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Abstract

The development of a graphene-copper composite for use in drinking water
treatment

Declan McGlade, School of Biotechnology, Dublin City University

It was of interest to investigate the use of graphene as both an antibacterial agent and an
absorbent to treat drinking water. The use of I-ascorbic acid as a reducing and capping agent
was developed as a novel method for the immobilisation of the graphene-copper composite.
Graphene oxide (GO), reduced graphene oxide (rGO) and a graphene copper composite (Cu-
rGO) were produced and characterised using ultraviolet-visible spectroscopy (UV-vis),
thermogravimetric analysis (TGA), dynamic light scattering (DLS), scanning electron microscopy
(SEM) and energy-dispersive x-ray spectroscopy (EDX). Graphene oxide (GO) and reduced
graphene oxide (rGO) showed no antibacterial activity. The graphene-copper composite
showed antibacterial activity against E. coli and B. subtilis at 10°CFU/ml at 100ppm. Scanning
electron microscopy (SEM) showed membrane damage as the most likely mechanism of
antibacterial action and fluorescent microscopy showed adherence of bacterial cells to
graphene particles. The effectiveness of the composite was attributed to the antibacterial
activity of the copper and the adsorptive potential of the graphene. Immobilisation of the
composite was of interest to apply the material in a practical manner to a water treatment
prototype. Two methods, one using sodium borohydride (NaBH4) and another using l-ascorbic
acid were used for composite production. The composite was immobilised as free standing
films and as a coating on commercial glass fibre membranes. The immobilised composite
inhibited E. coli and B. subtilis at 108 CFU/ml within forty minutes of contact and had maximum
adsorption capacities of 482 mg/g and 183 mg/g for methylene blue and famotidine
respectively. A prototype incorporating the composite coated membranes was capable of
inactivating E. coli at 102 CFU/ml and removing Cryptosporidium at 10 oocysts/L at a flow rate
of 90 ml/min. Testing following the filtration of 100L showed that copper leaching was minimal
with a maximum concentration of 1.3mg/L and no mutagenic activity was detected using the

AMES test.
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1. Introduction



1.1 Water treatment in the modern age

Historically, human settlements have been established close or adjacent to water sources in
order to facilitate ease of access to water for drinking, cooking and other everyday activities.
This ease of access focused on the availability of water rather than quality. While certain
qualities of water can be overtly undesirable, such as odour, cloudiness or an unpleasant taste,
more important characteristics are not obvious to human senses. The chemical and
microbiological quality of water in particular can have a profound impact on human health and
the analysis of these two characteristics did not become possible until the late 1800’s. While
contamination with chemical and microbiological contaminants was not widespread
historically, the increased level of human activity and habitation across the globe has led to
spoiling of reliable sources of drinking water. Removing bacteria and other microorganisms
from water, for sanitation or drinking, is an extremely topical issue worldwide for both
“western” and developing countries (Li et al. 2008) (Narayan 2010). A recent WHO report has
shown that 38% of health-care facilities in 54 developing countries do not have access to an
adequate water supply, significantly increasing the chance of infection due to water-borne
microorganisms (WHO 2015). Even developed countries such as Ireland, despite being famed
for its clean water, also suffer with microbiological issues in water bodies. The continued
Cryptosporidium outbreaks and boil water notices being served across more rural areas of the
country are a prime example of how there exists a requirement for new, more effective,
treatment systems (Duffy 2015). The most recent drinking water report from the Irish EPA has
stated that improving disinfection standards in water treatment is a key and immediate issue
(The Environmental Protection Agency 2013). Disinfection is now a poignant example of how
traditional water treatment methods are becoming insufficient in the modern age.
Cryptosporidium for example, a protozoa which requires low numbers to incur a pathogenic
response, is typically not effected by standard levels of chlorination, even in bathing waters
(Carpenter et al. 1999). While it can be effectively inactivated by other treatment methods
such as ozonation, these carry their own risks in the form of disinfection by-products. Although
ozonation is an effective form of disinfection it can lead to the production of carcinogenic
bromates and other undesirables; Driedger et al. (2001). Even chlorination, the traditional
form of tertiary treatment for water disinfection, can result in the production of
trihalomethanes and haloacetic acids, both of which can be carcinogenic from prolonged
exposure (Chauret et al. 2001). In addition to these modern disinfection issues, the removal of
new and emergent chemical contaminants is also a consideration for contemporary water
treatment systems. Pharmaceuticals, personal care products (PCPs) and antibiotics are being

used in increasing amounts, are not removed by traditional water treatment systems and are



entering waterways in volumes not seen in the past. While the long-term health effects of
many of these contaminants are not known, they do represent an emergent hazard which
needs to be addressed. The European-union (EU) has already drafted a watch list of
contaminants of emerging concern which includes antibiotics (Azithromycin) and anti-
inflammatories (Diclofenac) among others (Carvalho et al. 2015). Indeed, the more prevalent
use of antibiotics has resulted in their presence in increasing concentrations within activated
sludge systems, traditionally seen as the work-horse of waste-water treatment. These
increased antibiotic levels within waste water treatment plants (WWTP) has seen the rise of
anti-biotic resistant bacteria and their spread into the environment through the water course
(Yang et al. 2013). These bacteria may also prove more resilient to standard disinfection
methods and it highlights the need for new methods of disinfection at the tertiary stage of
drinking water treatment. The current “gold standard” within water treatment is the reverse
osmosis system which relies on a semi-permeable membrane and hydrostatic pressure to
remove contaminants (Yoon et al. 2003). It has been shown to be effective at removing small
molecules of emergent concern such as endocrine disruptors at greater than 95% and can
remove both bacteria, viruses and other potential pathogens (Uang & Edlak 2001). While an
effective method for the removal of both potential pathogens and chemical contaminants
reverse osmosis systems are susceptible to fouling and do not inactivate microorganisms. An
ideal system would be capable of removing chemical contaminants and inactivated retained
microorganisms. These issues are of particular importance to smaller rural treatment plants
rather than their larger counterparts. The ability of smaller group water schemes or public
sources to deal with existing and emergent issues can be limited by both funding and man-
power compared to the treatment systems of larger urban centres. This has been highlighted
in Ireland with the public / private group schemes having the poorest microbiological quality
with 95% compliance to E. coli standards compared to 100% of public water supplies (The
Environmental Protection Agency 2017). These schemes would benefit from the
implementation of new technology which would be capable of dealing with these issues
cheaper and more effectively. The requirement for new materials and methods of water
treatment, for both disinfection and chemical contaminant removal, is apparent. Graphene is a
relatively new material which shows potential as an adsorptive agent for organic material and
other chemical pollutants from water (S. Wang et al. 2013) (Yang et al. 2011) (Maliyekkal et al.
2013). Graphene, in its many forms, is also purported to be an effective antibacterial agent
particularly when composited with other biocides like metals. It may be that graphene, as an
adsorptive agent for chemical removal and as an antibacterial agent for disinfection may be an

effective material to deal with these rising issues in water treatment.



1.2 The graphene family

Graphene is a single-atom thick sheet of carbon atoms in a honeycombed structure (Allen et
al. 2010), (Meyer et al. 2007) which is being heralded in popular media as the “wonder
material” of the century (Peplow 2013), (Shukman 2013), (Macguire et al. 2013). Initiatives
such as the graphene flagship have seen funding levels in the region of billions of euro being
made available for graphene related research in recent years (Graphene-Flagship.eu 2013).
Graphene shows great potential in the electronics industry and may play a pivotal role in the
next generation of electrical devices. The amount of graphene focused research has been
burgeoning consistently since 2004, when Novoselov and Geim first isolated and reported the
material; they were subsequently awarded the noble prize in chemistry in 2010 for the work
(Novoselov et al. 2004). Graphene has seen intensive use across varying scientific disciplines
from controlled drug delivery (Yang et al. 2009), to photo-catalysis (Xiang et al. 2012) (Zhang et
al. 2010). The primary research focus for graphene remains electronics however. The high
surface-to-volume ratio present in graphene lends it an incredibly high adsorptive capacity and
has led to its application in the removal of contaminants and other undesirable components in
water (Nguyen et al. 2012) (Kemp et al. 2013). As such graphene represents a promising

material for environmental applications like water treatment.

Graphene oxide (GO) is chemically exfoliated from graphite and is easily dispersed in water
due to the numerous hydroxyl, carboxyl and epoxyl functional groups present on its surface. It
is typically produced using various modifications to the Hummer’s method; the chemical
exfoliation of graphite using concentrated acid and potassium permanganate (Hummers Jr &
Offeman 1958). This easily applied bench-top synthesis is seeing high popularity in terms of
research application as it does not require expensive equipment as is needed in the chemical
vapour deposition (CVD) method of graphene production and results in a more readily usable
material compared to methods such as mechanical exfoliation, in which the sheets of
graphene will typically be attached to a substrate following isolation. Reduced graphene oxide
(rGO) commonly produced via reduction of GO and these two materials form the basis for the
majority of graphene related microbiological and adsorptive studies. In addition, both GO and
rGO can easily be composited with other materials such as metals, polymers or biomolecules
allowing for the addition of specific tailored functionality. The production of graphene-
composite materials has allowed the widespread application of graphene as a carrier molecule
in many fields of study and research. As the production of graphene materials via chemical
means is more easily achieved, cheaper and can be up-scaled compared to mechanical
exfoliation (Novoselov & Jiang 2005) or chemical vapour deposition (Li et al. 2009), it is the

method of choice for the majority of microbiologically focused studies.



However, the physical and mechanical differences between chemically synthesised graphene
materials and the more pristine graphene sheets produced mechanically or by CVD have
already been highlighted and their response should not be taken as a direct representation of

the antibacterial efficacy of pristine graphene (Loh et al. 2010).

Furthermore, during the chemical exfoliation of graphene from graphite, the resulting surface
functionalisation and the average sheet size produced are not homogenous; the process is not
a typical organic synthesis in the classic sense, as a definitive molecule is not produced. Rather,
the product is a colloidal suspension of oxidised graphene sheets of varying lateral size,
thickness and surface functionalisation. This raises issues when considering biological
applications of these materials, as batch-to-batch variations in their fundamental
characteristics will impact significantly on their interaction with biological systems. It is
important to note the potential issue in comparability between individual studies using
chemical synthesis. Additionally, this also represents a potential problem when attempting to
provide definitive information as to the toxicity of graphene related materials (GRMs) such as
composites of metals, polymers and other additions. This is a particularly relevant point as
there is currently no standard or guidelines for the characterisation of GRMs and those sold
commercially will often be certified / characterised on a batch-to-batch basis. The biological
availability and potential toxicity of GRMs would be dependent on their surface
functionalisation as well as several other physical and chemical characteristics including

particle size and oxidative potential.

1.3 The emergence of antibacterial graphene
As graphene is a carbon nanomaterial, it is reasonable to look to the antibacterial and toxic

potential of other carbon nanomaterials in order to glean an understanding of the expected
level of toxicity of graphene and its potential mechanisms of action. Therefore, we can look to
other members of the carbon nanomaterial family such as carbon-60 and carbon nanotubes.
Carbon nanotubes can be single or multi-walled and the different biological response between
the two varieties highlights how variation in structure can impact the biological availability of
nanomaterials. Two studies from (Jia et al. 2005) and (Kang et al. 2009) suggested that the
cytotoxic potential of carbon nanomaterials is inversely proportional to the mass, i.e. the
greater the complexity of the carbon nanomaterial, the less toxic and vice versa. They
suggested that this relationship may be due to the available surface-to-volume ratio of the
materials. They proposed that single walled carbon nanotubes would be the most toxic,
followed by multi-walled nanotubes and finally carbon-60, which would have a negligible
effect. A study from (Kang et al. 2008) supports this suggestion, in terms of antibacterial

action, where it was found that single walled carbon nanotubes were more effective at
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inactivating E. coli than their multi-walled counterparts. (Fang et al. 2007) showed that
colloidal suspensions of carbon-60 were capable of altering the membrane composition of
both gram-positive B. subtilis and gram-negative P. putida resulting in a more fluid membrane
and that the B. subtilis was the more susceptible of the two organisms suggesting that the
membrane composition of the target organism plays a key role in the susceptibility to the toxic
effect of carbon nanomaterials. A report from (Lyon & Alvarez 2008) suggested that direct
contact with carbon-60 could result in non-reactive oxygen species (non-ROS) mediated
oxidative stress in microorganisms which would disrupt cellular function and a further study
from (Kang et al. 2007) suggested that direct contact between carbon nanotubes and E. coli
was required to incur antibacterial action via cell membrane damage. As the majority of these
studies suggest that carbon nanomaterials incur antibacterial action via membrane damage
and oxidative stress it is not unreasonable to expect that graphene may operate via a similar

mode of action.
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Figure 1.1 The potential mass-to-toxicity relationship which may exist within the carbon nanomaterial family as
suggested by both (Jia et al. 2005) and (Kang et al. 2009) It is suggested that the smaller and less complex nano-
materials like graphene would be more toxic than their larger counter parts like Carbon-60. Should this
relationship hold true, graphene would be the most potent material in terms of its toxicity.

Additionally, with the idea that the more molecularly simple forms of carbon nanomaterials

possess the greater toxic potential, it would be reasonable to assume that graphene, as the

simplest form of any carbon nanomaterial, could possess the greatest toxic potential and



consequently may be the most useful in terms of antibacterial applications. Graphene
materials may express their antibacterial activity via similar channels to those mentioned
above and it is useful to consider the family of materials as carbon nanomaterials are
fundamentally similar in terms of their elemental composition. Examining the timeline of
published work in terms of antibacterial graphene materials will give an insight into the
process by which the field has evolved, its focus and the fundamental issues in examining their
microbiological response. While composite materials are a heavy feature in this area of
research and make up the majority of work done, focusing on the studies which examine
stand-alone graphene materials will allow an understanding of how and why they may exert an
antibacterial response. The number of contradictory reports as to the level of antibacterial
activity, the dose and time-dependent response and the mechanisms of action highlights why

the research thrust of the research moved toward composite materials.

The first study to report on the antibacterial activity of graphene materials was published by
(Akhavan et al. 2009) and reported on the photoinactivation of E. coli using a titanium-dioxide
(TiO,)-graphene film. While unique in terms of its use of a graphene-TiO; hybrid, the study was
focused on the improvement to the already high photocatalytic potential of TiO, rather than
the anti-bacterial effects of graphene materials alone. There was no comparative work done
on the antibacterial effect of stand-alone graphene materials against the TiO, composite. The
guantity of investigative work into the antibacterial potential of graphene materials has
increased steadily over subsequent years since with 70 studies published in 2014 alone and
numbers moving to and above the one hundred mark over the following two years. In 2010,
the publication of two studies, one from (Hu et al. 2010) and a second study from (Akhavan et
al. 2010) catalysed the interest in the use of graphene materials as potential antibacterial
agents and set the scene, with their suggestions as to the mechanisms of antibacterial action.
(Hu et al. 2010) described the use of a free-standing graphene paper for the inactivation of E.
coli which also appeared to possess very little cytotoxic action against human epithelial cells,
bringing forward the idea that antibacterial graphene may be useful in clinical applications
where they may come into contact with humans as well as microorganisms. Additionally, it
was stated that the graphene paper could be easily formed via a one-step filtration process, an
attractive concept for the creation of antibacterial surfaces and more easily handled items
compared to suspensions of graphene formed via chemical exfoliation. They reported that
both graphene oxide (GO) and reduced graphene oxide (rGO) were effective antibacterial
agents in solution at concentration ranges of less than 100mg/L. The second study from
(Akhavan et al. 2010) showed that graphene sheets, both oxidised and reduced, could be

deposited in a perpendicular manner on a stainless steel substrate and that the available



“sharp edges” of the sheets would result in membrane damage to both gram positive S. Aureus
and gram-negative E. coli that came into contact with them. They reported that the S. Aureus
was more susceptible to damage than the E. coli to which they assigned the more robust

nature of the cell envelope of E. coli due to the presence of the outer membrane.
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Figure 1.2 Results from the investigations by [A] (Hu et al. 2010) and [B] (Akhavan et al. 2010) which were pivotal
in forming the idea that membrane damage was a key mechanism of action in the antibacterial activity of
graphene materials. Hu et al. claimed that their TEM observations [A] showed E. coli with membrane damage
following exposure to graphene oxide (GO) sheets in solution. Akhavan et al. used an RNA efflux assay [B] to
show that intracellular material was being ejected into the surrounding media from cells due to membrane
damage following exposure to fixed GO and rGO sheets.

Both of these studies were integral in establishing the proposed mechanisms of antibacterial
action of graphene materials, as both described the membrane damage which was occurring in
cells coming into contact with graphene sheets. Hu et al. showed apparent membrane damage
occurring in E. coli cells via both scanning electron (SEM) and transmission electron (TEM)
microscopic analysis. (Akhavan et al 2010. reported the efflux of RNA from cells following
exposure to deposited graphene sheets, which was suggestive of membrane damage and the
loss of intracellular material into the surrounding environment. While (Akhavan et al. 2010)
stated that their reduced graphene oxide (rGO) nanowalls were more effective at inactivating
E. coli than their graphene oxide (GO) counterparts, (Hu et al. 2010) found that the GO was
more effective, albeit marginally, than rGO when introduced into solution. The difference in
toxicity may be due to the fixation of the material and the availability of the surface in relation
to the organisms present. It is difficult to directly compare the toxic effect in each case as one
study deals with free particles in solution and the other with graphene materials fixed to a
surface. Taken together however, these studies would seem to suggest that both graphene

oxide and reduced graphene oxide showed potential as antibacterial agents.



In parallel to these studies, which were examining the effect of stand-alone graphene
materials, a study by (Shen et al. 2010) examined the effect of a graphene-silver nano-
composite on several microorganisms. This study was the first to examine the potential
synergistic effect between biocidal heavy metals and graphene materials against
microorganisms. They found that the composite material was effective at completely inhibiting
three separate microorganisms at concentrations as low as 0.05mg/L in solution, several
orders of magnitude less than that required for stand-alone graphene materials as reported by
(Hu et al. 2010) at that point. Though no comparative work with GO or rGO was carried out
within the same study, the antibacterial potential of the graphene-silver composite was clear.
This initial study by (Shen et al. 2010) was the first of what was to become the most

investigated graphene-metal composite for antibacterial applications.
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Figure 1.3 The mechanism of action proposed by (Akhavan et al. 2010) as to the antibacterial activity of fixed
graphene sheets as “nanowalls”. Bacteria coming into contact with the edges of the graphene sheets have their
membranes damaged and are killed. Their results showed that reduced graphene oxide (rGO) nanowalls were
more effective that those formed using graphene oxide (GO).

With the advent of these studies, pushing graphene into the area of antibacterial applications
and away from traditional electronic investigations which were garnering the most attention, a
catalysis within this field of research occurred in subsequent years. The primary focus of
antibacterial graphene based materials would move more toward composite materials, with
their apparent superior effectiveness, and away from the application of stand-alone graphene.

Composites of silver in particular would garner the most attention in the following years.



1.4 Toward composite use and the understanding of mechanisms
While the majority of studies examining the antibacterial potential of graphene materials focus

on the use of composites, silver is by far the most used material in terms of composite
production. This is due to the well-established biocidal effect of silver against bacteria and
other microorganisms, as well as the relative ease by which graphene-metal composites could
be produced (Morones et al.(2005) (Oberdorster et al. 2007) (Duran et al. 2010). In 2011 for
example, almost half of the total studies published which addressed the subject of
antibacterial graphene materials dealt with silver composites (Xu et al. 2011) (D. Zhang et al.
2011) (L. Liu et al. 2011) (Das et al. 2011), (Dai et al. 2011) (Bao et al. 2011) (Ma et al. 2011).
The incorporation of non-heavy metal materials into graphene for antibacterial applications
was also coming to light at this time, with the emergence of graphene as a possible carrierin a
drug delivery system (Gao et al. 2011) (Pandey et al. 2011) and the incorporation of other

well-established biocidal compounds such as phosphonium salts (Cai et al. 2011).

A more keen interest into the actual mechanism of action was also coming into focus with a
study from (Liu et al. 2011) examining the antibacterial effect of both graphene oxide (GO) and
reduced graphene oxide (rGO) compared to its parent materials; graphite and graphite oxide.
The effect of these materials against E. coli was examined via shake flask studies in saline
solution and cell structure following incubation was subsequently examined via scanning
electron microscopy (SEM). They examined whether or not graphene materials would exert
oxidative stress on cells via a y-L-glutamyl-L-cysteinyl-glycine (GSH) oxidation assay and an XTT
assay for the detection of reactive oxygen species (ROS). The effect of each material was
examined for both time and concentration dependant activity and it was found that graphene
oxide possessed the greater anti-bacterial effect between itself and the reduced graphene
oxide with almost 70% loss in bacterial population over 2 hours at 40mg/L. Over a four hour
period, the effect was more pronounced, with the GO achieving a 90% reduction and the rGO
achieving 75% reduction. The antibacterial effect of the two parent graphitic materials was
found to be negligible. They stated that the antibacterial effect was also concentration
dependant, with an increase in GO concentration up to 80mg/L resulting in almost total
reduction in population after two hours. With their microscopic examination, Liu et al.
observed that bacterial cells were becoming wrapped in GO sheets and they suggested that
this wrapping would result in isolation from the surrounding environment and the inhibition of
normal cellular function. However, the larger more aggregated rGO particles, having lost much
of their sheet like structure, were incapable of performing this action and as such were less
effective as an antibacterial material. One of the more interesting assertions from this study
was that while there was observed oxidation of glutathione in the GSH assay, suggestive of

oxidative stress, there was no observable production of reactive oxygen species via the XTT
10



assay. They suggested that the oxidative stress exerted by graphene materials was ROS-
independent and that direct contact between graphene sheets and the cells was required in
order to incur a response. This would rationalise the lesser observed antibacterial effect of the
rGO, as the larger aggregates would have reduced surface area compared to that of the GO.
The more aggregated particles would have a lower overall available surface area, thereby
reducing the potential interaction between the material and the bacterial cells in solution.
However, the use of tetrazolium salt based assays such as the XTT method has been shown to
be interfered with by other carbon nanomaterials like carbon nanotubes previously, though
this interference has predominantly resulted in false positives rather than false negative
results (Worle-Knirsch et al. 2006) (Casey et al. 2007). This may be a contributing factor in the
observation from Liu et al. in terms of the disparity between the oxidative potential of the
materials and the lack of ROS production. However, as mentioned previously, carbon-60 has
been shown to exhibit non-ROS mediated oxidative stress and this may be the case for

graphene materials.

Figure 1.4 Scanning electron micrograph (SEM) images from (Liu et al. 2011) showing E. coli cells [A] supposedly
wrapped in GO sheets and [B] on the surface of rGO aggregates.

The concept of cell wrapping would further be supported by another study from (Akhavan et
al. 2011), whereby cells were specifically wrapped in graphene oxide sheets for targeted
photo-inactivation. They suggested that the wrapped cells were more easily inactivated by
near infrared radiation (IR), as the captured cells could be specifically targeted and that the
wrapping process isolated them from the surrounding environment thus inhibiting their ability
to perform normal cellular function. Additionally, a study from (Ma et al. 2011), examining the
effect of a graphene-silver composite suggested that this bacterial wrapping or attachment to
the material would promote contact between cells and the biocidal material with which it was
composited, resulting in a synergistic effect. Thus the composite would have enhanced
performance compared to either of the materials alone due to the fact that contact with the
cells was more likely.

11



The attachment and association of bacterial cells with carbonaceous surfaces such as activated

carbon has already been well documented for many years (LeChevallier 1988) (Camper 1986).

At this point the suggested mechanisms by which graphene materials may exert their
antibacterial effect were beginning to take shape. Cells coming into contact with the thin
edges of graphene sheets were likely have their membranes damaged. Direct contact between
the sheets, regardless of orientation, would result in oxidative stress to cellular components. It
was suggested that sheets of graphene in suspension could wrap cells thereby isolating them
from the environment and inhibiting normal function. The suggestion that bacterial cells would
adhere to graphene sheets decorated with biocidal metals such as silver and thus enhance the
effect of those materials was also supporting the idea that biocidal metal composites of
graphene were more effective than the metals alone. Taking all of the proposed mechanisms
at this point together, it is clear that the antibacterial effect of any graphene material is reliant

on direct contact of the organism with the material.

1.5 Questions of toxicity
During the same period however, a study from (Ruiz et al. 2011) sought to address the

apparent disparity between the antibacterial potential of graphene materials and their
inherent lack of cytotoxic potential to mammalian cells which was also being reported (Chen et
al. 2008), (Agarwal et al. 2010) (Park et al. 2010). They questioned the assertion from (Hu et al.
2010) that their produced graphene paper was both biocompatible and antibacterial. In their
study they stated categorically that “graphene oxide does not have antibacterial properties”.
They examined not only the growth of E. coli with the addition of a colloidal suspension of
graphene oxide, but also the effect of a graphene oxide coated PVDF membrane on bacterial
growth; similar to the paper produced in the study by Hu et al. They found that E. coli cells
grown with the addition of a colloidal suspension of graphene oxide (GO) at 25mg/L resulted in
a higher optical density than control samples grown without and scanning electron
microscopic (SEM) analysis showed the apparent formation of a thick biofilm on the GO with
the production of extracellular polymeric substances (EPS). The PVDF-graphene membranes,
coated in both 25 and 75mg/L solutions of GO, showed apparent preferential growth of
bacteria in areas of higher GO concentration and gPCR analysis showed that the total number
of bacteria present on the GO filters was two and three times higher than that of the control
paper. Taking these observations in the context of the concentration dependent observations
made by (Hu et al. 2010), where almost total loss of viability was observed after 2 hour
incubation with 85mg/L, and the observations from (Liu et al. 2011) where incubation over 2
hours with 40mg/L resulted in a 70% reduction in population, it is surprising that no inhibition

of bacterial growth in any way was observed, particularly with graphene oxide, as in both of
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those studies the GO was shown to be the more effective agent compared to the reduced
graphene oxide (rGO). It should be noted that there is a disparity between the methods
employed by the different studies. Where both Hu and Liu examined the effect of graphene
materials in saline solution, which is a non-growth scenario, Ruiz et al. examined the
antibacterial effect in a growth media. It is possible that the growth media, which would
contain not only salts but also amino acids, sugars as well as other constituents to promote
growth, would inhibit or limit any possible antibacterial effect from the graphene. If we
consider the proposed mechanisms of action, that the thin edges of graphene would damage
the cellular membrane and that direct contact with the sheets would induce oxidative stress. It
is possible that the incorporation of the graphene sheets into a rich media, such as LB, would
result in the occupation of edges and active oxidative sites by other material present and limit

the potential contact with bacterial cells, inherently reducing any antibacterial potential.

In the examination of a graphene-silver composite that year, two studies from (Tai et al. 2012)
and (Das et al. 2011) also showed that graphene oxide possessed no antibacterial effect when
applied in solid growth media against S. Aureus and E. coli. A similar study from (Bao et al.
2011) however showed a clear zone of inhibition against each of the same two organisms.
These observations bring into focus the state of the bacterial cells at the time of exposure to
the material as well as the exposure scenario. Each study from Tai, Das and Bao et al. examine
the effect of graphene materials in solid media. These examinations are based on the disk
diffusion method of anti-bacterial action, which is dependent on the diffusion of a biocide into
the surrounding media. Considering the already proposed mechanisms of antibacterial action
of both GO and rGO, it would be reasonable to assume that they would be incapable of acting
in a biocidal manner in this scenario, unless the production of ROS would result in diffusion
into the surrounding media. It may be that the antibacterial effect of graphene materials is
dependent on the growth state of the organism at the time of exposure as both Hu and Liu
applied their graphene materials in a non-growth saline solution. Das, Tai and Ruiz applied GO
to a growth media in which bacteria would be in a more active state metabolically, it could be
that this more vigorous metabolic state allows the organism to either circumvent or better
cope with the antibacterial action of the materials. Both the matrix in which the organism is
found and the state of the organism at the time of exposure are extremely important aspects
which should be taken into consideration for any microbiological assay and making a direct
comparison of concentration dependant response between a growth and non-growth scenario
is difficult. The strain of the organism employed and its ability to cope with different

environmental stresses is also of paramount consideration. While all of the studies mentioned
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used E. coli as a model organism, each employed a different strain which also may contribute

to the disparity between them.

Another influencing factor which may explain the lack of inherent antibacterial activity
observed by (Ruiz et al 2011) is the washing procedure employed. This may also account for
the obvious contradictory results reported by (Bao et al 2011) compared to the results
observed by (Tai et al. 2011) and (Das et al. 2011) using not only the same material but also
the same organisms and exposure conditions. While all of the studies mentioned make use of
the same preparation method for graphene oxide, chemical exfoliation via the Hummers’
method, (Ruiz et al. 2011) describe a thorough seven day washing procedure via dialysis to
remove residual material from the production step. The washing of chemically exfoliated
graphene is renowned as a lengthy process and if not carried out completely will result in
residual potentially toxic material which would colour any response observed during a
biological assay. Materials used in the production process such as permanganates,
concentrated acid and strong reducing agents would have a profound effect on any biological
assay even at low concentrations.On the subject of exposure times and matrixes, another use
for graphene in terms of microbiological application was also emerging at this time; in
microbial fuel cells. Microbial fuel cells, which make use of bacteria to generate an electrical
current are often limited by the available surface area within the device for bacterial
colonisation (Verstraete et al. 2006). It was at this time that (Zhang et al. 2011) first suggested
a graphene based anode for use within a microbial fuel cell (MFC) to improve performance and
(Feng et al. 2011) suggested that nitrogen doped graphene would also work well in improving
a MFC system. The line of reasoning behind this application is that the graphene, as a
carbonaceous, conductive material with high surface area, would act as a large area for
bacterial attachment as well as better facilitating electron transfer for current generation.
They found that the graphene, specifically reduced graphene oxide (rGO) from chemical
exfoliation, did indeed improve the performance of the cell and facilitated the growth of a
significant bacterial biofilm with E. coli (figure 1.5 [A]). This observation from (Zhang et al
2011) called into question the antibacterial efficacy of reduced graphene oxide (rGO) which,
while not as effective as GO, was still purported to be antibacterial by both (Hu et al. 2010) and
(Liu et al. 2011). The disparity between the report by (Akhavan et al. 2010) with regards to the
antibacterial activity of the graphene nanowalls deposited on the stainless steel surface and
the graphene decorated surface of the MFC is particularly interesting. Both reports deal with a
stainless steel surface which is decorated with graphene and exposed to E. coli, where one
reports loss of bacterial viability and the other reporting a significant amount of growth,

especially as (Akhavan et al. 2011) reported that the rGO was the more effective of the two
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graphene materials. It may be that the orientation of the graphene sheets, as claimed by
(Akhavan et al. 2011), is significant and that only their perpendicularly orientated graphene
sheets would exhibit antibacterial activity. As MFCs make use of growth media, it may be that
the different media compared to the saline solution employed by (Akhavan et al. 2011) is

responsible for the bacterial growth.
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Figure 1.5 scanning electron micrograph (SEM) images from [A] (Zhang et al. 2011) shows the growth of an E. coli
biofilm over a graphene anode in a microbial fuel cell and [B] (Ruiz et al. 2011) shows a biofilm growth following
E. coli incubation with GO sheets.

With the observations from (Ruiz et al. 2011) strongly questioning whether or not graphene
oxide possessed any anti-bacterial activity at all and the emergence of reduced graphene oxide
for microbial fuel cells, the original reports on the strong antibacterial activity of graphene
materials began to come into question. Certainly, it would seem that the environment in which
bacteria are exposed to graphene materials is an important parameter, as the studies which
seem to purport a lack of antibacterial effect exposure examine the organism within a growth
scenario. The organisms, being in a more vigorous metabolic state, may be more capable of
coping with the stress induced by the exposure to the graphene materials than they would be
in a non-growth scenario like saline solution. The examination of the characteristics which
influence the antibacterial potential of graphene materials would continue in earnest into the
following year with the publication of several studies specifically examining the effect of

different and hitherto unexamined exposure parameters.

1.6 On oxidative stress, particle size and bacterial growth
The use of graphene materials for antibacterial purposes continued its focus on composite

materials with a further influx of silver based studies being published throughout the following
year (Shen et al. 2012) (Cai Lin et al. 2012) (L. Liu et al. 2012) (Chook et al. 2012) (Tai et al.
2012) (Nguyen et al. 2012) (liang et al. 2012) (Cai et al. 2012) (Kholmanov et al. 2012). The
development of other metal composites for antibacterial purposes was also emerging with

composites of zinc (Kavitha et al. 2012) being produced as well as the investigation of
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graphene polymer and textile composites to form free-standing materials containing graphene
for biomedical applications such as antibacterial wound dressings (Lu et al. 2012) and

antibacterial surfaces (Lim et al. 2012) (Carpio et al. 2012) (Some et al. 2012).

With the publication of another study from (Liu et al. 2012) which addressed the potential
impact of lateral sheet size on the antibacterial effect of graphene oxide sheets, an additional
layer was added to the potential factors influencing the antibacterial capabilities of graphene
materials. They sought to ascertain whether their previous assertion as to the cell-wrapping
capabilities of GO sheets held true for sheets of different lateral sizes. It is important to
consider that graphene sheets, while nanoparticles in the strictest sense can have widely
varying lateral sizes. It is reasonable to assume that the size, and the average variability across
different sheet sizes in a colloidal suspension of GO, would have a profound effect on how it
may interact with a biological system and would obviously impact on the more available plane
of interaction, whether edge or face-on i.e. sheets of larger lateral size would have more
availability in terms of the basal-plane and those of smaller size would have more available
edges. If the assertion that the edges of the graphene sheets are the active site of
antibacterial action were to hold true, then colloidal suspensions which contain larger
numbers of sheets with a smaller lateral size would then possess the greater antibacterial
efficacy than their larger counterparts. Particle size is an extremely important aspect to the
potential biological interaction of nanoparticles and the size and shape of other types of
nanoparticles such as metals has already been shown to have a profound effect on their
antibacterial activity and bioavailability (Martinez-Castafidon et al. 2008) (Wang et al. 2008)
(Simon-Deckers et al. 2009).

The size of graphene particles had already been shown to affect their toxicity in mammalian
cells and the same dependence may hold true for bacterial interaction (Akhavan et al. 2012). In
their study (Liu et al. 2012) examined how graphene oxide sheets sonicated for longer or
shorter periods of time affected E. coli cells in both saline solution and deionised water. As in
their previous study examining the difference between graphene and its parent materials, they
examined the effect of lateral sheet size on the ability of GO to oxidise glutathione in a GSH
assay to assess oxidative potential. They also examined the physical effect of the different
sized GO sheets on E. coli cells via atomic force microscopy (AFM). They found that sheets of
larger lateral size were more effective at reducing the bacterial population in a short period of
time with almost 90% loss in viability after one hour. Sheets of smaller sizes, which were
sonicated for up to four hours prior to inoculation, resulted in a much milder but steady
decline in bacterial population, up to 56% over four hours, as compared to the sharp initial

reduction observed from the larger sheets. From their microscopic analysis they claimed that
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laterally large GO sheets were clearly able to wrap and entirely enfold E. coli cells in solution.
In contrast, the smaller sheets were seen to interact with the bacterial membrane, disrupting
and damaging it which resulted in rough pockmarked cells (Figure 1.6 [B]) indicative of

membrane damage.

The oxidation assay showed little to no variation in the oxidative potential of the GO sheets of
different lateral sizes. Liu et al. concluded that the oxidative potential of GO was more a

function of the surface functionalisation rather than the available edge sites of the sheets.

Figure 1.6 Atomic force micrograph (AFM) images captured by (Liu et al. 2012) showing [A] E. coli cells enwrapped
within laterally large GO sheets and [B] E. coli cells following incubation with GO sheets of low lateral size
showing pocked and damaged membranes.

As GO sheets are invariably molecularly thin, an increase in the available edge sites would not
result in a large increase in available surface area. The observation that laterally smaller sheets
do not possess inherently greater antibacterial activity questions the earlier observation from
Akhavan et al. (2010) that it is the available edges of graphene sheets, damaging the bacterial

membrane, which is the primary mechanism of antibacterial action.

The previous findings of (Liu et al. 2011) that the oxidative stress induced by graphene
materials was non-reactive oxygen species (non-ROS) dependent was also brought into
guestion with the publication of a study from (Gurunathan et al. 2012). They examined the
effect of both graphene oxide and reduced graphene oxide on P. aeruginosa, a gram-negative
bacterium which had not been challenged with graphene materials up to that point. They
examined the effect of suspensions of both graphene oxide and reduced graphene oxide
against P. aeruginosa in non-growth (saline) and growth (Luria-Bertani) media. In addition they
examined whether or not either of the materials would generate reactive oxygen species via a
nitroblue tetrazolium (NBT) assay. They showed that the response of P. aeruginosa to both GO
and rGO was entirely linear in terms of both concentration and time dependant responses with
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up to 150mg/L resulting in 90% reduction in population after two hours and 75mg/L resulting
in 90% reduction after four hours. The difference in response between GO and rGO was
negligible with GO having a marginally stronger effect than the rGO in saline solution. This
observation is unique in terms of the level of comparability between the two materials, where
most studies which have examined both GO and rGO have reported a more pronounced
response from one of the two materials. However the most significant finding in this study
pertained to the oxidative stress response. It was reported that both GO and rGO resulted in
ROS production 3.8 and 2.7 times higher than that of the control sample. This finding is
particularly relevant as (Liu et al. 2011) reported no generation of reactive oxygen species from
their XTT assay kit. As previously mentioned, some carbon nanomaterials have been shown to
interact and disrupt tetrazolium salt based assays. Both the XTT and the NBT assay are based
on the reduction of the tetrazolium salt to formazan, resulting in a colour change. The
adsorptive nature of graphene oxide, along with its many surface functional groups may have a
significant impact on the colour expression from these assays. Whether the adsorption of the
formazan products would result in localised concentration and thereby the observation of false
positives, as has been shown in carbon nanotubes, would occur or not remains to be seen. It is
also possible that graphene oxide could adsorb the functional components within the assay
and prevent them from interacting with the molecules of interest, in this case reactive oxygen
species, thus inhibiting the expression of the assay which would result in a false-negative.
There have been no systematic investigations into the interaction of graphene with different
established biological assays for reactive oxygen species as has been done with carbon
nanotubes. It is difficult to rationalise either result, particularly in light of the known issues of
tetrazolium based assays with other carbon nanomaterials. Categorically saying that graphene
materials do or do not result in the production of reactive oxygen species based on the

published literature becomes difficult in light of these issues.
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Figure 1.7 The antibacterial mechanism of action proposed by (Liu et al. 2012) for graphene oxide sheets of
different lateral sizes in suspension. Larger sheets will completely wrap cells and isolate them from the
environment, where smaller sheets will pock and damage the cellular envelope.

On the subject of the oxidative potential of graphene, a study from (Krishnamoorthy et al.
2012) the following year examined both the antibacterial activity of what they referred to as
“graphene nanosheets” produced via the reduction of graphene oxide by hydrazine. For the
sake of comparison to the studies already mentioned, these nanosheets can be considered
comparable to reduced graphene oxide, as hydrazine reduction is one of the commonly
applied methods for the production of rGO from GO. They examined the effect of these
nanosheets against several organisms; E. coli and S. typhimurium as gram-negative models and
E. faecalis and B. subtilis as gram-positive models. They used the standard broth dilution
method to investigate the minimum inhibitory concentration (MIC) against each organism,
scanning electron microscopic analysis to investigate the effect of the sheets against the
bacterial membrane and most notably they used an ultrasound-induced lipid peroxidation
assay to examine they ability of the material to cause lipid peroxidation. The minimum
inhibitory concentrations, and indeed the antibacterial response to the material, found by
Krishnamoorthy et al. were much lower than any other previously observed. The minimum
inhibitory concentration is the concentration at which no bacterial growth is observed and as
such all the organisms present can be deemed to be inhibited. It was claimed that both E. coli
and S. typhimurium had an MIC value of just 1mg/L and that E. faecalis and B. subtilis had
values of 8 and 4mg/L respectively, which are orders of magnitude lower than previously

reported.

In contrast to the report from (Akhavan et al. 2011) which claimed that gram-positive bacteria
were more susceptible than gram-negative, the opposite is claimed by the authors in this case.

As the MIC values for both E. coli and S. typhimurium were lower than their gram-positive
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counterparts. The authors attribute this greater resistance to the thicker peptidoglycan layer
present in the cellular envelope of the gram-positive bacteria. It is also notable that the broth
dilution method for minimum inhibitory concentration analysis is carried out in Luria-bertani
(LB) broth, a rich growth media. Up to now, the trend in reports showed that only suspensions
of graphene materials introduced into non-growth scenarios would exhibit an antibacterial
effect against microorganisms present. The report from (Krishnamoorthy et al. 2012) showed
not only that graphene was effective at inhibiting the growth of several microorganisms in
growth media but that their as produced “nanosheets” had MIC values orders of magnitude
lower than the already reported concentrations of GO and rGO used previously. Though brief,
their investigation into the lipid peroxidation potential showed that the graphene nanosheets,
at concentrations of 10 and 5mg/L, increased the level of peroxidation compared to control
samples by 117% and 109% respectively. Though no separate assay was performed; the
authors claimed this was indicative of ROS production. Whether the production of reactive
oxygen species was responsible, or that the lipid peroxidation was due to direct contact non-

ROS mediated oxidative potential of the graphene was unconfirmed.

This investigation highlights another fundamental issue in terms of comparison between
different studies; terminology. While GO and rGO are terms which are sufficient to encompass
the materials which are being dealt with by the majority of microbiologically focused studies,
the above example shows that a definitive set of nomenclature is needed to define more
strictly the different features of the materials which would help in carrying out a more valid

comparison between different studies.

)

rGO

Figure 1.8 Whether or not graphene materials are capable of producing reactive oxygen species still remains to be
seen. While (Liu et al. 2011), (Gurunathan et al. 2012) and (Krishnamoorthy et al. 2012) have all reported the
ability of either graphene oxide or reduced graphene oxide to incur oxidative stress, whether or not the
production of reactive oxygen species (ROS) or some sort of non-ROS mediated mechanism is responsible is still
unknown.

In addition to these studies, which were questioning the already proposed mechanisms of

action of antibacterial activity, another study from (Akhavan et al. 2012) sought to examine
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whether or not E. coli could be used to produce reduced graphene oxide from graphene oxide
via incubation in anaerobic conditions. The idea of biologically reduced graphene oxide (BRGO)
had been investigated previously albeit only with shewanella, a particularly electro-active
genus of bacteria which is commonly applied in microbial fuel cells for example (Salas et al.
2010) (Wang et al. 2011) (Jiao et al. 2011). It has been suggested that graphene oxide may act
as a terminal electron acceptor in the respiratory pathway and as such benefit any colonising
bacteria present. The concept of using a bacterial organism to reduce GO to rGO is somewhat
at odds with some of the previous statements from (Akhavan et al. 2011) (Liu et al. 2011) and
(Hu et al.2011) who have all claimed that direct contact with the materials will result in
bacterial inhibition. However, as this study examined the effect in a growth media and under
anaerobic conditions the ability of the organism to cope with, or possibly even benefit from
the material may be very different due to the exposure conditions. The observations made by
(Ruiz et al. 2011) mentioned earlier for example, seemed to suggest that bacteria present in a
growth media along with a colloidal suspension of GO would have improved growth unlike the
antibacterial effects observed in saline solutions. In their study (Akhavan et al. 2012) grew E.
coliin LB broth along with a GO film and examined the effect on the electronic state of the film
and the bacterial population over time. They showed that the bacterial growth in the solution
with the added GO was comparable to that of the control but at 24 hours a sharp decline in
population was observed. They attributed this sudden loss of bacterial viability to the
detachment of bacteria from the already reduced surface or the alteration in the electronic
structure of the material. Following the production of their BRGO surface they examined the
anti-bacterial effect that the surface would have compared to that of GO. They found that the
GO surface had little to no effect in terms of bacterial kill and that the BRGO resulted in a 24%

reduction following two hours.
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Figure 1.9 [A] The response of E. coli in an anaerobic growth scenario with a graphene oxide (GO) film, as
published by (Akhavan et al. 2012) with a sharp decline in bacterial population after 24 hours. [B] The lack of
inherent antibacterial effect from both GO and rGO highlighted by (Some et al. 2012) when introduced into a
growth media (LB) with E. coli at 25mg/L: Green and Navy series. The difference between two studies highlights
just how different exposure scenarios and indeed the focus of the investigation can have a profound impact on
the results observed.
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They used this response to rationalise that it was the detachment from the surface due to the
change in surface electronic state of the graphene that resulted in the sudden drop during the
growth scenario rather than the minor antibacterial effect of the material. They concluded
that, as in their previous study, reduced graphene oxide can have a more profound
antibacterial effect than graphene oxide and that under the correct conditions graphene oxide
can benefit the bacterial population. This particular study is an excellent example of the
dynamic nature of the biological interactions of graphene materials; not only in terms of the
culture media used but also in terms on the exposure conditions, whether aerobic or
anaerobic. It also emphasises the level of variety which exists in terms of reduction methods
and material manipulation which can be carried out on graphene. The effect of the
environment in which microorganisms are exposed to graphene materials would be
highlighted once again with the publication of a study from (Some et al. 2012). They examined
the effect of GO and rGO against E. coli in growth media (LB broth) and compared their effects
to various poly-I-lysine (PLL) composites of each material. In terms of comparability, the study
is very similar to that performed by (Ruiz et al. 2011) with E. coli as a target organism and LB

broth as a growth media, albeit with the examination of rGO in addition to GO.

Similar to the results obtained by (Ruiz et al. 2011), it was found that neither GO nor rGO had
any significant inhibitory effect when introduced into LB media inoculated with E. coli.
However, it should be noted that no concentration dependant analysis was carried out and
that only 25mg/L of each material was tested and observations were carried out over twelve

hours, a lengthier period compared to most previous examinations.

Making definitive statements on the antibacterial efficacy of different graphene materials
becomes difficult based on the studies done up to this point. Not only do the characteristics of
the material; such as lateral size, thickness and surface functionalisation, have a profound
influence on their potential interaction, but it is clear that the material can have a dynamic
nature dependant on the exposure scenario and the conditions of the environment involved
during exposure. The reports from Ruiz and Das et al. would seem to have supported the
assertion that the antibacterial activity of graphene materials was limited or indeed completely
inhibited by its introduction into a growth media as opposed to a saline solution as reported by
(Hu et al. 2011), (Liu et al. 2011) and (Akhavan et al. 2011) This media-dependent response
was then further supported by the observations of Some et al., for rGO as well as GO, whereby
they had no observable effect from either material in their case. However the study by
(Krishnamoorthy et al. 2012) showed that not only were their graphene nanosheets effective
in growth media but that they were profoundly more effective than previous reports had

shown. This blatant contradiction only highlights the difficulty in comparing studies that may
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have variance in the preparation method of their graphene materials. The report from
(Gurunthan et al. 2012) also contradicts the initial report from (Liu et al. 2011) that the
observed oxidative stress induced by graphene materials is ROS independent, however the use
of tetrazolium salt based assays throws doubt over both reports. The investigation carried out
by (Liu et al. 2012) into the effect of lateral sheet size would seem to suggest that the size of
graphene oxide sheets will only affect the time-dependant toxicity and not its oxidative stress
potential, this suggests that the availability of the edges of the graphene sheets is not a
primary mechanism in terms of its antibacterial activity as was suggested in the original work
by (Akhavan et al. 2010). The importance of defining the material with a suitable naming
system which more directly reflects the specific features was also highlighted with the
contrasting report on the dose-dependent response from Krishnamoorthy et al. and their
“graphene nanosheets”. An attempt to address the issue of nomenclature and a naming
system for the different carbon materials which are all encompassed within the “graphene
family” was done in an editorial from Carbon (Bianco et al. 2013), though this unified naming

system is on-going, with several different institutions vying for their naming system to be the
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Figure 1.10 A graphical representation of the disparity between the reports showing an antibacterial effect from
graphene materials and a lack-thereof, which seemed to depend on the media in which the organism was
exposed. Reports from (Ruiz et al. 2011) and (Some et al. 2012) showed no apparent antibacterial effect from
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both GO and rGO against E. coli when introduced into a growth media compared to other studies which showed
antibacterial activity occurring in saline or buffer solutions.

1.7 Ascertaining mechanisms

The number of investigations which examined the antibacterial potential of graphene
materials increased significantly within the following years and the main thrust of this field
would continue to find itself in the direction of graphene-silver composites, with numerous
composites of silver being investigated and the focus on novel production methods (Tang et al.
2013) (Ocsoy et al. 2013) (Li et al. 2013) (Vijay Kumar et al. 2013) (G. He et al. 2013) (Han et al.
2013) (Jiang et al. 2013). A study published in 2013 focused on the production of a new citrate
modified graphene oxide-silver composite which once again showed the lack of antibacterial
activity of graphene oxide (Das et al. 2013). The contradictions in reports as to the
antibacterial efficacy of stand-alone graphene materials are most likely the driver in the
greater level of interest in composite materials for antibacterial purposes. The addition of a
well-established biocidal material such as silver guarantees antibacterial functionality and is a
more attractive concept, particularly for practical applications. The emergence of multi-metal
as well as multi-material composites such as graphene-polymer-metal composites was also
occurring with the advent of multi-purpose graphene materials with antibacterial functionality
(Bora et al. 2013) (W. He et al. 2013) (W. Wang et al. 2013) (H. Wang et al. 2013) (Yu et al.
2013) (Zhang et al. 2013) (Zhao et al. 2013). Additionally, a thrust into the areas of enhanced
photo inactivation of microorganisms using graphene-composites of TiO, and other photo
catalytic materials was emerging with several publications focusing on this field along with
combination materials for both antibacterial and organic pollutant removal (Cao et al. 2013)
(Gao et al. 2013) (W. He et al. 2013) (Veerapandian et al. 2013) (Raj Pant et al. 2013) (Liu et al.
2013). To highlight the variation in composite type and use, the application of graphene based
antibacterial materials such as membranes and electrically actived materials for water

treatment was also an emerging field at this time (Kumar et al. 2013) (Hong et al. 2013).

However the outstanding study which emerged in 2013, in terms of the antibacterial
investigation of graphene materials, was one which addressed the interaction of the edges of
graphene sheets with the bacterial envelope. The study from (Tu et al. 2013), published in
Nature Nanotechnology, examined the effect of graphene oxide nanosheets against E. coli in
saline solution using traditional counting methods, transmission electron microscopy (TEM)
and most uniquely, the application of computer simulations to examine the possible molecular
interactions of the edges of the graphene sheets with the cellular membrane. Not only that
but they also examined the effect of lateral sheet size on the antibacterial efficacy of the
material as well as how it would affect its interaction with the cellular membrane in the

simulation experiments. They sought to validate the observations from (Akhavan et al. 2010)
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with regards to the “sharp edges” of graphene sheets as well as the assertion from (S. Liu et al.
2012) that the lateral size of the graphene sheet was an important feature in terms of its
antibacterial efficacy. This application of computer modelling is particularly relevant as
membrane damage is one of the principal mechanisms of action proposed by many of the
investigations which had been carried out up to this point. The assertion that membrane
damage would be a principal mechanism of action in the antibacterial potential of graphene
materials was based primarily on the previously observed membrane damage which occurred
in single walled carbon nanotubes (SWCNTs). However an in-depth study into the membrane

damage of graphene had not been carried out as had been done with SWCNTs (Liu et al. 2010).

From their microscopic analysis the authors determined that the antibacterial activity of
graphene oxide sheets against E. coli cells was based not only on kinetic membrane damage
but also on the gradual dissolution of the cellular membrane from interaction with the GO

sheets which resulted in the extraction of lipids from the phospholipid bi-layer in the cellular

envelope.
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Figure 1.11 The three stages of membrane dissolution, as well as the two types of interaction of GO sheets with
the bacterial membrane as described by (Tu et al. 2013). Stage | [A] Initial inoculation whereby the cells are
unaffected. Stage Il [B] with visible thinning of the cellular membrane occurring. Stage Il [C] with a “cut” cell of
Type A visible and a Type B cell with a membrane having suffered dissolution due to lipid extraction by the GO
sheets.

Three stages of membrane dissolution are described during a 2.5 hour incubation with
100mg/L of GO. During the first stage, directly following inoculation, the cells are capable of
coping with the GO present in solution and are unaffected with no visible membrane damage.
During stage two however, a thinning of the cellular envelope is visible, though no ruptures or
leakage of cellular contents has occurred. In the final stage, cells can be observed to have lost
cellular integrity entirely which results in what the authors refer to as “empty nests” whereby
the intracellular material has almost entirely been evacuated and an empty vessel remains.
They divided the potential interaction of the graphene oxide sheets into two types; Type A

whereby the GO sheets would become inserted into the bacterial envelope and “cut” the
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membrane via kinetic shear and Type B, whereby the insertion of the graphene sheet into the
membrane results in vigorous extraction of the phospholipids from the cellular membrane.
The authors described the Type A interaction as being representative of the original model
proposed by (Akhavan et al. 2010), where the “sharp edges” of the GO sheets will cut the
membrane via kinetic interaction. The Type B interaction however was a hitherto unseen
mechanism and was more clearly described by the computer modelling rather than the TEM
analysis. In fact the authors state that they had not hypothesised the Type B interaction from
their initial microscopic observations but rather re-evaluated them following the computer
modelling simulations. The authors’ claim that the extraction of lipids from the cellular
membrane is due primarily to the Van der Walls attractions between the edges of the
graphene sheet and the membrane lipids, whereby once interaction occurs, the tail end of the
sheet becomes trapped within the membrane. The phospholipids then begin to “climb” along
the graphene sheet resulting in the eventual dissolution of the membrane. This extraction

process continues as the lipids spread across the graphene sheet surface.
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Figure 1.12 The mechanism by which graphene oxide sheets exert antibacterial action as proposed by (Tu et al.
2013). From their computer modelling they proposed that graphene oxide sheets will be inserted into the
phospholipid bi-layer and extract lipids resulting in membrane dissolution.

They showed, in their simulations, that sheets of larger lateral size would result in a more
vigorous extraction of lipids from the membrane. It was claimed that the un-oxidised regions
on the GO sheets, more akin to that of pristine graphene, would attract the hydrophobic heads
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of the lipids while the oxidised regions would attract the hydrophilic tails. They claimed that
the larger un-oxidised regions would promote a greater level of cell dissolution due to the
stronger attraction compared to that of the oxidised regions. As such, GO sheets of greater
lateral size, which were more likely to contain larger un-oxidised regions than their smaller
counter parts, would have the greater potential for lipid extraction. They supported this
hypothesis by examining the effect of GO sheets of different lateral size (~500, ~200 and
~50nm) against E. coli and found that the largest sheets resulted in the greatest reduction in
bacterial population; 90% after 2.5 hours incubation with 100mg/L. This assertion that the
larger un-oxidised regions were responsible for the greater antibacterial effect was further
rationalised with the characterisation of each suspension of GO via UV-vis. The authors
showed that a shift in the absorption spectrum of the material from 238 to 218nm as the size
of the GO reduced was indicative of a loss of these large un-oxidised areas which would only
be present in laterally large sheets. The authors claimed that this phenomenon held true for
both the inner and outer membranes of gram negative E. coli. Whether this would occur in the
membranes of gram positive organisms, with their thick peptidoglycan layer was not
investigated. The relationship between the antibacterial effectiveness of graphene materials
and organisms with different membrane structure still requires further investigation as reports
already mentioned have shown conflicting results in that regard. The model proposed by (Tu et
al. 2013) appears robust in explaining the interaction of GO sheets with microorganisms. They
established not only the lateral size dependant response but also explained their microscopic
observations with computer modelling. Whether the computer model employed accounts for
all the variables of this relatively new material is difficult to say, as all of the physical
characteristics of graphene are yet to be understood fully. Following the report from (S. Liu et
al. 2012) where it was found that GO sheets which were laterally large were more effective, it
seemed that the original assertion by (Akhavan et al. 2010) that the sharp edges of the
graphene sheets were responsible was incorrect. With smaller sheets and more available
edges, one would expect a greater antibacterial effect but that was not the case. However the
above investigation from (Tu et al. 2013) provides a rationalisation as to why both laterally
large and smaller GO sheets can incur an antibacterial effect and why the relationship is
proportional to the available basal planes and not just the edges alone. While the thin edges of
the graphene sheets will interact with the cellular membrane regardless, the larger sheets
have areas which are more akin to that of pristine graphene. These large areas of sp?
hybridisation promote the movement of the lipids from the cellular membrane to the
graphene sheet moreso than the oxidised regions present on the GO sheets. As such the
laterally larger sheets have the greater potential for movement of lipids and thus the greater

antibacterial efficacy. However this activity of lipid extraction while promoted by laterally
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larger sheets is still dependant on the availability of the edges of GO sheets for the initial

interaction with the cellular envelope.

1.8 Edges, planes and charge transfer
In more recent years there have been several reports of a more robust nature which have

attempted to define the specific modes of antibacterial action of graphene, particularly in
terms of its orientation. In addition, some investigations have been carried out to examine
whether or not pristine graphene produced via chemical vapour deposition (CVD) possesses
similar attributes to that of its chemically derived cousins. The examination of the antibacterial
efficacy of CVD graphene has not been carried out in depth despite it being one of the more
reliable methods for producing pristine graphene sheets. The more complex and expensive
equipment required to produce CVD graphene is most likely the limiting factor in this regard.
Comparison with chemically derived graphene for antibacterial studies becomes difficult as

CVD graphene will be inherently bound as a surface to a substrate.

A particularly interesting report from (Li et al. 2014) sought to examine the effect of CVD
grown graphene sheets on different substrates for antibacterial effectiveness. They examined
the effect of monolayer graphene sheets grown on copper (Graphene@Cu), germanium
(Graphene@Ge) and graphene grown on a metal substrate which was subsequently
transferred onto silicon dioxide (Graphene@SiO;). They examined the materials against E. coli

and S. Aureus using both plate counting techniques and live/dead fluorescent microscopy.

Graphene@Cu Graphene@Ge

Figure 1.13 Copper (Graphene@Cu), Germanium (Graphene@Ge) and Silicon Dioxide (Graphene@SiO,)
substrates each coated with monolayers of graphene grown via CVD as reported by (Li et al. 2014).

Their line of investigation was to examine if electron transfer across the graphene sheets was a
driving mechanism for the antibacterial action of pristine sheets. The three substrates would
represent the three different types of electrically active materials; conductors (copper),
semiconductors (germanium) and insulators (SiO,). Their model of antibacterial activity via
electron transfer was based on graphene forming a junction with the underlying substrate,
which would serve to actively transfer electrons from the bacterial cells via the graphene and
thus perturb normal cellular function due to the loss of energy, in the form of electrons, in

their respiratory pathway.
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If correct, this would represent the first such example of this particular mode of action in terms
of antibacterial activity of graphene materials. They found that the graphene on the copper
substrate was the most effective, followed by the germanium and finally the silicon dioxide
against both E. coli and S. Aureus. Their experimental results proved their hypothesis as copper
as a conductor, showed the greatest antibacterial effect and there was no visible effect from
the SiO, with germanium in the middle. However, it should be noted that the three substrates
alone would have expressed this response in any case as copper is known as a more effective
biocide than germanium and SiO; is not known to be antibacterial. The authors were keen to
point out the lack of copper ions being released from their material as they had observed no
Cu released after 72 hours in saline solution via inductively coupled plasma mass spectrometry
(ICP-MS), though this data was not shown. Examining the as produced graphene films on each
of the substrates (Figure 1g), it is difficult to imagine that no interaction between the
substrates and the surrounding solution would occur and that there would be no release of

biocidal ions with a monolayer of graphene covering only one side.

This electron transfer model would subsequently be refuted with the publication of a study by
(Dellieu et al. 2015). In order to verify the electron transfer model as proposed by (Lit et al.
2014), they examined the effect of CVD graphene partially and fully grown on copper (Cu) and
gold (Au) substrates against the same organisms; E. coli and S. Aureus using Live/Dead and
counting techniques in the same manner as the previous study. In terms of the examination of
the graphene on a copper substrate, the studies are identical. The purpose of examining the
fully and partially grown graphene monolayers was to ascertain whether or not the release of
ions into the surrounding media was occurring and how that would affect any observed anti-
bacterial effect from the graphene. The authors proposed that copper, in being n-doped, will
be inclined to have electrons transferred to it from the graphene monolayer rather than the
opposite, as was proposed by (Li et al. 2014) additionally; gold, being p-doped, would be more
inclined to receive electrons from the attached graphene. This comparison would further serve
to prove whether or not the electron transfer model held true as gold possesses a much lower
antibacterial potential than copper. As such any dramatic antibacterial effect from the
graphene coated gold substrate could be attributed to the electron transfer phenomenon and
not to the metal support. Additionally, they performed atomic absorption spectroscopy (AAS)
to examine whether or not any metal ions were released into the bacterial solution during
incubation. Their result categorically disproves the idea of electron transfer as a mode of
antibacterial action in CVD produced graphene monolayers. They found that there was no
observable antibacterial effect from the graphene layer grown on the gold substrate against

either E. coli or S. Aureus, or from the gold substrate with no graphene; indicating that even
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though the gold would be a viable substrate for electron transfer from the bacterial cells via

the graphene that this phenomenon does not occur.
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Figure 1.14 The results of cell viability analysis carried out by (Dellieu et al. 2015) in which CVD grown graphene
layers on copper and gold substrates were tested against E. coli and S. Aureus. The results discount the assertion
fron (Li et al. 2014) that electron transfer is a principal mechanism of action in the antibacterial potential of CVD
grown graphene monolayers.

The fully grown monolayer of graphene on the copper substrate showed a less than 10%
reduction in bacterial viability against both organisms indicating that the graphene was not
eliciting an antibacterial response and the minor reduction was attributed to the release of
cupric ions from the underlying substrate. It was also clear that the ability of the copper to
release its active ions was limited by the graphene covering the surface. This argument was
supported by the much higher reduction, 34% for S. Aureus and 46% for E. coli, which was
caused by the partially grown monolayer. As the bare copper substrate resulted in almost total
reduction of the bacterial population for both organisms, the authors surmised that any
observed antibacterial effect of the CVD grown graphene was from the underlying substrate
and not from the interface between it and the graphene. The results clearly indicate that CVD
grown graphene on a copper substrate will limit the release of cupric ions and reduce the
biocidal effect of the copper, but that the graphene does not inherently possess any
antibacterial potential itself. It is interesting to note that the CVD graphene grown on these
substrates would have little to no oxidative groups present on their surface due to the method
of production. Taking into account the earlier observation from (Tu et al. 2013), in their
computer modelling, they observed a greater efflux of lipids from the bacterial membrane with
laterally larger sheets of GO which had greater areas of sp? hybridisation and thus lower areas
of oxidative groups. As the pristine sheets formed via CVD should be composed entirely of un-
oxidised regions. The lack of antibacterial activity observed by (Dellieu et al. 2015) despite this
would seem to suggest that the availibility of the edges of the graphene sheet in order to

perform lipid extraction is required for antibacterial action to occur. These two studies
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represent the beginnings of a shift in the publication landscape of antibacterial graphene
studies. Up to this point the proposed mechanisms of action were very numerous and despite
contradictions between reports there had been no studies performed in order to directly

refute the claims of another in this line of investigation.

This availability of the different planes of graphene had come into particular focus with the
publication of two studies examining how the isolation of graphene oxide sheets via different
methods impacts on their antibacterial potential. A study from (Hui et al. 2014) sought to
examine why, up to this point, there appeared to be contradictory reports as to the
antibacterial effects of graphene in differing media, they proposed that removing the
availability of the basal planes, the flat surfaces of GO, would inhibit its antibacterial
effectiveness. This investigation was in response to those carried out by (Ruiz et al. 2011) for
example, who had found that the addition of GO into Luria-Bertani (LB) broth improved the
growth of organisms present. They examined this phenomenon by tweaking the availability of
the basal planes using an occupying protein, bovine serum albumin (BSA), and tryptophan, a
basic amino acid as well as examining the effect of the LB-broth itself on the antibacterial

efficacy of GO.

Initially they evaluated the effect of GO against E. coli in saline solution and found that a
concentration of 200mg/L was required to elicit an almost total reduction in bacterial
population. However when supplemented with LB broth at 5%, the authors found that a
reduction of less than 20% was achieved and that up to 300mg/L only 61.4% of the population
was killed; indicating that the addition of the LB broth does indeed inhibit the bactericidal
capability of the GO. Following incubation with LB supplemented saline, AFM analysis showed
that the average thickness of the GO sheets had increased by 60% to which the authors
attributed components from the broth having become adsorbed to the GO sheet surface. As
they were unsure what components were responsible, the authors sought to quantify to what
extent known components adsorbing to the surface of the GO inhibited its antibacterial
efficacy. Suspensions of GO were saturated with BSA in order to ensure total adsorption of the
protein to the surface of the GO sheets. Under AFM analysis, the authors found that the
average thickness of the sheets was over four times higher, indicating that the GO sheets had
totally adsorbed the BSA to their surface. Subsequent antibacterial assays showed that the BSA
saturated GO resulted in a reduction of only 34% with 200mg/L. The authors indicated that
due to the size of the BSA, only up to 84% of the GO surface would be occupied and as such
some surface area would still remain available. The reduction in the antibacterial efficacy was
obvious. In order to examine if total coverage of the GO sheet would result in complete

inhibition the authors then examined the effect of tryptophan saturated GO in a similar
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manner. As tryptophan is a much smaller molecule, but would still readily adsorb to the GO
surface, it would be more able to completely occupy the entirety of the GO surface. Following
saturation with tryptophan, GO at 200mg/L showed little to no antibacterial action against E.
coli in saline solution. The authors had shown categorically that occupying the basal planes of
GO can render it innocuous as an antibacterial agent. In order to verify the mechanism of
action the authors performed a live/dead fluorescent assay, dependant on membrane damage
for staining of dead cells, which showed that membrane damage was indeed occurring. While
the authors did not hypothesise an exact mode of action, they stated that it was clear that
membrane permeabilisation (the creation of a more permeable bacterial membrane) or
membrane damage was a key contributor. They also did not rule out the possibility of the
edges of GO sheets still being available following BSA saturation as a possible explanation for
the remaining antibacterial action observed. This robust investigation shows that the
antibacterial efficacy of GO is highly dependent on the environment in which it is introduced
and as such the limitations on the application of GO as an antibacterial agent are apparent.
Applying any sort of biocide in an already “pristine” environment or scenario seems almost

counter intuitive and severely limits potential antibacterial application of GO.

This rationalises the high number of composite focused studies being carried out, as adding a
known biocide such as a metal is relatively simple in terms of graphene-composite production

and guarantees antibacterial functionality regardless of environment.

The second study which examined the availability of these basal planes did so via a mechanical
rather than an occupying method. The study from (Mangadlao et al. 2015), isolated flat GO
sheets onto a polyethylene terephthalate (PET) surface via the Langmuir-Blodgett (LB)
deposition method and examined the response of E. coli brought into contact with the fixed
GO. Their study sought to not only rationalise the assertion from (Hui et al. 2014) as to the
availability of the flat surfaces of the GO but also addressed the issue of available edges which
was a primary mechanism as suggested by (Akhavan et al. 2010) (S. Liu et al. 2012) and (Tu et
al. 2013). The surfaced fixed sheets would also be immobile and unable to wrap the cells and
isolate them from the environment as had been previously suggested previously. Though
short, their study examined the effect of these flat fixed GO sheets against E. coli via Live/Dead
fluorescent microscopy and showed that PET with a greater deposition of GO, i.e. more
available flat planes had a higher level of antibacterial action than surfaces with less. The use
of the LB method for the deposition of GO would make certain that no edges of any of the GO
sheets were available for interaction with the organisms. As they surmised that the availability
of the edges of the GO sheets is not a primary mechanism of action of the antibacterial

activity. This refutes the assertions by (Akhavan et al. 2010) and (S. Liu et al. 2012) and also
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throws doubt of the lipid extraction model as proposed by (Tu et al. 2013). While the authors
claim that their findings are in line with the lipid extraction model of (Tu et al. 2013), the
computer modelling suggests that insertion of the edges of the graphene sheets is an essential
element in order for lipid extraction to occur. The GO sheets in this case are fixed with their
edges unavailable and as such the lipids cannot be extracted as suggested. The authors also
state that their findings are in line with the charge transfer model of monolayer graphene as
proposed by Wang. As already mentioned this model has since been refuted by the
investigation performed by (Dellieu et al. 2015) and cannot be applied in this case. Comparing
the LB fixed GO sheets to the findings of (Dellieu et al. 2015) also raises some serious
questions. Why did (Mangadlao et al. 2015) observe antibacterial activity with flat GO sheets
but the opposite was recorded by (Dellieu et al. 2015) with the CVD grown graphene
monolayer? It is possible that GO may possess antibacterial capabilities in this format, unlike
the CVD grown graphene but there was no suggested model up to that point to explain this

mechanism of action.
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Figure 1.15 [A] (Dellieu et al. 2015) had shown that graphene monolayers grown on metallic substrates such as
copper possessed no inherent antibacterial effect when completely covering the surface. This questioned the
logic of (Tu et al. 2015) lipid extraction model due to the larger areas of sp2 hybridisation on wider GO sheets.
Their work disputed the electron transfer model as proposed by (Li et al. 2014) [B] The Langmuir-Blodgett
deposition method employed by (Mangadlao et al. 2015) showed that GO sheets deposited on a flat surface with
no edges available were still capable of incurring an antibacterial effect against E. coli. This would suggest that
the flat planes of GO alone could be antibacterial.

A more recent report, from the latter half of 2016, published in conjunction with Konstantin
Novosolev (the winner of the Nobel Prize for the discovery of graphene) has suggested that
the majority of the antibacterial activity observed in the studies up until now is a result of

material contamination following the graphene production process (Barbolina et al. 2016).
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Although different laboratories may be performing washing steps following the production of
their graphene materials, trace amounts of acids and reducing agents (while alone not in
concentrations high enough to elicit an anti-bacterial response) all contribute to a change in
pH resulting in the observed antibacterial effects. They displayed this through assays
conducted using both as-produced and commercially available graphene at different sheet
sizes, in growth and in non-growth media as well as at different concentrations. These assays
showed that the antibacterial activity of the GO was dependant on the number of washes that
had been carried out and that when cleaned thoroughly, no antibacterial activity was observed
in any of the samples, regardless of graphene sheet size or concentration. In addition they
showed TEM images of E. coli and S. aureus following incubation with GO with no apparent

membrane damage caused by contact with the GO sheets.
They stated that:

"..the data in this study has for the first time generated definitive data that clearly
demonstrates that under the in vitro conditions used here no antibacterial properties could be
assigned to highly purified GO. It was neither bactericidal nor bacteriostatic over a broad
concentration range against planktonic cultures of either E. coli or S. aureus in a number of

assays."

Certainly an unambiguous statement, definitive in its assertion that much of the studies
carried out up to this point have suffered from a fundamental flaw in their experimental
design. These findings are supportive of the study by (Ruiz et al. 2011) (which had found no
antibacterial effect from GO) several years previous, as they had emphasised the extent to
which their GO had been washed. While this study deals with GO, the question as to the
efficacy of rGO and graphene produced via non-chemical methods still remains. The
publication of this study along with a critical review article on the disparity seen within the
literature has cast a much needed critical eye upon this field of investigatio; (Hegab et al.
2016). It is no surprise that dealing with a newly discovered nano material across a multi-
disciplinary line of research (from material science to microbiology) has resulted in such
disparity. It must also be considered that there is less than ten years of research carried out
into this field and that our understanding of graphene interactions with bacterial cells may

change drastically as more information comes to light.
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1.9 Is graphene antibacterial?

Based on the studies done up to this point, the question as to whether graphene materials are
antibacterial or not does not have a straightforward yes or no answer. Rather there have been
several hypotheses based on cumulative data over time, which have themselves evolved as
more data has become available. The parameters which govern the antibacterial efficacy are
still not well known but there are certain elements which have been established to some
degree. Each of the elements mentioned below represent primary routes which predominantly
require further investigation in order to ascertain how they fully impact on the antibacterial
potential of graphene materials. No doubt the investigation into the antibacterial application
of graphene materials will continue in earnest over the coming years. The focus should be on
how each of the different parameters of the material mentioned up to now impacts on its

effectiveness as a biocide.

It will not be enough to examine graphene for antibacterial effectiveness through a single
route, as it has been shown just how dynamic the nature of the material and its interaction
with the surrounding environment and with microorganisms can be. In light of the more recent
work carried out by (Barbolina et. al 2016) many of the studies over the past seven years will

have to be revisited with a more critical eye in terms of material production.

1. Charge Transfer
Charge transfer, as proposed by (Li et al. 2014) does not play an active role in the antibacterial
activity of graphene monolayers grown via CVD. The work by (Dellieu et al. 2015) disproved
this hypothesis categorically and showed that graphene monolayers grown via CVD possess no

inherent antibacterial activity.

2. Edges
On the subject of edges, the study from (Mangadlao et al. 2015) has shown that the availability
of the edge sites of graphene oxide sheets does not govern its antibacterial potential. This data
is supported heavily by the work done by (Hui et al. 2014) and disproves the first hypothesis
proposed by (Akhavan et al. 2010) that it is the edge sites of the sheets that are responsible for

the primary mode of action via membrane damage through kinetic shear.

3. Basal planes
The lack of required edge interaction raises concerns over the lipid extraction model proposed
by (Tu et al. 2013) which, while robust as a mode of action, is dependent on the insertion of

the edge of the graphene sheets into the membrane in order for lipid extraction to occur. It
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may be that the basal planes of graphene sheets are capable of performing lipid extractionin a
manner different to that described by (Tu et al. 2013) when fixed on a substrate in a horizontal
manner. How horizontally orientated graphene sheets incur an antibacterial effect requires

further investigation.

4. Surface functionalisation

Additionally the disparity between the reports of (Dellieu et al. 2015) and (Mangadlao et al.
2015) on the activity between LB-fixed GO sheets and CVD grown pristine graphene raises
guestions on the surface functionalisation of graphene. If larger areas of pristine-like graphene
are more antibacterial as suggested by the computer models of (Tu et al. 2013) then the CVD
graphene should be the more effective agent. Research on the antibacterial activity of CVD
graphene is limited and requires further investigation. The number of reports showing the
varying responses of GO and rGO begets the requirement for a systematic robust comparative
study of each material and their antibacterial potential (S. Liu et al. 2011) (Wang et al. 2012)
(Gurunathan et al. 2013) (Hu et al. 2010), (Gurunathan et al. 2012).

5. Membrane Damage
Membrane damage is a key feature in the antibacterial action of graphene materials. SEM,
TEM and fluorescent microscopy dependant on membrane damage have categorically shown
that different members of the graphene family can cause membrane damage in bacterial cells.
How this occurs and whether kinetic or membrane permeabilisation is responsible still requires

further study (Hu et al. 2010) (S. Liu et al. 2011) (Tu et al. 2013) (Mangadlao et al. 2015).

6. Lateral Size
Laterally larger sheets of graphene oxide, when added to a solution inoculated with
microorganisms, cause a more acute antibacterial effect than their smaller counterparts. Cell
wrapping may be an explanation in solution but the greater availability of the basal planes

most likely plays a key role in this regard (Liu et al. 2012) (Tu et al. 2013).

7. Media
The effect of different media on the antibacterial efficacy has been highlighted without
question in the work by (Hui et al. 2014). This offers an explanation as to the original

investigations by (Ruiz et al. 2011) (Das et al. 2011) and (Tai et al. 2011) whereby they
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observed no antibacterial effect whatsoever. The adsorption of elements such as amino acids
onto the graphene sheets removes the surface availability and thus reduces the chance of

direct contact between the graphene and the organisms.

8. Oxidative stress
It is clear that graphene materials may exert some sort of oxidative stress as evidence by the
reports of (Gurunathan et al. 2012) (S. Liu et al. 2010) (Musico et al. 2014) (Deng et al. 2014)
and (Krishnamoorthy et al. 2012). The results of glutathione and lipid peroxidation assays
clearly show that some sort of oxidation of functional materials is occurring when these assays
are performed with graphene materials. Whether or not this is as a result of reactive oxygen
species remains to be seen. The conflicting results between the XTT of (Liu et al. 2011) and the
NBT assay of (Gurunathan et al. 2012) show that there is and is not a production of ROS in

each case.

1.10 The filling of a niche

In considering the application of a graphene material for water treatment and antibacterial
purposes, the trend in publications as well as the practicality of the application needs to be
considered. In terms of graphene composite materials as biocides, there is currently an over-
saturation of graphene-silver composites, with over 50 publications dealing specifically with
the antibacterial applications of graphene-silver composites published throughout 2015/16. In
addition, when considering a clinical or human health application the concern over the
cytotoxic effect of silver nanoparticles has been highlighted and is a subject of concern in
terms of their potential health impact (Marambio-Jones et al. 2010) (Ahamed et al. 2010)
(Wijnhoven et al. 2009). The level of interest in silver stems from the low concentration
required to achieve an acute antibacterial effect. The focus of silver based composites is
entirely on novel production of composites which are multi-functional. However, the high cost
associated with both silver and graphene production limits the scope of these composites in

terms of practical applications significantly.

Copper based graphene composites however have seen almost no use in terms of antibacterial
applications with only a single investigation examining the effect of a graphene-poly-I-lysine
composite which included copper nanoparticles (Ouyang et al. 2013). Copper has been shown
to be an effective antibacterial surface and has found application in clinical situations (Grass et
al. 2011). Copper nanoparticles have even been shown to be almost as effective as silver

nanoparticles in terms of their antibacterial efficacy in some cases (Yoon et al. 2007). The
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production of graphene-copper composites has been carried out by several different
investigations but the focus of these studies have been on sensing technology (Chen et al.
2011), Raman scattering (Zhang 2012) and material-strength (Chu et al. 2014). There has been
no investigative work into the application of a graphene-copper composite as an antibacterial
agent done up to this point. The potential synergy between graphene and copper may offer a
cost-effective alternative which is equally as efficacious as its much more expensive silver

equivalent.

Graphene has also been shown to be an effective agent for the adsorption of organic and
environmental pollutants from water much like other carbonaceous materials and represents
a potential agent for water remediation (S. Wang et al. 2013) (Yang et al. 2011) (Maliyekkal et
al. 2013). Combining the adsorptive potential of graphene materials for pollutant removal with
the antibacterial potential of biocidal metals such as copper represents a niche line of
investigation which has not been carried out up to now and may offer an effective material for
multi-purpose water treatment. The need for new disinfection technologies for water
treatment has been highlighted in the past few years with concerns over by-products from
current disinfection technologies such as chlorination and ozonation. The production of
trihalomethanes, bromates and haloacetic acids from these processes present a potential long-
term adverse effect to human health (Richardson et al. 2008) (Richardson et al. 2007). The
inability of current chlorination regimes to remove non-bacterial pathogenic organisms such as
Cryptosporidium has been highlighted with outbreaks and boil-water notices in Ireland
(Chauret et al.(2001) (Driedger et al. 2001). Other issues such as the spread of antibiotic
resistance in activated sludge populations highlights the need for new treatment process
capable of dealing with these modern issues (Rizzo et al. 2013) (Yang et al. 2013). New water-
treatment technologies including a variety of biocidal tools and materials offer a potential
solution to these issues. The over-reliance on certain water treatment processes for many
years has given rise to modern issues which will require a suite of new technologies if they are
to be dealt with. Composites of graphene and non-specific biocides such as copper may be
useful materials in this regard if they can be fabricated in a cost-effective manner which can be

applied practically.
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1.11 Project Aims and objectives
The objective of the project was to investigate if graphene could be applied as both an anti-

bacterial and adsorptive agent in a prototype drinking water treatment unit. Given the

conflicting reports as to the antibacterial efficacy of graphene materials, it was of interest to

examine the antibacterial activity of graphene oxide (GO), reduced graphene oxide (rGO) and,

given the lack of investigation into that area, if a graphene-copper composite (Cu-rGO) would

offer any advantages as a potential anti-bacterial agent. While there have been studies

examining the application of graphene films or papers for water treatment, the production of

an immobilised graphene-copper composite has not been done up to this point.

The aims of the project were:

To produce graphene oxide (GO), reduced graphene oxide (rGO) and a graphene-

copper composite (Cu-rGO) and to examine their physio chemical characteristics.

To investigate the anti-bacterial efficacy of each of these materials against various

organisms via a variety of methods including solid and liquid culture.

To examine whether or not a graphene-copper composite offered any advantage over

commonly applied copper containing anti-bacterial compounds such as copper salts.

To ascertain the adsorptive potential of the graphene oxide (GO), reduced graphene
oxide (rGO) and the copper-composite (Cu-rGO) using a number of potential chemical
contaminants in water and to examine how immobilisation would impact upon their

adsorptive capacities.

To construct a drinking water treatment prototype incorporating an immobilised
graphene-copper composite and to challenge it with the removal of microorganisms

and chemical contaminants.
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Figure 1.16. A simple diagrammatic representation of the work-flow carried out throughout the

project
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2. Materials and Methods
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2.1 Materials

2.1.1 Media and Buffers

Nutrient agar, nutrient broth, tryptone broth, bacteriological agar, TBX agar and phosphate
buffered saline (PBS) were all obtained from Thermo-Fischer scientific (Dublin, Ireland).

Solutions were sterilised by autoclaving at 121°C for 15 minutes.

2.1.2 Chemicals and Reagents
Acid washed graphite flakes (#699131) were purchased from Anthricite Industries Inc.
(Sunbury, United States). Chemicals and reagents, e.g. HCl, CuCl,, CuSO,, H,SO4, NaBH, etc.

were all purchased from Sigma Aldrich (Dublin, Ireland).

2.1.3 Bacterial cultures

Bacterial cultures; E. coli (T37-1) and B. subtillis (DSM10) were maintained on nutrient agar at
4°C and bacterial stock solutions were stored in glycerol at -80°C. Escherichia coli (T37-1) was
an environmental isolate coded for its location of isolation, the Tolka River, the temperature at
which it was isolated 37°C, and the sample number from which it was taken. Bacillus subtilis
(DSM10) was purchased from DSMZ GmbH, Germany. Routine sub-culturing was carried out
every 4 weeks whereby a loopful of culture was transferred to a fresh nutrient agar plate and

grown overnight at 30°C. Following overnight incubation, cultures were then stored at 4°C.

2.2 Methods

2.2.1 Material preparation

Graphene materials were produced via chemical exfoliation and reduction. Three materials
were produced to examine their efficacy as both adsorbants for chemical contaminants and as
antibacterial agents; graphene oxide (GO), reduced graphene oxide and a graphene copper

composite (Cu-rGO).

2.2.1.1 Preparation of Graphene Oxide

2g of graphite flakes were placed in a 700W microwave for 15 seconds to produce expanded
graphite (EG) as the precursor for graphene oxide (GO) synthesis. 2g of EG and 250ml of
sulphuric acid (H2S04) were then mixed and stirred in a round bottomed flask. Next, 10g of
KMnO, was gradually added to the mixture. After 24 hours of stirring at room temperature,
the mixture was then transferred into an ice bath and 500ml of de-ionised water (DI) and
100ml of H,0, was added slowly to the mixture resulting in a colour change to golden brown.
Following 30 minutes of stirring, the resulting oxidised EG particles were washed with a HCL

solution (9:1 water:HCL) and centrifuged three times, then centrifuged and washed with
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deionized water. Repeated centrifugation washing steps with deionised water were carried out
until a solution pH >5 was achieved. During the washing process, oxidised EG particles were
exfoliated to GO sheets with gentle shaking resulting in a viscous aqueous solution with a

concentration of 4.5mg/ml.

2.2.1.2 Preparation of Graphene-Copper Composite (Cu-rGO)

A graphene-copper composite (Cu-rGO) was subsequently produced via the sodium
borohydride reduction method described by (Zhang et al. 2012).

GO (30mg), CuCl; (18mg) and DI water (200ml) were mixed in a 500ml round bottom flask, the
mixture was ultra-sonicated at low energy for 1hr. 10ml of 1% Sodium borohydride (NaBH4)
solution, was then added slowly, and the reaction mixture was stirred at 100°C for 24hrs. After
being cooled to 50°C, the resulting composite was collected by centrifugation and dried at

100°C under vacuum to give the Cu-rGO composite.

2.2.1.3 Preparation of Reduced Graphene Oxide (rGO) and Copper Nanoparticles
(CuNPs)

Reduced graphene oxide (rGO) was produced via the method as described in Section 2.2.1.2
above, without the addition of copper chloride to the mixture. Additionally, the effect of the
reduction process of the oxidative state of the copper present in the composite was also

investigated via the reduction of CuCl; in the absence of graphene to produce processed Cu.

2.2.1.4 Preparation of Immobilised Graphene-copper composite
In order to produce free-standing graphene composite films and a stable coating for
membrane filters, a method for the production of a graphene-copper composite using I-
ascorbic acid was developed based on two methods described by (Zhang et al. 2010) and
(Xiong et al. 2011).
20ml of graphene oxide (1mg/ml) and 20ml CuCl, (7.5mg/ml) were added to a round
bottomed flask and ultra-sonicated for one hour. 20ml ascorbic acid (0.1M) was added drop-
wise and the mixture was heated at 80°C under stirring for 24 hours. This resulting mixture was
then washed repeatedly with water via centrifugation and dried at 60°C.
To produce free-standing composite films, 10mg of Cu-rGO was dispersed in 10ml of de-
ionised water and sonicated for one hour to produce a 1mg/ml suspension; this was vacuum
filtered onto a nitrocellulose filter (pore size 0.2um) and the resulting films peeled from the
surface. To produce composite coated membrane filters, 10ml of a 1mg/ml suspension of Cu-
rGO was drop cast onto glass fibre membranes (Whatman-GC 47mm diameter) and dried at
60°C.
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2.2.2 Material characterisation

The chemical composition of each material was analysed via Ultraviolet-visible (UV-vis)
spectrophotometric analysis, thermo-gravimetric analysis (TGA) and Fourier-transform infrared
spectroscopy (FTIR). Principally, the loss of oxidative groups following the reduction process
was examined for. Energy-dispersive X-ray Spectroscopy (EDX) was used to confirm the
elemental composition of each material and in particular, the quantity of copper present
within the composite (Cu-rGO). Dynamic light scattering (DLS) was used to establish the
particle size distribution within aqueous suspensions of each material and the morphological
profile of each material was evaluated via optical and scanning electron microscopic (SEM)
analysis. Transmission electron microscopy (TEM) was used to compare the aggregation of the
materials produced using different reducing agents.

2.2.2.1 Ultraviolet-visible (UV-vis) spectrophotometric analysis

Ultraviolet-visible (UV-vis) spectra were obtained using a UV-3100PC (VWR, Ireland)
spectrophotometer. Aqueous solutions of GO, rGO and Cu-rGO at 100ppm were used as
samples for UV-vis analysis with de-ionised (DI) water as a blank sample. UV-vis spectra were

obtained from 200 to 500nm at 1nm stepwise.

2.2.2.2 Thermogravimetric analysis (TGA)

TGA analysis was performed using a TGA Q50 (TA Instruments, United Kingdom). Solids of each
material were added to the decomposition chamber, a temperature ramp of 20 to 800°C was
used at an increase rate of 20°Cmin™, with weight loss denoted as percentage weight (W%),

under a nitrogen atmosphere.

2.2.2.3 Size distribution analysis via dynamic light scattering (DLS)

Particle size distribution analyses’ on dispersions of GO, rGO, Cu-rGO and CuNPs was measured
by Zetasizer Nano ZS90 (Malvern, UK). Aqueous solutions of 100ppm were used as samples
and measured in disposable capped cuvettes. Temperature settings were set at 25°C with a
dispersant refractive index of 1.330 and a viscosity of 0.8872. The refractive index was set at

1.50 and material absorption at 0.1.

2.2.2.4 Optical Microscopic Analysis of graphene materials

A wet mount consisting of 10ul of GO, rGO and Cu-rGO suspensions at 100ppm were dropped
onto glass microscopic slides and spread evenly using a glass cover slip. Images were captured
using a Nikon Ti Eclipse inverted microscope (Nikon, Ireland) under bright field conditions

using lenses at x10 and x40 magnification.
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2.2.2.5 Scanning Electron Microscopic (SEM) Analysis of graphene materials

For scanning electron microscopic analysis, samples were mounted on aluminium stubs
(AGG3313) using carbon conductive tape (G3939) purchased from Agar Scientific (Stansted,
United Kingdom). Samples were imaged with a Hitachi-S3400 SEM (Hitachi, Japan) at an
acceleration voltage of 20KV and a probe current of 35uA. Samples were imaged with a
Hitachi-S3400 SEM (Japan) and a Hitachi S5500 FESEM (Hitachi, Japan) for both secondary and

transmission electron imaging.

2.2.2.6 Fourier transform infrared spectroscopy
The attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectrum was recorded
on a Perkin ElImer Spectrum100 spectrometer. The spectrum was recorded over a range from

650 to 4000 cm-1 with 32 scans at a resolution of +4 cm™.

2.2.2.7 Energy dispersive x-ray spectroscopy (EDX) Analysis

A Hitachi S5500 FESEM (Hitachi, Japan) was used to carry out EDX analysis on graphene and
composite samples. Samples were mounted onto a dual-stub aluminium holder along with a
cobalt (Co) standard. Calibration was carried out using the cobalt standard as a reference and
analysis performed thereafter. Five regions were analysed per sample. The corresponding
spectra were recorded and the percentage weight composition of each element noted. The

elemental composition for each sample was taken as the average of the five regions recorded.

2.2.3 Isolation and Identification of environmental E. coli strain

2.2.3.1 Sampling and growth on selective media

Water was sampled aseptically from the river Tolka using a Sterilin (331-0063) sample bottle.
0.1ml of the water sample was spread, in triplicate, across the surface of tryptone bile x-
glucoronide (TBX) agar (Oxoid CMO0945) to select for E. coli which appear as blue/green

colonies. These were then selected and grown on nutrient agar.

2.2.3.2 Gram staining
A gram-stain procedure was carried out as described by (Harley & Prescott 1990), the stained
smear was then observed using a Nikon Ti Eclipse inverted microscope. Gram-negative cells

were observed as red in colour and Gram-positive cells appeared purple

Laboratory strains of bacteria were used as controls for each; Bacillus subtilis DSMZ10

(positive) and Pseudomonas putida CP1 (negative).
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2.2.3.3 Oxidase test

The oxidase test is a biological assay used to identify bacterial cultures via the presence or
absence of the cytochrome c oxidase enzyme. An oxidase test was also carried out using
oxidase strips (Oxoid). One colony of pure culture grown on nutrient agar was transferred via
sterile inoculation loop to an oxidase strip and the result recoded as blue colour generation or

lack-of.

2.2.3.4 Indole test

The indole test is a biochemical test which examines the ability of bacteria to convert
tryptophan to indole and is used for the identification of an organism. An indole test was
carried out by growing the isolated bacteria in tryptone broth and three to four drops of
Kovacs reagent were gently run down the side of the test tube; results were recorded as the

production of a red/pink interface at the surface of the liquid.

2.2.3.5 Catalase test

The catalase test is a biological test which examines for the presence or absence of the
catalase enzyme via the use of hydrogen peroxide and is used for bacterial identification.A
catalase test was perfomed by adding 1 drop of a 3% H,0, solution to isolated colonies grown

on a nutrient agar plate. The production of bubbles indicated a positive result.

2.2.3.6 API-20E Identification
The analytical profile index (API) 20E test from Biomerieux (France) was used in the
identification of the environmental E. coli strain and the identification was carried out as per

the manufacturers’ specifications.

2.2.4 Antibacterial studies

Antibacterial studies were carried out in solid media via various approaches to examine the
potential diffusive nature of the materials, in liquid growth media to examine their potential
inhibitory effect and in a non-growth saline solution to examine their biocidal potential as
would be found in a water treatment scenario. E. coli (T37-1) was used as a model Gram-
negative organism and B. subtilis (DSM-10) as a Gram-positive organism. Graphene Oxide (GO),
Reduced graphene oxide (rGO) and the graphene-copper composite (Cu-rGO) were each
tested via each method. During the antibacterial investigations, two copper containing salts,
copper chloride (CuCl,) and copper sulphate (CuSO,) as well as copper nano particles (CuNPs)

were used as controls for comparison with the copper containing graphene-composite. The
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CuNPs, produced via the same method would be analogous to the copper present in the

composite material.

2.2.4.1 Solid media studies

GO, rGO, CurGO and CuNPs were tested in a number of different ways in solid media to

examine how different exposure methods would affect their antibacterial potential and if the

materials could be applied in a more free-standing form for antibacterial applications

The four methods employed were:

- Wells were cut into agar inoculated with bacteria and suspensions of each material added.

- Disks impregnated with each material were added to the surface of agar inoculated with
bacteria.

- Solid pieces of each material were placed onto the surface of agar inoculated with a lawn
of bacteria

- Vacuum filtered disks with known concentrations of material were added to agar
inoculated with a lawn of bacteria.

Results in all cases were observed as zones of inhibition, categorised as an area of exclusion

around the material whereby no bacterial growth is observed. The zone of inhibition is the

diameter of the full zone given in mm. For the vacuum-filtered disk assay, CuCl, and CuSQO4

were also used for comparison with the copper containing composite. Disks impregnated with

5ug of gentamicin would be used as positive control samples.

Inoculum preparation

A loopful of bacterial culture was transferred from a maintained agar plate using a sterile
inoculation loop to a 10ml aliquot of nutrient broth and grown overnight on a shaking
incubator at 150rpm and 30°C. Following overnight growth, the broth was centrifuged at
4000rpm for 15 minutes and the pellet washed twice and re-suspended in 10ml of PBS. Optical
densities were adjusted to 0.5 McFarland standard (Mcf) equating to a cell number of ~108
CFU/ml. For the well and disk diffusion studies 1ml of the bacterial suspension was added to a
sterile petri dish with 20ml molten agar and allowed to solidify before exposure to materials.
For solid and vacuum-filtered disk diffusion studies a bacterial lawn was prepared on solid agar
by dipping a sterile cotton swab into the bacterial suspension and drawing it over the surface

to create an even coverage of organism.
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Preparation of materials

1000ppm suspensions of GO, rGO, Cu-rGO and CuNPs were prepared by adding 10mg of each

material to 10ml of sterile de-ionised water and sonicating for one hour, 1000ppm

concentrations were used for these materials in all cases unless otherwise specified. Solutions

of CuCl, and CuSO, were prepared by dissolving powders of each in sterile de-ionised water.

- Well diffusion assay: 10mm wells were cut into the agar using a heat sterilised agar
cutter. 200ul of each material suspension at 1000ppm was added, in triplicate, to wells on

individual agar plates.

- Disk diffusion assay: sterile 6mm whatman disks (Grade AA 2017-006) impregnated with

20ul of each material suspension were placed onto the inoculated agar.

- Solid exposure assay: suspensions of GO and rGO were dried at 60°C in a fan assisted
oven to form films, 5mm sections which weighed ~5mg were cut and applied directly to
inoculated agar plates. For comparison, and as the other materials did not form free-
standing films, 5mg of each of Cu-rGO and CuNPs were placed, in triplicate, directly onto

the surface of plates.

- Vacuum-filtered disks: 20ml of each material suspension were filtered using a Supelco

filtration apparatus (58062-U) onto Whatman cellulose acetate filters (pore size 0.2jum)
with a diameter of 35mm. 5mm disks were then cut and placed, face down, onto
inoculated agar plates so that the material was in direct contact with the organism. The
final concentration on each of the particulate loaded disks was ~0.4mg. Standard
whatman disks were loaded with equivalent quantities of CuCl, and CuSO, for
comparative purposes. The concentration of material on each vacuum filtered disk was

established via the below calculation:

Total Area

d= 35mm ~r=17.5mm
A= mr?

A =962.11mm?

20mg
962.11mm?

Concentration = 0.02mg /mm?

5mm vacuum-filtered disks

r =2.5mm
A = 19.63mm?
(19.63mm?)(0.02mg/mm?)

= 0.3926 or ~0.4mg per disk
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Figure 2.1 The two inoculation methods employed for the exposure of micro-organisms in solid media. [A]
Organism incorporated directly into molten agar and [B] the creation of a bacterial lawn on the surface of the

media.
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Figure 2.2 The four methods employed in examining the effect of materials in solid media. [A] Suspensions added
to wells cut into agar [B] Disks loaded with suspensions added onto the surface of the agar [C] Solid pieces of
material added to agar with a bacterial lawn and [D] disks cut from membranes vacuum filtered with suspensions

of material added to the surface of the agar.
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2.2.4.2 Liquid Media Studies

Inoculum preparation

A loopful of bacterial culture was transferred from a maintained agar plate using a sterile
inoculation loop to a 10ml aliquot of nutrient broth and grown overnight on a shaking
incubator at 150rpm and 30°C. Following overnight growth, the broth was centrifuged at
4000rpm for 15 minutes and the pellet washed twice and re-suspended in 10ml of PBS.

For the minimum inhibitory concentration analysis, the optical density of bacterial suspensions
was adjusted to 0.07 at 660nm equating to 108CFU/ml.

For the shake flask studies, the optical density of E. coli suspensions was adjusted to 0.015 and
suspensions of B. subtilis to 0.025 at 660nm, equating to 10’ CFU/ml. 1ml of a 1:100 dilution of
the bacterial suspension was added to 100ml of PBS to give a final cell concentration of

10°CFU/ml.

Antibacterial analysis in non-growth media

Shake flask studies were carried out in 250ml Erlenmeyer flasks with a final volume of 100ml of
PBS. Materials were added to each flask in order to bring them to the desired concentration in
parts per million (mg/L). After the addition of particulates, flasks were sonicated for 40
minutes to disperse the materials. Following inoculation with organism, flasks were incubated
up to 24 hours at 30°C on an orbital shaking incubator at 150rpm. 1ml samples were taken at

1.5 hour intervals up to 6 hours and again at 24 hours. Samples were then serially diluted and

enumerated.
Material Bacterial Samplingand Dilutions added
addedand suspension serial dilution to sterile petri
sonicated added at varioustime- dishes with

m m points molten agar
€ l

)
)

10%| | 102 | 1073

100ml PBS 9ml PBS aliquots

Figure 2.3 The method employed in the shake flask studies. Materials were added to 100ml aliquots of
PBS and dispersed via sonication. Following inoculation with bacterial suspensions, 1ml aliquots were

taken periodically, serially diluted and plated in triplicate.

50



Determination of bacterial numbers

For shake flask studies colonies were enumerated using the pour plate technique. Cell
suspensions were serially diluted to 102 using 9ml aliquots of sterile PBS. 1ml of each dilution
of 10 and 102 were added, in triplicate, to sterile petri dishes and 20ml of molten nutrient
agar added. Plates were incubated overnight at 30°C and colonies counted. The change in

bacterial population was expressed as percent loss from the initial inoculum.

Cell count

% change in population = Initial cell count

( 100 )

Antibacterial analysis in growth media

The minimum inhibitory concentration (MIC) of CuCl,, CuSO4 and CuNPs was determined using
the standard 96-well-plate method as described by (Andrews 2001). Two-fold dilutions were
carried out from an initial concentration of 1000mg/L.

Due to the particulate nature of GO, rGO and Cu-rGO, MIC determination was carried out for
these materials in a larger volume (1ml) in test tubes. An initial concentration of 1000mg/L was
used and two-fold dilutions carried out in a series of nine test-tubes. A tube containing no
material would act as a control for bacterial growth. A series of tubes without bacteria would
act as controls for the materials for optical density measurements. Following serial dilution,
50ul of a suspension of bacteria at an optical density of 0.07 (108CFU/ml) was added to each
tube. The tubes were then incubated at 30°C for 24 hours. Results were recorded as optical
density measurements at 660nm. Streak plates were carried out from each well/tube on to

nutrient agar in order to validate whether or not the organism had been completely inhibited.

GO
iluti rGO
A cucl B] Two-fold dilutions
(Al CuSCZ) in test tubes Cu-rGO
Two-fold dilutions U, - ;
CuNPs e e e e ey

in multi-well plates

0000000 | | | VUV
Figure 2.4 The two methods employed to evaluate the minimum inhibitory concentrations of the various
materials tested, two-fold dilutions were carried out in series in both cases. CuCl,, CuSO; and CuNPs [A] were

tested via the standard 96-well plate method. GO, rGO and Cu-rGO [B] were tested in larger volumes due to their

particulate nature.
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2.2.4.3 Scanning Electron Microscopic Analysis

Disks of each of GO, rGO and Cu-rGO prepared via vacuum filtration as in Section 2.2.4.1 were
placed into 5ml nutrient broth inoculated with 1ml of E. coli suspension adjusted to 0.07
optical density in a 6-well cell-culture plate which was incubated overnight at 30°C. Following
incubation, disks were removed from well plates and microorganisms were fixed with 5%
glutaraldehyde for 30 minutes at 4°C and dehydrated step-wise using a gradient of ethanol
solutions (50, 60, 70, 80, 90 & 100%) for 10 minutes each. Following dehydration,
microbiological samples were sputter-coated with gold using a Quorum 750T (Sussex, United
Kingdom) for 90s at 20pA. Samples were viewed using an acceleration voltage of 20KV and a

probe current of 35mA.

2.2.4.4 Optical Microscopic Analysis

500ul aliquots of a suspension of E. coli (T37-1) were adjusted to 0.6 optical densities at 660nm
were added to each of three sterile 1ml microfuge tubes. The tubes were then brought to
concentrations of 500mg/L of each of GO, rGO and Cu-rGO respectively. To investigate the
level of agglomeration in different concentrations of the composite tubes of 1000, 400 and
0Omg/L of Cu-rGO were prepared. These tubes were then incubated at 30°C for 24 hours.
Following incubation, 1.5 pl of SYT09 dye was added to each tube, these were then incubated
for 15 minutes in the dark. 10ul aliquots from each tube were added to a clean microscopic
slide and a cover slip added. Images were captured using a Nikon Ti Eclipse inverted
microscope (Nikon, Ireland) under bright field and fluorescent conditions using lenses at x40

maghnification.

2.2.4.6 Evaluation of graphene mutagenicity via the Ames test

The mutagenic potential of the graphene compounds was evaluated using an AMES-mod ISO
kit test purchased from EBPI Inc. Canada. Lyophilised salmonella typhimurium TA-100 was
grown overnight at 37°C in nutrient broth and adjusted to an optical density of 0.05 at 600nm.
In a 24 well plate 1.6ml of 0.1, 1 and 10ppm of graphene oxide, reduced graphene oxide and
the graphene-copper composite were mixed with 200l exposure solution as well as 200ul of
the adjusted bacterial culture in triplicate. Sodium azide (NaNs) was used as a positive control
for mutagenicity and positive control wells were performed in duplicate. Following incubation
at 37°C for 100 minutes, 1.6ml from each well was added to 8.7ml of bromocresol reversion
media. Each mixture was then plated into 48 wells on a 96 well-plate (a total of 144 replicates)
and incubated for 72 hours at 37°C. Plates were scored visually with yellow wells as positive

and purple as negative.
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2.2.5 Adsorption studies

In order to examine the adsorptive potential of the graphene materials in a water treatment
scenario, three materials of interest; methylene blue, famotidine and diclofenac were used as
model contaminants for removal from water. Famotidine is a widely available and used
pharmaceutical used to inhibit acid production within the stomach and used to treat ulcerous
conditions and acid-reflux, its fate in waterways is unknown and it represents a novel material
for investigation. Diclofenac is a widely used anti-inflammatory medication which is available
over the counter, is a classified as a “substance of emerging concern” and as such is of interest
in light of water treatment. Methylene Blue is a commonly used compound in both research
and medical applications is a possible teratogen which is undesirable in the water course. It is a

commonly applied dye to examine the adsorptive potential of material.

2.2.5.1 Time-dependant adsorption analysis

For both the free-standing films and the composite coated membranes, a time-dependant
analysis was carried out over 8 hours to examine the rate of adsorption. 10mg free-standing
films of each of GO, rGO and Cu-rGO were added to 10ml aliquots of methylene blue
(0.0048mg/ml), famotidine (0.032mg/ml) and diclofenac (0.03mg/ml). The coated membranes,
due to their larger size and available surface area were added to 100ml of each of the
chemicals at the same concentrations. Samples were shaken at 150rpm at room temperature
and monitored at 664nm (MB) 281nm (famotidine) and 276nm (diclofenac) via UV-visible

spectroscopy.

2.2.5.1 Adsorption capacity analysis

In order to ascertain the total adsorption capacity of each of the graphene materials; GO, rGO
and Cu-rGO were examined for their adsorptive potential over a range of concentrations. All
three materials would be examined in two different formats; as disperse particles in
suspension and as vacuum filtered films. The Cu-rGO would also be examined as the glass-fibre
membrane coating. Diclofenac adsorption was investigated at 0.03, 0.3 and 3mg/L, famotidine
at 0.032, 0.32 and 3.2mg/L and methylene blue removal at 0.0048, 0.048 and 0.48mg/L. The
change in absorbance was monitored via UV-visible spectroscopy and the total adsorption at

each concentration.
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Figure 2.5. Breakdown of the different physical parameters tested to examine the adsorptive

potential of the graphene materials

2.2.6 Prototype studies

Prototype studies would serve as a means of examining the efficacy of the graphene materials
as both antibacterial and adsorptive agents in a potential water treatment unit. The
immobilised material would be incorporated into prototype units in varying formats in order to
examine its performance and robustness

2.2.6.1 Antibacterial analysis of immobilised graphene-copper composite surfaces

In order to examine the antibacterial efficacy of the fixed graphene-copper composite as a
surface, an agar slurry method, used to ascertain the antibacterial efficacy of surfaces was
employed (ASTM standard E2180-07 2012). 0.85g NaCl and 0.3g bacteriological agar were
added to 100ml deionised water and autoclaved at 121°C for 15 minutes to produce gelatinous
agar slurry. This was cooled to 44°C in a water bath and inoculated with E. coli to a final
concentration of 10CFU/ml. 10 x 10mm square of Cu-rGO films were prepared and 150l of
inoculated agar slurry added to the surface. Following incubation at 10 minutes intervals up to
one hour, the slurry was then removed from the surface, dispersed into sterile PBS and

enumerated via pour plate technique.

2.2.6.2 Prototype construction

Technical drawings for the prototypes were created using AutoCAD 2012 and Solid Works
2011. The material used for manufacturing the flow prototypes was Poly-methyl-methacrylate
(PMMA) tubing at 1000 mm (L) x 50 mm (OD) x 40 mm (ID) (Radionics, Ireland). Support
structures were cut from 2 mm thick PMMA sheets using a Zing Laser cutter (Epilogue, USA).

Chambers were cut using a DWE7491 Table saw (Dewalt, Ireland) and internal rebates were
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cut using a RP0900 router (Makita, Ireland), the final height of all prototypes was 500mm.
Internal bonding of films and membranes was performed using and inert polyvinyl-siloxane
dental glue (Coltene, Ireland). External and structural bonding was done using Bostik clear
silicone sealant (Radionics, Ireland). Three varieties of prototype were produced; incorporating
4 free-standing composite films, 3 composite coated glass fibre membranes and finally 9

composite coated membranes. All prototypes had a final internal volume of ~620ml.

Prototype 1 Prototype 2 Prototype 3
- N Mt

4 free standing composite films
3 composite coated membranes
9 composite coated membranes

N

Figure 2.6 Simple representations of each prototype variety which incorporated; 4 composite films, 3
coated membranes and the final version incorporating 9 composite coated membranes with greater

support structures.

2.2.6.3 Bacterial removal by prototype

Bacterial removal by the prototype was carried out using units which incorporated both the
free-standing graphene-copper composite films as well as the composite coated glass fibre
membranes.

All prototypes were cleaned, sterilised with 70% IMS and flushed with 1 L of sterile de-ionised

water before microbiological assays were carried out. 700 ml or 5 L of sterile saline solution
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(0.85% NaCl) were inoculated with E. coli to a final concentration of 10°CFU/ml. In the
preliminary run, using 700 ml, a Watson-marlow 114DV peristaltic pump (Watson-marlow,
Ireland) was used at a flow rate of 22 ml/min to give a ramp-up time (i.e. initial filling of the
unit) of 30 minutes. 1 ml samples were taken in triplicate at 30 minutes, at each hour

thereafter up to 6 hours and bacteria were enumerated using the pour plate technique.

For the larger volume examination of 5 and 10 litres, samples were taken after initial ramp-up
time and then after each litre eluted until the total volume had passed through the prototype.
1 ml Samples were taken at each point and enumerated in triplicate via pour plates. Following
the experiment, each membrane was removed from the prototype, cut into two halves and
placed into each of R2A broth and nutrient broth to examine the viability of the bacteria
retained on the surface; results were recorded as positive or negative growth within each

media.

2.2.6.4 Chemical contaminant removal by prototype

In order to examine the adsorption potential of the composite coated membranes within the
prototype 700ml of methylene blue 0.0048mg/ml (absorbance = 1) and famotidine
0.032mg/ml (absorbance = 1) were passed through two prototypes at a flow rate of 22ml/min
to provide a residence time of 30 minutes. Removal was monitored via UV-visible spectroscopy
at 664nm for methylene blue and 281nm for famotidine. Continuous circulation was carried
out and samples taken at thirty minute intervals up to eight hours, an additional sample was

also collected following 24 hours of circulation.

2.2.6.5 Removal of Cryptosporidium by prototype

To examine the removal of Cryptosporidium by the prototype, 100 oocysts (provided by City
Analysts Ltd. Dublin) of Cryptosporidium parvum were added to 10 L of sterile saline solution
(0.85% NaCl) to give an inoculum size of 10 oocysts/L. This was passed through prototype #3,
collected and passed through a filtramax filtration unit for collection. Microscopic analysis was
carried out by City Analysts Ltd. for the presence or absence of oocysts following passage

through the unit.
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2.2.6.6 Long-term testing of prototype

In order to examine the long-term robustness of the prototype, up to 100L of tap-water was
filtered at a maximum flow-rate of 90ml/min through prototype #3. The prototype was
examine visually for the structural and membrane integrity, spiking with E. coli was carried out
at set intervals to examine for bacterial retention and samples were taken for AAS analysis to

examine for copper leachate from the graphene-copper composite into the permeate.

Operating parameters

The long-term flow testing was carried out using tap water. A constant flow-rate of 90ml/min
was achieved through the use of a peristaltic pump attached to a tap-fed reservoir. This flow
rate was used as the maximum rate, as any higher was found to physically damage the

membranes.

Copper leachate analysis

The leaching of copper from the composite within the prototype was investigated during the
long-term testing. 15ml samples were taken every 5 litres, acidified to below pH2 with nitric
acid (HNOs) and examined for the presence of copper using atomic adsorption spectroscopy
(AAS). A Varian Spectra AA 50 (Agilent, Ireland) was used to carry out copper leachate analysis.
A mark seven air-acetylene burner was used and a lamp current of 4mA was employed during
analysis. Copper standards (0.4, 0.6, 0.8, 1, 2 and 3ug/ml) were used to perform a standard

curve.

Bacterial removal during long-term testing
6.2ml aliquots of E. coli at 10°CFU/ml were prepared and added to the flow at 10L intervals.
After spiking, 1ml samples were taken at 3 minute intervals up to 10 minutes and added, in

triplicate, to 10ml of nutrient broth to examine for the presence or absence of growth.

57



Peristaltic

pump

Figure 2.7. The experimental set-up used with the prototype highlighted (purple square), the reservoir
(red circle) and the peristaltic pump (blue circle). The flow is pumped from the inlet at the bottom of

the unit, upward through each membrane dividing each section.

2.2.7 Statistical Analysis
All experiments were carried out in triplicate with statistical analysis, data analysis and

graphing conducted using Microsoft Excel.
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3. Results
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3.1 Characterisation of materials
The characterisation of each of the graphene materials was an important initial phase of the
project for several reasons;

1) Verifying that the materials were produced correctly and conformed to characteristics
seen within the literature.

2) Understanding, in particular, the physical and chemical differences between each
material so as to provide a better understanding of their performance as antibacterial
agents and adsorbents.

3) Examining the physical morphology of each material and how this can impact on their
immobilisation.

While the production of graphene oxide is well established and applied using the hummers’
method, the variation in characteristics of graphene produced by different laboratories, and
even between batches, necessitates thorough characterisation each time any graphene
materials are produced. In order to produce graphene oxide (GO), potassium permanganate
(KMnO4) and sulphuric acid (H.SO4) were used to oxidise graphite to graphite oxide which gave
a purple-brown paste. The addition of water resulted in a colour change to orange-brown and
a noticeable increase in volume. The addition of hydrogen peroxide (H,0,) reduced the excess
permanganate present for removal during washing. This process results in a golden brown
paste which then requires repeated centrifugal washing with deionised water to remove
excess acid and unreacted material. After washing, GO was seen as a viscous brown
suspension. Initially, sodium borohydride (NaBH4) was used as a reducing agents to produce
reduced graphene oxide and the graphene-copper composite (Cu-rGO). L-ascorbic acid would
also be used as both a reducing agent and stabiliser to produce a homogeneous composite for
immobilisation. The reduction process resulted in solutions which were noticeably black,
compared to the brown of the GO solution which is indicative of reduction. The chemical
composition of each material was analysed via Ultraviolet-visible (UV-vis) spectrophotometric
analysis, thermo-gravimetric analysis (TGA) and Fourier-transform infrared spectroscopy
(FTIR). Principally, the loss of oxidative groups following the reduction process was examined
for. Energy-dispersive X-ray Spectroscopy (EDX) was used to confirm the elemental
composition of each material and in particular, the quantity of copper present within the
composite (Cu-rGO). Dynamic light scattering (DLS) was used to establish the particle size
distribution within aqueous suspensions of each material and the morphological profile of
each material was evaluated via optical and scanning electron microscopic (SEM) analysis. The
presence of sheet-like structures, indicative of graphene exfoliation from graphite was
examined for. Transmission electron microscopy (TEM) was used to compare the aggregation

of the materials produced using different reducing agents.
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3.1.1 Ultraviolet-visible (UV-vis) spectrophotometric analysis

UV-vis spectra of GO, rGO and Cu-rGO were taken for characterisation. GO (blue) shows a
characteristic peak at ~230nm, indicating the successful exfoliation and oxidation of graphite
to GO. Subsequent chemical reduction results in a characteristic red-shift of the absorption
peak from 230 to 260nm, indicative of the loss of oxygen containing functional groups on the
surface of GO and the restoration of the electronic conjugation across the sheets. Cu-rGO
displays a much broader band from 260nm to 400nm compared to that of rGO, indicative of

the presence of oxidised copper nanoparticles.

In order to create stable dispersions of rGO and Cu-rGO for immobilisation, I-ascorbic acid was
used as an alternative reducing agent which would also act as a stabiliser within the
suspension. The characteristic red shift of the GO to rGO can be seen to occur from 230nm to
250nm (purple line) indicative of the loss of the oxygen containing functional groups within the

GO albeit to a lesser extent compared to that of the sodium borohydride (NaBH,) reduction.

-.=. GO
------ rGO
1 Cu-rGO
P T — — rGOviaAA
.’ \\
/ ,/”‘ \ S Cu-rGO via AA
’ ,/I \ \ \\\\
0.8 ¥ 7 / A\ R
/, / A\ N
9 N / . \ L
s\ / ' T
-‘20.6 i / N T
i oo T
e T
0.4 - \ hEe
\ '~
AN RS
\\ Soo
— -
0.2 - T ——Tse
0 . . . . . s
200 250 300 350 400 450 500

Wavelength (nm)

Figure 3.1 UV-vis specta of GO (blue), rGO (red) and Cu-rGO (green).
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3.1.2 Thermogravimetric analysis (TGA)
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Figure 3.2 Thermogravimetric analysis carried out on graphene oxide (GO), reduced graphene oxide
(rGO) and the graphene-copper composite (Cu-rGO).

Solids of GO, rGO and Cu-rGO were characterised for their thermal stability via
thermogravimetric analysis (TGA). GO showed a significant drop in mass at ~200°C and showed
a more rapid decline in weight loss compared to the other two materials with less than 30%
remaining at 800°C. rGO showed a mild yet steady decline from 0 to 800°C, losing only 30%
weight in total which is suggestive of much greater thermal stability compared to that of GO.
The graphene-copper composite showed the greatest thermal stability of the three materials

losing only 25% of its total weight up to 800°C.

The l-ascorbic acid derived rGO can be seen to be more thermally stable than the original GO,
losing 56% of its total weight, but less so than the borohydride (NaBH4) derived rGO, which
indicates that while reduction has occurred, it is to a lesser extent than that of the borohydride
method. Interestingly, the Cu-rGO derived I-ascorbic acid reduction is as stable as the more
reduced rGO via borohydride reduction, losing ~34% of its total weight, which is most like a
result of the thermal stability of the copper present; though it is still not as thermally stable as
its borohydride derived counter-part with less oxygen content and higher copper

concentration.
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3.1.3 Particle size analysis via dynamic light scattering (DLS)
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Figure 3.3 Size distribution analysis of [A] GO solution. Two peaks, each pertaining to sizes of 0.131
and 0.793um respectively, were resolved. Size distribution analysis of the CuNPs solution [D]. Two
peaks, each pertaining to 0.39 and 5.0um respectively were resolved. While the data for rGO [B] and
Cu-rGO [C] is shown, this can only be taken qualitatively as the poly-dispersity within the sample
inhibited accurate particle measurement.

Aqueous solutions of GO, rGO, Cu-rGO and CuNPs were further characterised via dynamic light
scattering (DLS) to examine the range of particle sizes present in solution. The examination of
GO showed the predominant presence of two sizes of particles; 0.793um and 0.131 um.
Particles of 0.793um contributed to 91.8% of the particles present, with the remaining 8.2%
being 0.131 um in size - Figure 3.3 [A]. While the majority of particles present within the GO
solution are of these sizes, the relatively broad peaks present suggest a high level of poly-
dispersity within the solution, meaning that while these are the predominant sizes present the

homogeneity of the solution in relation to particles size is low.

The suspension of copper nanoparticles was found to consist of two sized particles: 90.2% at
0.398um and the remaining 9.8% at ~5um [D]. This remaining 10% is most likely agglomerates
of copper rather than individual particles. Again, while the most numerous particles may be
~0.398um, the broad peak would suggest that a high level of variability (most likely due to
aggregation) is present. Due to the high level of aggregation (which could be observed
visually), settling and poly-dispersity present in solutions of both rGO and Cu-rGO,
measurements taken of each solution via DLS were considered invalid, thus the requirement

for further characterisation of these solutions via microscopic techniques.
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3.1.4 Optical microscopic analysis of material dispersions

Following the confirmation of GO, rGO and Cu-rGO production, further characterisation was
required to investigate the particle size distribution present in the solutions of rGO and Cu-rGO
as well as the morphological profile of all three materials. Optical microscopic analysis was
used to examine and compare the size of particle aggregates present in solutions of rGO and
Cu-rGO. In the GO solution, small barely visible translucent sheets, immeasurable through light
microscopy due to their small size can be seen throughout the solution along with much larger
sheets from 50-100um (Figure 3.4). Contrastingly, the rGO and Cu-rGO solution both show
large agglomerated particles in the 100’s of um range throughout. The large agglomerates can
be seen to be composed of many much smaller particles (Figure 3.5 [B]). The Cu-rGO solution
shows much denser particles compared to the translucent sheets visible in the GO, indicative

of high levels of particle agglomeration.

Figure 3.4 Optical microscopic images of GO at [A] x10 maghnification and [B] x40 maghnification.

Figure 3.5 Optical microscopic images of rGO at [A] x10 magnification and [B] x40 magnification.
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Figure 3.6 Optical microscopic images of Cu-rGO at [A] x10 magnification and [B] x40 maghnification.

3.1.5 Scanning electron microscopic analysis

Graphene Oxide (GO)

The exfoliation of graphene oxide sheets from expanded graphite was confirmed by the
presence of lustrous silk-like sheets which were visible under SEM analysis (Figure 3.7). Under
low-magnification, x500, large sheets of >100um width were visible. Sheets also appeared
crumpled in some areas and translucent in others, suggesting a variance in the sheet thickness

across the sample.

Reduced Graphene Oxide (rGO)

The physical characteristics of reduced graphene-oxide (rGO) sheets was also observed under
SEM (Figure 3.8) to examine changes occurring following chemical reduction. While a sheet-
like structure was visible, similar to the observation of GO, the veil-like appearance of low-
number sheets was absent suggesting the agglomeration of sheets during the reduction

process.

Graphene-Copper Composite (Cu-rGO)

Cu-rGO morphology was also examined via SEM analysis and yielded images with a very
apparent morphological difference compared to both the GO and rGO samples. Due to the
presence of copper, the promotion of particulate agglomeration is clearly visible in the Cu-rGO
sample. Large agglomerates of sheets can be seen (Figure 3.9 [B]) clearly decorated with

copper particles accross the surface.
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Figure 3.7 Scanning electron micrographs of chemically exfoliated graphene oxide sheets at [A] x700
magnification and [B] x500 magnification.
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Figure 3.8 Scanning electron micrographs of exfoliated graphene oxide sheets following chemical
reduction at [A] x500 magnification and [B] x1.0k magnification.
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Figure 3.9 Scanning electron micrographs graphene-copper composite at [A] X500 magnification and
[B] x1.0k magpnification.
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3.1.5.1 Scanning transmission electron microscopic (STEM) analysis

Scanning transmission electron images were captured using a Hitachi S5500 to examine the
internal structural variation of the different materials, in particular to examine the difference
between the aggregation of the rGO and Cu-rGO produced via the different reduction

methods.

Graphene oxide (GO)

Unlike the images captured via scanning electron microscopy the use of transmission electrons
shows very clearly the thin gossamer sheet-like nature of the graphene oxide (Figure 3.10 [A]).
Images captured of individual sheets showed a large variation in sheet size from 10’s of
nanometres to 1 micron and few larger sheets in the 10’s of micron range as had been seen

during optical microscopic analysis.

Copper nanoparticles (CuNPs)

Transmission images captured of the copper nano-particles showed a distribution in their size
between 10 and 25nm (Figure 3.10 [B]) with the majority being circular or oval in shape. The
nano-particles can be seen to form clusters which are echoed in the images captured of the

composite material with nano particles cluster visible attached to graphene sheets.

Reduced graphene oxide (rGO)

Figure 3.11 [A] and [B] highlight the difference in imaging conditions formed by the two
preparation methods employed for the reduced graphene oxide. Figure 3.11 [A] shows the
reduced graphene oxide via sodium borohydride (NaBH4) reduction with large aggregates
covering the substrate and a difficulty in distinguishing individual sheets. Figure 3.11 [B]
demonstrates the dispersity of the |-ascorbic acid prepared reduced graphene oxide with some
aggregates of three to four microns visible but far more disperse than the borohydride

preparation.

Graphene-copper composite (Cu-rGO)

The difference in morphology between the sodium borohydride (NaBH*) prepared CU-rGO and
the l-ascorbic acid prepares Cu-rGO can be seen in figure 3.12 [A] and [B]. The first material
can be seen to have large chunks in the 10’s of micron range while the I-ascorbic acid prepared
Cu-rGO facilitates to observation of individual small aggregates of sheets over the carbon

substrate with clusters of copper nano particles attached to the surface of those sheets.
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Figure 3.10 Scanning transmission electron (STEM) microscopic images of [A] Graphene oxide on holey
carbon substrate and [B] copper nano particles derived via I-ascorbic acid reduction on holey carbon
substrate
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Figure 3.11 Scanning transmission electron (STEM) microscopic images contrasting the difference
between [A] the reduced graphene oxide prepared via sodium borohydride (NaBH,) reduction and [B]

via l-ascorbic acid reduction
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Figure 3.12 Scanning transmission electron (STEM) microscopic images contrasting the difference
between [A] the copper composite prepared via sodium borohydride (NaBH,4) reduction with large
aggregates and [B] via l-ascorbic acid reduction with nano particle cluster visible on the graphene
sheets
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3.1.6 Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) was used to gauge the different functional
groups, and the loss thereof following reduction, within the graphene materials. Adsorption
bands of GO are observed at 3204, 1729 and 1046 cm™® and can be attributed to O-H
deformation, C=0 carbonyl stretching and C-O stretching respectively. The remaining peaks at
1362cm™ (O-H deformations in the C-OH groups) and 1220cm™ (C-OH) correspond to the
carboxyl groups present in the GO. The peak at 1619cm™ is still under debate and may
represent either absorbed water molecules or unreacted graphitic regions (Mei et al. 2011), (

Stankovich et al. 2006), (Fuente et al. 2003), (Szab et al. 2006).

The significant reduction in these bands can be seen in both the rGO (red line) and the Cu-rGO
(blue line) following reduction by sodium borohydride (NaBH4) or I-ascorbic acid with little to
no absorption visible following the reduction processes. The significantly lower transmittance

occurring during analysis of the composite can be attributed to the presence of the copper

within the structure of the graphene.

The observation of these adsorption bands as well as the change observed following the
reduction process are in-line with those observed in the literature from previous productions

of graphene-copper composites (Xu et al. 2009), (Chen et al. 2011).

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

Figure 3.13: FTIR spectrum of GO (black), rGO (red) and Cu-rGO (blue)
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3.1.7 Evaluation of elemental composition via Energy-dispersive X-ray Spectroscopy
(EDX)

Graphene Oxide (GO)

Graphene Oxide showed a typical elemental composition as seen in Table 3.1. The carbon
oxygen ratio was ~1:1, showing the high level of oxidation of the graphene following chemical
exfoliation. No other constituents were present indicating a thorough removal of any residual
material from the production process.

Reduced graphene Oxide (rGO)

The reduced graphene oxide showed a markedly lower carbon oxygen ration moving from
50%-50% to ~70%-30% in favour of carbon. This would suggest that the borohydride (NaBH.)
reduction is effective at removing the oxidative groups present on the surface of the graphene
oxide.

Graphene-copper Composite (Cu-rGO)

The graphene-copper composite showed a markedly lower level of oxidation compared to
graphene oxide, indicative of the loss of oxidative groups present on the surface during the
borohydride reduction process, from 46% in GO to 22% in the Cu-rGO. The average copper
composition was found to be 40% with an obvious variance across the surface, from 28% up to
49% depending on the site observed. This variance indicates the inhomogeneity of copper
attachment across the graphene sheets during production. This inhomogeneity can also been
seen from the SEM analysis in Figure 3.9.

Copper Nanoparticles

In addition to the production of the composite, a separate process excluding the addition of
graphene was also performed to examine the effect of the reduction process on the CuCl, used
to produce the composite. The form of copper present, i.e. copper metal (Cu), cuprous oxide
(Cuz0), cupric oxide (CuO) or the highest copper oxide (Cu;0s), in the composite is of
importance as different forms of copper will possess different levels of anti-bacterial efficacy.
The copper and oxygen content present was found to be 74.31 and 26.69% by weight
respectively.

Reduced Graphene Oxide via l-ascorbic acid

As the sodium borohydride (NaBH,) reduction resulted in an inhomogeneous suspension which
was not useful for immobilisation an additional method which utilised |-ascorbic acid as both a
reducing and capping agent was developed. The reduced graphene oxide (rGO) produced via I-
ascorbic acid reduction was shown to have a higher oxygen content compared to the
borohydride reduction with ~34% oxygen present indicating that the |-ascorbic acid may act as

a milder reducing agent.
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Graphene-copper composite (Cu-rGO) via l-ascorbic acid.

Several formulations of graphene-copper composite were prepared in order to examine the
suspension stability. A final method, producing a stable dispersion with ~25% copper content
was used to produce the composite to be used for immobilisation. Compared to the sodium

borohydride (NaBH,) reduction method the I-ascorbic acid reduction process resulted in a far

more homogeneous material with the copper spread evenly throughout the structure.
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Figure 3.14 EDX spectra of [A] Graphene Oxide (GO) [B]Reduced Graphene Oxide (rGO) [C] Graphene
copper composite (Cu-rGO) [D] Copper nanoparticles (CuNPs) [E] Reduced graphene oxide using I-
ascorbic acid (rGO via AA) and [F] The graphene copper composite using l-ascorbic acid (Cu-rGO via

AA)

Table 3.1 Average values of EDX analyses taken for the graphene oxide, reduced graphene oxide,
graphene-composite and copper nanoparticles.

Material Carbon (%) Oxygen (%) Copper (%)
Graphene Oxide 50.1 49.9 -
Reduced Graphene Oxide 70.49 29.51 -
Copper Compoiste (Cu-rGO) 37.16 22.42 40.04
Copper Nanoparticles (CuNP) - 26.69 74.31
Reduced Graphene Oxide via AA 66.03 33.97 -
Copper Composite (Cu-rGO) via AA 47.63 27.43 24.94
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3.2 Antibacterial testing

Graphene oxide was tested to ascertain whether or not it possessed any antibacterial efficacy
as was claimed by some of the literature. The copper composite (Cu-rGO) was examined to
investigate whether or not the conjoining of the copper with graphene would offer any
particular advantage in terms of antibacterial efficacy. The rGO would serve as a control
material for comparison with the Cu-rGO to examine the level of efficacy added by the copper.
The antibacterial testing of the graphene materials was carried out in two ways; in solid media

and liquid media.

In solid media, various methods of exposing the bacteria to each of the materials was
investigated as, due to their various physical natures, the standard Kirby-bauer disk diffusion
was unsuitable. As such, suspensions of each material were loaded into wells, onto disks and
powders of each were placed onto the surface of agar inoculated with E. coli and B. subtilis.
The effect of direct contact of organisms with the material was investigated by incorporating
bacteria within the agar as well as creating bacterial lawns on the surface. The effect of contact
with the materials on the bacterial envelope was examined via scanning electron microscopy

in order to ascertain if membrane damage was occurring.

In liquid media, non-growth buffer solutions of PBS were used under shaking to examine if
there was any physical damage caused, by the edges of sheets as suggested in the literature,
by graphene materials. It would also shed light on the potential performance of the materials
in a water treatment-like scenario. These analyses were also carried out over various
concentrations of the three materials to examine the dose-response of the organisms. The
aggregation and adsorption of bacterial cells onto the surface of graphene sheets was
examined for via optical and fluorescent microscopy to see whether or not bacterial cells
would “stick” to the sheets. The different response of bacteria in growth media as opposed to
a non-growth scenario was also investigated as there were conflicting reports within the
literature as to how organisms respond to graphene materials depending on the matrix of

exposure.

Finally, the mutagenicity of each of the materials was examined via the AMES test. The
purpose of examining the mutagenicity of each of the materials was to examine whether or
not this would represent a concern when the material was applied to a prototype drinking
water treatment system. As the permeate from any prototype would ideally be for human-
consumption the mutagenicity of the materials and their potential impact on human health
are of concern. In addition, the investigation of the mutagenic potential of graphene materials

via the Ames test represents a novel line of investigation which has not been explored before.
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3.2.1 Isolation and identification of environmental E. coli strain
A bacterial culture was isolated as described in section 2.2.9 and identified as E. coli. The

results of the various identification methods employed are listed in Table 3.2. This
environmental isolate was termed E. coli (T37-1) coded for its location of isolation, the Tolka
River, the temperature at which it was isolated; 37°C and the sample number from which it

was taken. It was then subsequently used in all antibacterial testing as a model organism.

Table 3.2 Results of the various identification methods employed to isolate an environmental strain of
E. coli for use in antibacterial testing.

Isolation
Growth on TBX agar Formation of Blue/Green colonies
Gram-stain Red pigmentation
Cell morphology Rod
Oxidase Test Negative
Indole Test Positive
Catalase Test Positive
API-20E Identification 99.9% confidence
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Figure 3.15. The positive and negative results (+ /-) results of each of the individual tests found within
the API-20E kit and the associated identification (E. coli @ 99.9% confidence) attributed by the online
database.

3.2.2 Solid Media Testing

Well-diffusion assay

Antibacterial studies were carried out in solid media using a number of approaches. Initially,
the well diffusion assay was employed whereby wells were cut into nutrient agar incorporated
with bacteria. 200ul of each material suspension, GO, rGO, Cu-rGO and CuNPs were added to
each well. This approach was used to examine the diffusion of each material into the
surrounding media. There was no observable zone from any of the particulate suspensions via

this method.
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Disk-diffusion assay

As no response was observed from the particulates in the well diffusion assay, the disk
diffusion method was employed to examine the effect of more localised concentration on the
antibacterial efficacy of each material. Disks impregnated with 20ul of each material
suspension were applied to nutrient agar incorporated with bacteria. Once again, there was no

observable zone from any of the materials employed in this case.

Solid exposure

In order to examine the effect of more direct contact between the materials and the organism,
5mg of solids of each material were applied to the surface of nutrient agar plates with a lawn
of bacteria spread on the surface. The formation of a lawn on the surface of the agar would
greater facilitate the direct contact with the organism and the material.

In the case of GO and rGO no response was observed once again for either organism. Clear
zones of inhibition were present for the composite and the copper nanoparticles. The size of
the zones was not measured as the shape and size of the applied solids varied and results were

recorded as a positive or negative response.

Vacuum-filtered disk assay

As the need for direct contact was apparent and to examine the effect of exposure in solid
media in a quantifiable manner, cellulose membranes were vacuum filtered with suspensions
of each material to create disks of known concentration. Disks containing 0.4mg of each
material were applied to nutrient agar plates covered with a lawn of bacteria. For comparative
purposes standard Whatman disks impregnated with 0.4mg of CuCl; and CuSO, were also used
as well. Table 3.3 shows the zones of inhibition of each material. A disk impregnated with 5ug
of gentamicin, which served as a positive control, showed expected results in line with those

within the literature Landrygan et al. (2002).
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