band are within error of one another, indicating similar changes in
the relative intensity for bands in the high wavenumber region due to the different
interactions with graphene (Fig. 5.16). This may be indicative of a specific toxicity
response due to cell stress by graphene. The PIRS Isg36/Ios74 and Iogrs/Iogr4, however,
show significant variation between the interfaced samples and the E. coli control
sample. Despite this variation, both bands at 2936 cm™! and 2975 cm™! were
not found to change in the PCA results (Fig. 5.14 & 5.15). This highlights the
importance of analysis of spectral averages, in addition to individual spectra.

The band at 2975 cm™! arises due to asymmetric CHj stretching in proteins,
while the 2936 cm~! band, representative of CHj stretching of proteins and sym-
metric CH, stretching of lipid signatures, is primarily a protein-dominant band
(Chapter 4: Fig. 4.12) [249]. Therefore, the changes seen in both Ig36/Iog74 and
Log7s/Tag74 Suggest alterations in the cellular proteins. The band at 3064 cm™!, also
a protein band, was not found to change in the PIR analysis, however, this band
was found to vary according to the PCA results comparing the three experiments
(Fig. 5.14 & 5.15). The changes in these bands may be due to inhibition of proteins
in the cells, a noted response of bacterial cell death [77, 295]. It may also be due
to conformational changes of the proteins due to interaction with the defects of the
CVD graphene sample. It has been simulated that defects in graphene can cause
denaturing of proteins in eukaryotic cells, therefore, a similar process could be the
cause of changes in the protein-related bands seen here [57].

In order to fully understand the changes in the proteins as a result of being



5.6. Investigation of the differences between E. coli cultured with
graphene and E. col: interfaced with graphene 184

interfaced with graphene and how this varies for defects in the sample, future work
would entail interfacing proteins with graphene samples of various levels and types
of defects. Specifically this would involve interfacing proteins with pristine graphene
and comparing the changes of the same proteins with graphene samples with targeted
defects, such as holes and grain boundaries. This would allow for determination of
what defects are most detrimental to the proteins, and thus, the vitality of the
bacteria.

The PIR I5936/I2s74 demonstrated significant increases compared with the E. coli
PIR (Fig. 5.16). The band at 2936 cm™" was also found to vary across the samples
according to PCA (Fig. 5.15). This band has previously been found to increase
as a result of variation in membrane fluidity [294]. Thus, the increase in the PIR
I2036 /12874 and variation across samples according to PCA seen in this work may
be attributable to changes in the fluidity of the membrane due to interaction with
graphene, in agreement with the potential changes in the level of saturation of the
FA composition of the cells [294]. Further work is required to understand the exact
changes in the membrane composition after interaction with graphene. Specifically
this could involve utilising fluorescent dyes to monitor changes in membrane fluidity
and alterations in the saturation of FAs is the cells [293].

The PIR analysis and PCA presented here indicate significant changes in the lipid
and FA composition of F. coli cells after being interfaced with graphene. Specifically,
variation in the band locations in the high wavenumber region and the emergence of
new bands following graphene interaction is suggestive of alteration of the level of
saturation of the FA composition of the samples as a toxicity response [126]. Inter-
estingly, differences in the bands were also seen when comparing E. coli interfaced
with graphene and FE. coli cultured with graphene. The changes in these spectra
are indicative of differences in membrane fluidity of the cells, specifically due to dif-
ferent levels of saturation of the FA composition of the samples due to the stressful
conditions of being in contact with graphene [126]. Such alterations in E. coli cells
due to interfacing with graphene have not previously been investigated before using
Raman spectroscopy, to the best of our knowledge. The cellular changes give an

insight into the unique toxicity response of the cells to the graphene sample.
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5.7 Conclusion

The work presented in this chapter investigates the biomolecular interactions of
graphene and FE. coli using Raman spectroscopy and presents findings which have not
previously been reported within literature. Following both interfacing and culturing
with CVD graphene the cells appear to undergo significant conformational changes
reflected through the emergence of many new bands in the Raman spectra of both
samples.

For instance, the bands at 2888 cm ™!, 2910 cm™! 3000 cm ™! and 3022 cm ™! were
present as additional bands in the Raman spectra of E. coli interfaced with graphene
compared with the control E. coli sample. Similarly, culturing with graphene re-
sulted in the emergence of additional bands at 2830 cm™!, 2900 cm™! and 2967

! compared with the Raman spectra of E. coli. These different Raman spectra

cm™
may be characteristic of conformational changes of the cells due to interaction with
graphene.

Specifically, each of these additional bands in the spectra of both samples are
associated with lipids and FAs, thus, this is indicative of significant perturbations to
cellular lipids [124, 153, 268]. Furthermore, these differences in the Raman spectra
of E. coli interfaced with graphene compared with FE. coli presented here may be due
to changes in the FA composition of the cell membrane as a result of the interaction
with graphene. PCA results demonstrated variation in bands which may correlate to
alterations in the level of saturation of the cells, representative of a toxicity response
to graphene [121, 126].

For the Raman spectra of E. coli interfaced with graphene, the band at 3000

I appears in the spectra, which has been reported to arise due to additional

cm™
saturated FAs in the sample[268]. Furthermore, both additional bands at 2910 cm™!
and 3022 cm ™! are prominent bands in the Raman spectra of saturated FAs, and so
are indicative of an increase in the level of saturation of the samples [126, 268].
The changes in the Raman spectra of F. coli cultured with graphene may also be
due to increased levels of saturation of the FA composition of the cells [121, 126, 268].
The band at 2967 cm™! which arises only in the spectra following growth with

graphene is representative of saturated FAs and is particularly prominent in the
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Raman spectra of palmitic acid, which has been reported to vary in E. coli cells due
to increasing levels of saturated FAs [178, 179].

Therefore the analysis of the lipid bands in the high wavenumber region of the
Raman spectra in this work is suggestive of increases in the level of saturation of
the cells due in interfacing with graphene, correlating to an increase in membrane
fluidity of the cells as a result of interaction with graphene [121]. Further work could
be performed to definitely determine if this is the cause of the band changes, for
example, employing mass spectrometry for investigation of conformational changes
of lipids and FAs in the bacterial cells.

Significant changes were also found for the protein bands in the high wavenumber
region of the Raman spectra. PIR analysis showed changes in the protein dominant
bands in the average Raman spectrum of E. coli interfaced with graphene compared
with E. coli. The change in the PIR Ig36/I2s74 was suggestive of alteration of the
membrane fluidity of the cells [294]. Perturbations to the protein bands in the high
wavenumber were also potentially reflective of different conformational changes due
to protein denaturing, which has been reported for interaction of proteins and defects
in graphene in published works previously [57].

Changes were also found for the protein bands in the fingerprint region of the
Raman spectra cultured with graphene. Specifically it was found that the bands
at 1310 cm™! and 1480 cm™! changed due to culturing with graphene which may
be attributable to inhibition of protein synthesis [280]. Further investigation of the
changes of the proteins in the bands would be beneficial to determine the specific
interaction of graphene and proteins in the cells.

Changes in the RNA/ DNA bands in the Raman spectra of E. coli cultured
graphene were also found. Particularly for the band at 785 cm™?!, which displayed
relative decrease in the PIR I;g5/l1453. This was suggestive of a slowing of the
metabolic processes and growth of the cells due to culturing with graphene [77, 120].
Furthermore, the disappearance of the band at 1098 cm™! in the Raman spectra of
E. coli interfaced with graphene, representative of symmetric stretching of the POy
phosphate bond in the DNA backbone, is suggestive of conformational changes of

the DNA in the E. coli cells following interaction with graphene [120, 123, 152].
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The work in this chapter provides a level of insight into the interactions of
graphene and bacterial cells which has not been achieved in literature. The work
presented in this chapter shows the excellent capability of Raman spectroscopy to
understand the biomolecular mechanisms of cell interactions with toxic substances.
With the aid of additional complementary tools to provide insight into the confor-
mational cell changes following interaction with graphene, and further investigation
of bacterial cells interfaced with graphene using Raman spectroscopy under different
conditions, a full understanding into the interactions of cells with graphene. Future
work would also include investigation of graphene interfaced with Gram positive

bacteria to determine the difference interactions with the different bacteria.



Conclusions and future work

This thesis successfully utilised Raman spectroscopy for analysis of the biomolecular
interactions between graphene and Escherichia coli (E. coli). It was found that both
culturing and interfacing of E. coli, may result in increased levels of saturated fatty
acids (FAs) in the cells.

Specifically, the arisal of the bands at 2910 cm~!, 3000 cm™! and 3022 cm ™! in
the Raman spectra of F. coli interfaced with graphene, which are representative of
CH and CHj stretching of saturated FAs [124, 127]. In addition to the emergence of
the bands at 2830 cm~! and 2966 cm™!, attributable to CHy and CH stretching of
lipids in the Raman spectra of E. coli cultured with graphene, which are particularly
prominent bands in the Raman spectra of saturated FAs [178, 268]. The appearance
of these bands only following interaction with CVD graphene is highly suggestive
of increasing levels of saturation of the FA composition of the cells. The relative

increases in the peak intensity ratio (PIR) Iag36/I2s74 due to contact with graphene

188
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is also suggestive of the cells altering their membrane fluidity as a toxicity response
to the interaction with CVD graphene [121]. These findings are significant as they
appear to be the first reports of the changes in the biochemical composition of
bacterial cells due to interaction with CVD graphene.

The Raman spectra of E. coli cultured with graphene displays significant changes
in protein-related bands, such as at 808 cm™! and 849 cm™!, which may be due to
inhibition of protein synthesis as a result of cell death by graphene [77]. Changes
in the PIRs of the protein-related bands, specifically Iogss/lag7a and Iag7s/Iag7s may
be a reflection of the denaturing of the proteins from interacting with the defects
in graphene, as has been simulated within the literature [57]. Furthermore, the dis-

appearance of the band at 1256 cm™!

in the Raman spectra following interaction
with graphene is consistent with reported denaturing of proteins after the cells un-
derwent heat treatment [120]. Thus, this work reports conformational changes in
the proteins in the E. coli cells in a step towards experimental understanding of the
biomolecular interactions of graphene with cells.

The variation of the E. coli interfaced with graphene samples across the three
biological replicates, as demonstrated through separation in principal component
analysis (PCA), is suggestive of different toxicity responses of the cells due to the
varying levels of defect of each graphene sample. The average defect induced PIRs
Ip/lgr = 0.26 + 0.04 and Ip/Ige = 0.15 + 0.02 for the four graphene samples in
this work, indicates a low level of defect in the graphene samples, likely to be due to
grain boundaries, holes, rips and PMMA islands on the graphene surface from the
formation process [197, 198, 218, 219]. Optical evidence also indicated the potential
presence of such defects.

The defects in the samples were also shown to have a significant effect on the
use of the PIR Ig//Ig for determination of the number of layers in a graphene
sample. In this work, reduction in this PIR was found for increasing levels of defect
across the samples, bringing into question the validity of the use of this marker in
Raman analysis of CVD graphene. Specifically, a reduction from Ig/ /Ige = 3 £ 0.02
representing an area of almost pristine graphene, to Ig//Ige = 1.8 £ 0.7, for an area

of moderately defected graphene. Further reduction to Ig /Igo = 0.36 + 0.02 was
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seen for an area of the sample representing highly defected graphene. The thorough
analysis presented in this thesis demonstrates the need for system specific protocols
due to the defects in the samples from the formation process.

Comparison of the CVD graphene samples in PCA space show extreme levels of
heterogeneity both across and within graphene samples, with band shifts of up to
28 cm~! found across samples, and of up to 27 cm~! within samples. Such band
shifts have not been reported before within a high quality graphene sample such as
the CVD graphene samples investigated in this work. This shows the level of char-
acterisation achieved in this work has unearthed serious issues with heterogeneity
of the graphene samples, likely to be due to the grain boundaries, holes, rips and
PMMA islands on the graphene surface, as well as potential bilayer islands in the
sample [197, 198, 218, 219]. The repercussions of this for applications of graphene
are unknown, and further investigation into the affect of this heterogeneity on in-
teractions with cells is necessary. Furthermore, it is essential that similar levels
of characterisation are performed across literature to ensure samples are properly
represented by the spectral average. The convergence of the standard error (SE)
and second order standard deviation (25D) performed in this work acts as a robust
method of determining the number of spectra necessary for proper characterisation
of a sample to ensure reliability of data throughout published works.

This work also demonstrated levels of characterisation of E. coli samples which
have not previously been achieved before within literature. The convergence of the
SE and 2SD presents a novel method of determining the level of characterisation
achieved for a given number of spectra from a sample. Convergence was achieved
for 165 Raman spectra across three biological replicates in this work.

PCA performed on the three FE. coli replicates displayed variation across the
samples which may be due to the natural variation of the biological samples and
alterations of the cells due to the desiccation process [103, 253, 254, 255]. For
instance, changes in the lipid bands at 722 cm™!, 1453 cm ™!, 1665 cm ™!, 2852 cm !
and 2875 cm ™! representative of the CH stretching modes may be a result of natural
variation of LPS across E. coli samples [103]. While changes in the protein-related

bands at 809 cm™!, 854 cm~!, 1002 cm™!, 1040 cm™!, and 1481 cm™?!, 2874 cm ™!
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and 2936 cm~! may be due to inhomogeneous conformational changes of the proteins
due to the desiccation process [256, 260].

The PIR analysis of the three samples demonstrated high reproducibility across
the spectral averages, with separation shown for a few biomarkers, such as those
at 757 ecm™! and 1002 cm~! representative of proteins and C-C stretching of the
aromatic ring of phenylalanine respectively [77, 124, 136, 153, 155, 156, 247]. These
biomarkers indicate linked heterogeneity between proteins and nucleic acids in the
samples, specifically due to changes in the PIRs I757/I7s1 and Ijgp2/I7s1, where the
band at 781 cm ™! arises due to RNA/ DNA [124]. No other PIRs showed separation
against this band, thus, the variation in bands at 757 cm™! and 1002 cm™! display
increased sensitivity to the heterogeneity in the sample. Thus, these bands may be
specific biomarkers for monitoring the heterogeneity of biological samples. Inves-
tigation of the heterogeneity to this level does not appear to have been performed
before within published works.

Overall, the levels of characterisation achieved in this work goes beyond what
has previously been reported within literature. This resulted in significant levels
of heterogeneity of both graphene and E. coli samples being uncovered. The level
of analysis performed on the spectra in this thesis goes beyond other works, with
multiple forms of analysis being utilised throughout, such as PCA, PIR analysis
and band fittings for determination of band shifts and broadening. Furthermore,
novel methods of investigation of the heterogeneity of Raman markers and bands
were presented using convergence rate tests, which are a fast and definitive method
of determining the heterogeneity of Raman markers. Additionally, new proposed
methods for identification of the level of characterisation required for samples, in
an attempt to ensure reliability of data, using convergence of the SE and 2SD were
presented. These methods are applicable to different systems, and were utilised
on both E. coli and CVD graphene. This work also appears to present the first
findings of the biomolecular interactions of between CVD graphene and E. coli,
laying the foundation for future and further analysis of the interactions of graphene

and biological cells.
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6.1 Future work

Future work will look to investigate how the levels of heterogeneity uncovered in
the graphene samples in this work alter the mechanism via which the cells die. Fur-
ther investigation into the heterogeneity of the graphene samples, and the potential
changes in the interactions with cells is essential to fully understand the biomolecular
interactions between the two. This work has provided a basis for the understanding,
presenting knowledge which has not been reported before, however, more through
analysis of the specific types of defect in the samples and the interactions with bi-
ological samples is necessary. This could potentially involve inducing certain types
of defect into the graphene sample and investigating how the interactions vary com-
pared with graphene samples containing different defects.

Further investigations of the changes in the bacterial cells due to interaction with
graphene and the conformational changes of biomolecules which result from this,
such as proteins, would provide further insight into the biomolecular interaction
between the two. The changes in the bands seen in this work are suggestive of
significant conformational changes of the cells, specifically proteins and lipids, and
utilising Raman spectroscopy alongside other complementary tools, such as nuclear
magnetic resonance, could allow further and more through investigation of these
changes, specifically for investigation of the conformational alterations of the cells.

Characterisation of Gram positive bacteria should be performed using Raman
spectroscopy, with an aim to compare the levels of heterogeneity of the Gram neg-
ative E. coli samples studied in this work, with the heterogeneity of Gram positive
bacteria. It is also necessary to study the interactions of graphene and Gram positive
bacteria, to fully understand the biomolecular mechanisms between graphene and
bacteria. The different structure of the bacteria is likely to cause the interactions
between the cells and graphene to vary accordingly, and the comparison against the
changes in the Gram negative cells, as studied in this work, will give further insight
into the mechanisms changing due to interaction with graphene.

It would be beneficial to perform Raman imaging to expand on the work pre-
sented in this thesis. This could be utilised to aid in the determination of the changes

in the FE. coli cells following interaction with graphene. By producing chemical im-
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ages of the Raman data obtained from mapping, this could provide insight in the
changes in distribution of biomolecules before and after cell death by graphene. This
could give invaluable information about the heterogeneity of changes in the bacte-
rial cells, and potentially provide insight into the biomolecules most affected by the
interaction with graphene.

Raman imaging could also be applied for further anlaysis of the heterogeneity
of graphene samples. Specifically, Raman imaging could be utilised to gain insight
into the topography of the surface of the graphene samples. This would provide
additional information about the potential presence and amount of residual PMMA
on the sample surface. It would also allow thorough determination of the distribution
of defects across the samples, and thus a robust comparison of the heterogeneity of
the samples.

Additional future work for the characterisation of graphene will involve use of
the novel convergence rate tests performed on the Raman spectra, alongside deter-
mination of the types of defects, for analysis of how different types of defect affect
the heterogeneity of the samples. Consideration of other quantities within this con-
text would allow for convergence rates to be achieved relating to certain types of
defects in this sample. For instance, the application of strain to graphene samples
causes significant shifts in the bands, thus, investigation of the SE of the locations
of the bands in the samples using the convergence rate tests could provide insight
into the resultant heterogeneity in the sample [207]. This novel method provides a
potential automated tool for use in large scale characterisation and determination
of the levels of heterogeneity of a sample.

The biocompatibility of graphene requires more thorough investigation, particu-
larly due to the presence of such defects in the graphene samples and the resultant
heterogeneity. Utilising Raman spectroscopy for investigation of the biomolecular
interactions between graphene and mammalian cells would provide vital insight into
the biocompatibility of CVD graphene. Such investigations are necessary for future
applications of graphene in biomedical devices, particularly for applications which
require close proximity to human cells. Thorough investigations of biocompatabil-

ity will also be necessary for the application of graphene on medical equipment as
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proposed within this work.
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Figure A.1: Fittings of the G’-band in the average Raman spectrum of CVD graphene which
comprises 100 individual Raman spectra. The fittings have been performed using a Gaussian,
Lorentzian, Voigt and double Lorentzian model to determine which gives the most optimal fit.
The inset shows the resultant residuals. In this case the double Lorentzian provides the most

optimal fit for the data indicated by the smallest residual.
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(a) Fittings of the G-band in the Raman spectra of CVD graphene using a single Lorentzian, a double
Lorentzian and a Voigt model. Peak one and peak two are the peaks of the double Lorentzian fit
corresponding to the Gi-band and Ga-band respectively, with the cumulative fit depicted using the solid

black line. The inset shows the resultant residuals, the magnitude of which indicates goodness of fit.
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(b) Fittings of the G’-band in the Raman spectra of graphene using a single Lorentzian, a double
Lorentzian and a Voigt model. Peak one and peak two are the peaks of the double Lorentzian fit,

with the cumulative fit depicted using the solid black line. The inset shows the resultant residuals, the

magnitude of which indicates goodness of fit.

Figure A.2: Deconvolution of the bands in the Raman spectra of graphene.
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in of the SE convergence of the G- and D’-bands for increasing numbers of spectra in the average.

1200
1100
1000
900
800
700

600
500
400
300
200
100

Intensity (a. u.)

2520

2560

2600

2640

26801
Wavenumber (cm )

- 100 spectra

10 spectra
= 20 spectra
=— 30 spectra
— 40 spectra
- 50 spectra
== 60 spectra
— 70 spectra
- 80 spectra

90 spectra

2760 2800

(b) SE convergence graphs of graphene sample two for the bands in the Raman spectra between the wavenumbers

2400 cm~! to 2800 cm~!. The inset image is a zoom in of the SE convergence graphs of the G’-band.

Figure A.3: Standard error (SE) graphs for the Raman spectra of graphene sample two. The SE

graphs are computed for increasing numbers of spectra in the spectral average.



Chapter A. Appendix 199
9000 T T | T T : T T T T . T T T T T T T T T I T T T T 3
1400 {a) “ é
8000 i 3
1000 F 3
7000 : _
S 6000 | s
.,EE, 5000 0 IG\U. ialzo m'oo ulao |:3|5c| ]aleu IGITU lalso 1390 E
Py . (b) /\ 10 spectra '
£ 4000 oo — 20 spectra |
o 6000 = 30 spectra |3
= 5000 = 40 spectra |3
£ 3000 woof — 50 spectra | :
3000 == 60 spectra |3
2000 2000 — 70 spectra |3
o — = - 80 spectra |3
1000 9530 1540 15;0. 1560 15.’0 1880 1580 1600 1610 .lem 1630 1640 90 Specll'a —E
=100 spectraj ;
0 L . | .' L 1 pe— - T 1 F:

1300 1350 1400 1450 1500 1550 1600 1650 1700

Wavenumber (cm™)

(a) 2SD convergence graphs of graphene sample two for the bands in the Raman spectra between the wavenumbers

1200 cm— ! to 1800 cm~1.

zoom in of the 2SD convergence of the G- and D’-bands for increasing numbers of spectra in the average.

7000

6000

5000

4000

3000

Intensity (a. u.)

2000

1000

The inset images are (a) a zoom in of the 2SD convergence of the D-band and (b) a

T T 1T,

'"I""|""I““|""\"“|“”I“”§ e

b A AL LR R LR LR LELRE LALLY ERRLS LLRLS LARL) RN

== 20 spectra
= 30 spectra
— 40 spectra
- 50 spectra
- 60 spectra
== 70 spectra
- 80 spectra

90 spectra

10 spectra

- 100 spectra

|

ATARTRTARTRTARTERI|

Lives

2520

2560

2600

"2640
-1
Wavenumber (cm ')

wialines
2680

palanialanialis
2720

2760

2800

(b) 2SD convergence graphs of graphene sample two for the bands in the Raman spectra between the wavenumbers
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Figure A.4: Second order standard deviation (2SD) graphs for the Raman spectra of graphene

sample two.

average.

The 2SD graphs are computed for increasing numbers of spectra in the spectral



Chapter A. Appendix 200

o (@) AN '

700 -f E
600 - E

S 500 ) = : , E
" | |Jf I'll ‘E

0 [ [ = [ [ = o [ 50 0 | | 3

" 400 | — 10 specira 3
__E‘ - (b) || — 20 spectra [
D . [ - 30 spectra {
c 300 - [/ 40 spectra {
Q 50 spectra 3
C 200 ® = 60 spectra j
_ w == 70 spectra 3
° — = 80 spectra {

100 = = N 90 spectra

0 [T ) ) T ) 130 [ 10 180 1800 — 100 spemraé

1600 1650

obs o o s

1300 1350 1400 1450 1500 1550
-1

Wavenumber (cm )

(a) SE convergence graphs of graphene sample three for the bands in the Raman spectra between the wavenumbers
1200 cm ™! to 1800 cm~!. The inset images are (a) a zoom in of the SE convergence of the G- and D’-bands and

(b) a zoom in of the SE convergence of the D-band for increasing numbers of spectra in the average.

600F '
500 =
I":\ 200
= N
o 400F ™ I,
~ " — 10 spectra
> - 20 spectra
= 300 30 spectra
w
c —— 40 spectra
@ '}/ W 50 spectra
€ 200 7~ >N\ — 60 spectra
- \ == 70 spectra
- 80 spectra
/ 90 spectra
100 97/ . |= 100 spectra

2520 2560 2600 2640 2680 1 2720 2760 2800
Wavenumber (cm )

(b) SE convergence graphs of graphene sample three for the bands in the Raman spectra between the wavenumbers

2400 cm~! to 2800 cm~!. The inset image is a zoom in of the SE convergence graphs of the G’-band.

Figure A.5: Standard error (SE) graphs for the Raman spectra of graphene sample three. The

SE graphs are computed for increasing numbers of spectra in the spectral average.
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(b) 2SD convergence graphs of graphene sample three for the bands in the Raman spectra between the wavenumbers

2400 cm~! to 2800 cm~!. The inset image is a zoom in of the 2SD convergence graphs of the G’-band.

Figure A.6: Second order standard deviation (2SD) graphs for the Raman spectra of graphene

sample three. The 2SD graphs are computed for increasing numbers of spectra in the spectral

average.
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(b) SE convergence graphs of graphene sample four for the bands in the Raman spectra between the wavenumbers

2400 cm ™! to 2800 cm~!. The inset image is a zoom in of the SE convergence graphs of the G’-band.

Figure A.7: Standard error (SE) graphs for the Raman spectra of graphene sample four. The

SE graphs are computed for increasing numbers of spectra in the spectral average.
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(b) 2SD convergence graphs of graphene sample four for the bands in the Raman spectra between the wavenumbers

2400 cm ™! to 2800 cm~!. The inset image is a zoom in of the 2SD convergence graphs of the G’-band.

Figure A.8: Second order standard deviation (2SD) graphs for the Raman spectra of graphene
sample four. The 2SD graphs are computed for increasing numbers of spectra in the spectral

average.
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Figure A.9: The raw data of the G-band in the Raman spectra of graphene. All spectra collected
across the four samples are included. Each sample is represented by 100 individual Raman spectra.
The graph is zoomed to show the significant variation in the band locations, resulting in variation

across the four graphene samples.
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Figure A.10: The raw data of the G’-band in the Raman spectra of graphene. All spectra
collected across the four samples are included. Each sample is represented by 100 individual
Raman spectra. The graph is zoomed to show the significant variation in the band locations,

resulting in variation across the four graphene samples.
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amplitude of the D-band for increasing numbers of spectra in the spectral average for graphene
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Figure A.13: Image showing the convergence of the standard error of the mean of the normalised
amplitude of the D-band for increasing numbers of spectra in the spectral average for graphene
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Figure A.14: Non-normalised averages of three E. coli samples corresponding to three biological
replicates of the characterisation of E. coli using Raman spectroscopy. Each spectrum is an average
of 55 individual Raman spectra collected from random points across each sample, representing both
single bacterium and clumps of cells. The grey envelope is the SE of the mean. The spectra have

been offset for clarity.
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Figure A.15: Standard error (SE) graphs for the Raman spectra of a single E. coli sample.
The SE graphs are computed for increasing numbers of spectra in the spectral average up to the

maximum 55 spectra for the data set.
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Figure A.16: Second order standard deviation (2SD) graphs for the Raman spectra of a single
E. coli sample. The 2SD graphs are computed for increasing numbers of spectra in the spectral

average up to the maximum 55 spectra for the data set.
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Figure A.17: Convergence of the percent SE of the PIR biomarker I;453/I7s1 for increasing

numbers of spectra in the average spectrum of E. coli sample two. A is the rate of convergence
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Figure A.18: Convergence of the percent SE of the PIR biomarker I;453/I751 for increasing

numbers of spectra in the average spectrum of E. coli sample three. A is the rate of convergence

which gives an indication of the level of heterogeneity of the biomarker for the sample.
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Figure A.19: Convergence of the percent SE of the PIR biomarker Ij453/I1481 for increasing
numbers of spectra in the average spectrum of E. coli sample one. A is the rate of convergence

which gives an indication of the level of heterogeneity of the biomarker for the sample.
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Figure A.20: Convergence of the percent SE of the PIR biomarker I1453/I1481 for increasing
numbers of spectra in the average spectrum of E. coli sample two. A is the rate of convergence

which gives an indication of the level of heterogeneity of the biomarker for the sample.
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Figure A.21: Convergence of the percent SE of the PIR biomarker Ii453/I1481 for increasing
numbers of spectra in the average spectrum of E. coli sample three. A is the rate of convergence

which gives an indication of the level of heterogeneity of the biomarker for the sample.
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Figure A.22: Background subtraction of the graphene signals from the E. coli interfaced with
graphene spectrum. The blue spectrum is the fingerprint region (600 - 1800 cm™!) of the Raman
spectrum collected from the FE. coli interfaced with graphene, the E. coli signatures are drowned
out by graphene signals. The red spectrum is a Raman spectrum of graphene, used for subtraction
of the graphene signals from the interfaced spectrum. The green is the resultant spectrum of
the background subtraction. The background subtraction leaves regions of noise in the spectrum,
which could be mistaken for Raman bands of E. coli or interrupt the Raman signals. This noise

is indicated on the image using a black box
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Figure A.23: The high wavenumber region (2800 - 3100 cm™~!) of the Raman spectra representa-
tive of three E. coli interfaced with graphene replicates. The E. coli was placed onto the graphene
following growth to interface. The spectra were collected from the cells on the graphene surface.
Each spectrum is an average of 45 - 55 individual Raman spectra. The grey envelope represents

the standard error of the mean of the averaged spectrum.
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Figure A.24: Band fittings of the high wavenumber region of the Raman spectrum of E. coli inter-
faced with graphene performed using different numbers of Gaussians to determine which achieves
the best fitting for data. The inset shows the resultant residuals from the fittings. The nine
Gaussian fit produces the best fitting of the data reflected through achieving the smallest residual.
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Figure A.25: Average spectrum of E. coli cultured with graphene. This is an average of the raw
spectra. The cells were washed and air-dried onto a CaFs disc following which the Raman spectra
were collected. This spectrum is an average of 55 individual Raman spectra collected from random
points across the sample. The grey represents the SE of the mean of the averaged spectrum. The
additional noise in the spectra may be due to artefacts in the sample from cell culturing with

graphene.
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