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Summary

Carbon based materials such as graphene have recently been widely studied.
Graphene oxide (GO) is a member of the graphene family with functional groups which
make it hydrophobic, thus making it useful for many applications such as an
antibacterial agent. However, there is controversy in the literature about the effect of
GO on bacteria. Therefore, it was important to prepare a highly purified GO using
Hummers’ method and characterise it before studying the biological test. The final

product shows that GO had 1-2 layers with oxygen group on the GO sheets.

Bacteria are often found in nature in a form called biofilms. Bacterial cells are
embedded in an extracellular matrix composed of polymers. This protects bacteria

from harmful factors such as antibacterial agents more than planktonic (free) cells.

In this study, the objective was to study the effect of GO on soil bacteria. GO was
prepared and characterised using optical and surface techniques. Then GO was
applied to two species of bacteria found in soil, Pseudomonas putida and
Acinetobacter sp., in biofilm and planktonic forms. It was found that biofilms showed
more susceptibility to GO than planktonic cells. Moreover, the antibacterial effects of

GO on biofilms depended on the maturity stage of the biofilm.

The impact of GO and environmental stresses (temperature, pH and NaCl) on P.
putida was examined. It was found that environmental conditions changed the
susceptibility of biofilm to GO. Moreover, it was found that the removal of EPS from
biofilms increases the susceptibility to GO. Finally, it was found that GO changed the

chemical compounds of the cell wall.



Publications and conferences

1- Journals

Fallatah, H., Elhaneid, M., Ali-Boucetta, H., Overton, T., El Kadri, H., and
Gkatzionis, K. (2019) Antibacterial effect of graphene oxide (GO) nano-
particles against Pseudomonas putida biofilm of variable age. Environmental
Science and Pollution Research, 1-14. doi.org/10.1007/s11356-019-05688-9

Conferences

H. Fallatah, M. I. Fauzi, J. Mattock, H. Ali-Boucetta, T. Wi. Overton, K.
Gkatzionis, Graphene Oxide Interaction with Pseudomonas putida: Effects on
Biofilms and Planktonic cells. EPS conference, Birmingham, 2014

H. Fallatah, H. Ali-Boucetta, T. W. Overton, K. Gkatzionis, Graphene oxide
Interaction with Pseudomonas putida: effect on biofilms and planktonic cells,
SfAM summer conference, Dublin, 2015.



Acknowledgments
Summary
Publications and conferences

Table of Contents

Table Of CONTENES ... e e e Vv
LISt OF fIQUIES ..o e e e e e e e e e viii
LiSt Of taDIES ... iX
Chapter 1. INtroducCtion ... 1
1.1, Brief INtrodUCHION ... oo e 11
1.2. Carbon based nanomaterialS .............oooiiiiiiiiiiii e 15
1.3. Graphene OXide...... oo e e e 21
1.4. Structure of Graphene OXide ...........uuuueiiiiiiii e 22
1.5. Synthesis of Graphene OXide ............oooiiiiiiiiiiiii e 23
1.6. Characterisation techniques for graphene oxide...........cccccccciiiiiiiiiiiiiiiiinnns 25
1.6.1. X-ray photoelectron spectroscopy (XPS)..........uueeiiiiiiiiiiiiiiiiiiiee 25
1.6.2. Raman SPECIrOSCOPY ....oeeeeeeeieeieeeeeeee et e e e e e e 26
1.6.3. Fourier Transform Infrared (FTIR) SPeCtroSCOPY ......cccvvveeeiiiiiiiiiiiiiiins 27
1.6.4. EIECtron MICTOSCOPY ....eeeeiiiiiiiiiiiiiie ettt 28
1.6.5. Atomic force microscopy (AFM)......oooi e 28
(SRR AVEVIEST] o] [T o=Tex (01Tl o] o)V 29
1.7. Nanomaterials and biofilms...........ooieii e 31
1.8. Microorganisms Of INterest...........ooooi i 38
1.8.1. PSeudomonas PULITA ..............cooeeeeeuuuuaeaaeee e 38

(IR I Vol g =] (o) o= Lo (= =T o FO R 39
1.9. Biofilm production methods...........oouieiiiii e 40
1.9.1. ANNUIar REACION ... 41
1.9.2. Concentric Cylinder Reactor (CCR)........ccooiiiiiiiiiiiieeeeeeeeeeeeeeee e 42
1.9.3. Propella ReaCOr .......ccoo e 43
1.9.4. FIOW Cell SYSEM ....eiiiiiiiiiiiiiieie e 44
1.9.5. Rotating Disc Reactor (RDR).........cooiiiiiiiiiieeeeeeeeeeee e 45
1.9.6. CDC Biofilm Reactor (CBR) .......ccuueiiiiiieeiieee e 46



Chapter 2. Preparation and Characterization of Graphene Oxide....................... 47

2.0 ADSIFACT ... 47
2.2, INTFOAUCTION ..t 48
2.3. MethOdOIOGY ... e 49
2.3.1. Synthesis of graphene OXide ..........cccoiiiiiiiiiiiiie e 49
2.3.2. Transmission Electron Microscopy (TEM) ........coeeeveiiiiiiiiiiiiis 51
2.3.3. Atomic Force Microscopy (AFM)..... ... 51
ARG I S = 10 4 F=T g TS o= Ton (o XSTeo]  )VN 51
2.3.5. Fourier-transform infrared (FT-IR) SPectroscopy .........cccceeeeiviiiiiiiiiiinnnns 52
2.3.6. UV-Visible spectrophotometer (UV-VIiS) ... 52
2.3.7. X-ray photoelectron spectroscopy (XPS)..........uueiieiiiiiiiiiiiiiiiiiiiiins 52
2.3.8. Zeta Potential measurements ... 53
2.4. Results and diSCUSSION ........cooiiiiiiiiiiiiii et 54
2.4.1. Synthesis of graphene OXide ..........ccooiiiiiiiiiiii e 54
2.4.2. Structural Properti€s .......oooe e oo 55
2.4.3. Chemical ProPerties ......cccooieiiiiiieeeeee e 59
244, SUIMACE CNAIGE .....ooiiiiiiiiiiei e 64
Chapter 3. Antibacterial Effect of Graphene Oxide (GO) against Bacterial
Biofilms of Variable Age ..., 66
3.1 ADSIIACT ... 66
3.2, INTFOAUCTION ... 67
3.3. Materials and methods............coooiiiiiii 70
3.3 1. MALEIIAIS e 70
3.3.2. Synthesis of Graphene OXide.............uuiiiiiiiiiiiiiiii e 70
3.3.3. Preparing GO-coated Surface..............uueeeeiiiiiiiiiiiiiicee e 70
3.3.4. Biofilm formation using CDC reactor .............ccccoviiiiiiiiiiiiiiieee 70
3.3.5. Viability of P. putida and Acinetobacter sp. after treatment with GO ........ 71
3.3.6. Scanning electron Microscopy (SEM)........couviiiiiiiiiiiee 72
3.3.7. Confocal MIiCroSCOPY @NalYSIS .........ueuriiiiiiiiiiiiiieaeeiee e 72
3.3.8. Assessment of P. putida and Acinetobacter sp. membrane integrity with
flow cytometry @nalySis ..........oooiiiiiiiiiiii e 73
3.3.9. Statistical analysis .........coooiiii 73
4.  RESUILS ..o 74
3.4.1. Effect of GO on P. putida and Acinetobacter sp. biofilms........................ 74

Vi



3.4.2. Effect of GO concentration, exposure time, lateral size and GO coated

£ 1 = Lo = U 84
3.4.3. Effect of GO on detached-biofilms and planktonic cells ........................... 90
B0 R T I 1= o1 1 1 T o USSR 94
3.5.1. Effect of GO on P. putida and Acinetobacter sp. biofilms........................ 94
3.5.2. Effect of GO exposure time, and lateral size on P. putida biofilm............. 96
3.5.3. Effect of GO on detached-biofilm P. putida and planktonic cells............... 99
Chapter 4. Impact of environmental stresses and graphene oxide agaist P.
171 1 o - P 102
S I Y o 1] 1 = Vo 102
22 5728 | 0] { o Yo [ [ £ [ 103
4.3. Materials and MethOdsS.........coooiiiiiiii e 105
4.3.1. Preparation of Graphene Oxide and Buffers .........c..cccoooviiiiiiiiiiii. 105
4.3.2. Bacterial strain, culture conditions and biofilm cultivation....................... 106

4.3.3. Environmental stresses and quantification of biofilm incubated with GO106

4.3.4. Confocal miCroscopy analySis ..........ccooiiiiiiiiiiiiiiiieeeeeee s 108
4.3.5. statistical aNalySiS ..........coeiviiiiiiiiii 108
R TS| (O 110
4.4 .1. Effect of Temperature and GO on viability of planktonic and biofilm cells
........................................................................................... 110
4.4.2. Incubation of GO on pH and NaCl ... 112
4.4.3. Effect of pHand GO ... 114
4.4.4. Effect of OSMOLIC SresSs ....oooeeiiiiiei e 118
T D 1o U 13 o] o 123
T I =T 0 g 01T = L (] = 123
4.5.2. PH SErESSES. ... e 124
4.5.3. OSMOLIC SErESS ... i et e e e e e e e e e e 126
Chapter 5. The Effect of EPS on the Susceptibly of P. putida Biofilm to GO ..130
ST 13 =T S 130
5.2, INtrodUCTION ... e e e e 131
5.3. Materials and Mmethods.........cccooi i 133
5.3.1. Growing biofilms ......cooiiii 133
5.3.2. Synthesis of Graphene OXide.............uuuiiiiiiiiiiiiiiii e 133
5.3.3. Effect of P. putida biofilms’ susceptibility to GO after removing EPS .....133

Vi



5.3.4. EXtraction Of EPS .. ..o 134

5.3.5. Chemical composition @nalySiS..............eeeeiiiiiiiiiiiiieeeee 134
5.4, RESUILS ...t 135
5.4.1. Susceptibility of P. putida to GO .........cooviiiiiiiiiiiiie e 135
5.4.2. Characterization of P. putida planktonic cells by FTIR ............ccccveeeeeee. 138
5.4.3. Characterization of P. putida biofilm by FTIR ... 144
ST T I 1o 1 1= T o U 148
TR Tt T = 1SRRI 148
5.5.2. FTIR SPECIIOSCOPY -.ereuuuuuuaiaeeeeeeeeeeeeeeeeeeittteeae e e e e e e e e e e e e e e e eeeeeeeeennnnes 150
Chapter 6. Final discustion and future work..............cccccoiiiies 153
=] =T =Y 3T o= N 158

List of figures

Figure 1.1 Different forms of carbon nanomaterial .............cccooooe 15
Figure 2.1 Schematic diagram shows the exfoliation of GO from graphite with
HUumMMeEr's Method ..... ..o e 50
Figure 2.2 Graphene oxide purification steps (washings) before (A) and after (B)
separating from graphite. ... 54
Figure 2.3 Structural and colloidal characterization of GO using TEM...................... 55
Figure 2.4 Size distribution of GO as determined by TEM and analysed using imageJ
SOMIWAIE. ... e et e e e 56
Figure 2.5 AFM Of GO ShEEtS.. ...oooiiiiiiiiiiiiii e 57
Figure 3.1 Bacteria growth in CFU/cm? (bars) and percentage of Pl positive cells
after develping biofilms for 24, 48 and 72 h then treated with GO (85 pg/mL) or
dionized H20O measured using flow cytometry and confocal microscopy with

COMSTAT @NAIYSIS ..ottt 75
Figure 3.2 Flow cytometry scatter plots showing the events per second of GO
stained With Pl ... 76
Figure 3.12 Viability of 48 h P. putida biofilm incubated with GO (85 pyg/mL) with
large (GO-10) and small (GO-120) sheet size for24 h...........coooiiiiiiiiiiiiennn. 88
Figure 3.14 Viability of planktonic cells detached from 24, 48 and 72 mature biofilm
and incubated with GO (85 pg/mL) for 1,2, 3,4 and 5days. ..........ccccecuirrrrnnnne. 91

viii



Figure 3.15 Viability of planktonic cells incubated with varying concentrations of GO
at day 0, 1 @Nnd B, s 92

Figure 3.16 Images taken from light microscopy (X100) show bacterial cells of P.
putida and Acinetobacter sp. cells grown in media with/without the addition of
(€1 J PP PR RS PPRPRR 93

Figure 4.1 Flow chart illustrating the experimental steps in the study used to detect

the viability of biofilm in pH ranges 5,6, and 7 ... 109
Figure 4.2 The viability of 48 h P. putida with/without GO incubated at 5, 25 and

40°C (A) biofilm and (B) planktonic CellS.........cccoouiiiiiiii e 111
Figure 4.3 Images of GO incubated in low and high pH; and NaCl for 0 and 24 h .113
Figure 4.4 Impact of different constant pH values on P. putida biofilm ................... 115
Figure 4.5 Impact of different pH values on P. putida planktonic cells.................... 117
Figure 4.6 Impact of different osmotic presue on P. putida biofilm cells ................ 119

Figure 4.7 Impact of different osmotic pressure (using NaCl) on P. putida planktonic

(07| 121
Figure 4.8 Confocal images of P. putida biofilm with or without GO (85 ug/mL) at 48
h incubated with 320 MM NaCI. ... 122

Figure 5.1 shows the viability in CFU after removing EPS using 1% EDTA from P.

PUtida DIOTIIMS. ... e e e e e eeenees 136
Figure 5.2 shows the impact of EDTA and 85 pg/mL GO on P. putida planktonic
(071U 137

Figure 5. 3 P. putida (grown using CDC bioreactor)spectra with FTIR using A)
sandwich method B) liquid sample on ATR-FTIR C) an example a good bands of

P. putida biofilm grown using flow-cell system. ..........ccccoiiiiiiiii 140
Figure 5. 4 ATR_FTIR spectra of GO-treated and untreated P. putida. Spectrum .142
Figure 5. 5 ATR-FTIR spectra of EPS after removal from boifilm ........................... 147
List of tables

Table 1. 1 Summarize the effect of graphene based nanomaterials on bacterial cells



Table 1. 2 Summary of the advantages and disadvantages of the techniques for

ANAIYSIS OF GO ...t 30
Table 1. 3 The loss of biofilms in percentage when exposed to PVK-GO and GO...35
Table 2. 1 Atomic composition data from XPS analysis.............cooooiiiiiiiiiiiiiiieeeee. 63
Table 4. 1 Final volumes needed to achieve the acidic buffers............................... 106

Table 4. 2 Final volumes needed to achieve the basic buffers after making 50 ml of
Tris(hydroxymethyl)aminomethane ... 106

Table 5. 1 Functional groups of P. putida planktonic cells treated/untreated with GO
and the corresponding infrared absorption wavelengths...........................o.. 143

Table 5. 2 Functional groups of P. putida biofilms treated/untreated with GO and the
corresponding infrared absorption wavelengths ..., 145



Chapter 1. Introduction

1.1. Brief Introduction

Graphene-based nanomaterial have gained prominence in future application such as
biomedical application due to their physiochemical and biological properties (Goenka
et al.,, 2014). Although the application of graphene-family products has economic
importance, large-scale manufacture of these compounds could increase their release
to the environment. Moreover, due to their physical and chemical properties, graphene
products might interact with living organisms and harm the environment (Hu and Zhou,

2013).

The antimicrobial properties of graphene have been well documented (Zou et al.,
2016) and microorganisms that are widespread in the environment can be affected by
graphene that may leach into the environment. The existence of these compounds
may impact the activity and structure of microorganisms, and possibility influence the
balance of the whole ecosystem (Ahmed and Rodrigues, 2013; Combarros et al.,

2016).

To date, several studies have demonstrated the antimicrobial properties of Graphene
Oxide (GO) compounds. For instance, Liu et al., (2011) showed a decrease in viability
of Escherichia coli (E. coli) of 89% or 74.9% when adding 40 pg/mL GO or reduced
graphene oxide (rGO) after a 4 h incubation period, respectively. Akhavan and
Ghaderi (2010) showed that GO possesses antimicrobial properties against E. coli and
Staphylococcus aureus (S. aureus). However, there is inconsistency and contradiction
with regard to the antimicrobial effects of GO since some studies show that GO does
not possess antimicrobial properties against bacteria. For instance, Chen et al.

investigated the impact of GO on gut microorganisms. They found that GO sheets can
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act as a scaffold to increase microbial growth (Chen et al., 2014b). Ruiz et al. also
obtained similar results when they found that the growth of bacterial cells was
enhanced by the presence of GO (Ruiz et al., 2011b). It was suggested that the
contradiction in the literature was due to the differences in composition of the media
that were used when testing the antimicrobial effects of GO against bacteria (Hui et
al., 2014). It was shown that nutrients in rich media can mask the antimicrobial activity

of GO making it inactive against bacteria (Hui et al., 2014).

The above findings developed our understanding of the interaction between GO and
bacteria. However, the effect of GO on bacteria in the environment is not well
understood. In natural environments, most bacteria tend to colonize biotic and abiotic
surfaces in groups forming biofilms (Davey and O’toole, 2000). Bacterial biofilms are
composed of a group of planktonic cells (free swimming bacteria) where the cells are
attached to the surface and adhere together by a gel-like structure (Davey and

O’toole, 2000; Shim et al., 2002).

These cells are wrapped in secreted molecules called Extracellular Polymeric
Substances (EPS). The components of EPS include extracellular DNA (e-DNA),
proteins, and polysaccharides, phospholipids and lipids depending upon the organism
and the biofilm-forming environmental conditions. Biofilms often stick on biotic or
abiotic surfaces and they are widespread in nature aquatic or potable water systems,
medical devices, living tissues, and in industry. Moreover, the formation of biofilms
can cause harm to humans, animals, and plants as well as huge economic losses. It
has been demonstrated that bacterial cells in biofilms are more resistant to external
stress such as environmental stresses and antibacterial drugs than planktonic cells
(Antoniou and Frank, 2005). Previous studies showed the efficacy of different drugs

against biofilms at different stages of its formation may vary (Krishnakumar et al.,
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2015; Rodrigues and Elimelech, 2010). Although most of the recent studies that
investigated the toxicity of GO were performed on planktonic cells only since they grow
faster, few studies investigated the toxicity of GO on biofilms (Ruiz et al., 2011a; Mejias
Carpio et al.,, 2012; Kumar et al., 2015). Moreover, there is contradiction in the
literature regarding the impact of GO on biofilms. In one study, GO made biofilm more
dense which means there was no toxicity effect (Ruiz et al., 2011a). In another study,
it was shown that GO can inhibit the formation of biofilm (Mejias Carpio et al., 2012).
Therefore, more investigation is required to establish the antimicrobial effects of GO

on microbial biofilms.

In the environment, GO might interact with bacteria in different ways. GO might come
in contact with planktonic cells and influence their growth and adherence and thus
biofilm formation. However, GO might not have any influence on planktonic cells. GO
might impact biofilms that have been adhered on surfaces and as result of that, the
biofilm maturation stage could be affected. The evidence presented in literature
supports the idea that graphene family molecules affected biofilm distinctively in two
ways. For example, Rodrigues and Elimelech (2010) demonstrated that in the early
stage of biofilm formation, when single walled carbon nanotubes (SWCNTSs) attached
to the bacterial cells, SWCNTs inhibit the biofilm development. However, the results

suggest that mature biofilms are less sensitive (Rodrigues and Elimelech, 2010).

Many studies investigated the antibacterial activity of graphene family molecules in
saline or minimal medium. However, the behaviour and toxicity of GO in rich media
are not well understood yet. Since media can influence the graphene family molecules
and their toxicity to bacteria, it is therefore important to study the effects of GO against

bacteria with various types of media.
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In this study, the effect of GO on biofilm formation (initial attachment of cells)

development (maturation and growth of biofilm) by Pseudomonas putida and

Acinetobacter sp. was studied. The specific objectives of the proposed research are:

1-

To understand the physicochemical properties (lateral size, thickness, chemical
properties, functional group, absorbance, elemental content and surface
charge) of GO;

To determine the impact of GO on bacterial planktonic cell and biofilm
formation;

To measure the effects of GO on developed biofilms;

To measure the effect of GO on biofilm under additional environmental stresses
(temperature, pH and osmotic stress); and

To study the effect of EPS on the susceptibility of bacteria to GO.

14



1.2. Carbon based nanomaterials

Recent developments in nanomaterials have increased their use and applications in
different fields. Carbon based nanomaterials are one of these novel materials; they
are composed mainly of carbon atoms and have sp, sp? and sp? hybridized orbitals.
The anisotropic sp? in molecular carbon atoms could cause anisotropy in some
crystals of those materials (Yan et al., 2016). Therefore, a big diversity is found in
carbon materials. They can be found in different forms such diamond, fullerenes, car

bon nanotube, graphite, graphene and graphene oxide (Figure 1).

(o]
Graphene Graphene oxide

Figure 1.1 Different forms of carbon nanomaterial (Yan et al., 2016)

Graphene was discovered by Novoselov et al. (2004) and it is a single atom thick sheet
of sp? bonded carbon atoms with 2 dimensional properties (Jastrzebska et al., 2012).
The lateral dimension varies from a few nanometres to micrometres. The unique
structure and physicochemical properties, make it suitable for different applications
(Seabra et al., 2014). The extensive researches of graphene-related materials led to
novel developments including biomedical technologies (Zhang et al., 2010; Bitounis et
al., 2013), battery electrodes (Su et al., 2010), structural composites (Stankovich et
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al., 2007), transport barriers (Bunch et al., 2008). It was also used in environmental

application to absorb hazardous materials (Kemp et al., 2013).

Another form of carbon-based material is carbon nanotubes (CNTs), which were first
discovered by ljima in 1991 using the arc-discharge method. They are composed of
single-, double- or multi-walled seamless sheets with sp? bond, forming hollow
cylinders of carbon atoms (Ganesh, 2013; Bussy et al., 2013). Moreover, carbon
nanotubes come in three different shapes: chiral, zigzag and armchair. Although the
diameter of the CNTs is extremely thin at approximately 2-20 nm (fifty thousand times
thinner than human hair), the strength of CNTs is greater than the steel per unit weight

(Ganesh, 2013).

The potent toxicity of these nanomaterials has encouraged researchers to use novel
approaches to minimize the toxicity. Studies have indicated that nanomaterials have
an antimicrobial activity and can effectively inhibit the growth of the microorganisms.
Therefore, there are many ongoing studies to develop new nanomaterial-based
antimicrobial drugs. Table 1.1 summarises the effect of graphene family molecules on

bacteria cells.
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Table 1. 1 Summarize the effect of graphene based nanomaterials on bacterial cells

Graphene | GO Methodology | Concentrat | Bacteria Medium Conclusions Comments References
family characterizatio ion Species

n (ng/mL)
GO Th: 0.794 nm Modified 10-500 Pseudomonas Luria-Bertani Inhibited the bacterial viability | GO damages | (Chen et

. . Hummers pg/mL syringae and (LB) and growth cell membrane | al., 2014a)
Si: not provided | methods Xanthomonas
campestris pv. By optical density (OD) and
undulosa CFU

GO Th: 0.7 and 1.2 | Modified 0.1-5.0 8 different Brain Heart GO: no effect on bacteria GO-Ag (de Faria et

nm Hummers pg/mL species were Infusion (BHI) | growth damages cell al., 2014)
GO-Ag methods used membrane but

Si: 300-800 nm GO-Ag: MIC 2.5 pg/mL with not GO

Pseudomonas aeruginosa
By CFU

Cotton Th: 1.1 nm Not provided 2000 Escherichia coli | Grown in LB Inactivate 98% of bacteria Damage cell (Zhao et
GO pg/mL then added to membrane al., 2013)

Si: not provided Bacillus subtilis | the cotton By CFU
GO Th: 1 nm Modified 40 pg/mL E. coli Deionized Loss viability: big GO (38.7- Damaged cell | (Liu et al.,

. Hummers water (DI) 99.3)% ; small GO (18.5- membrane 2012a)
Si: (0.010- methods 80 pg/mL 56.2)% using CFU
0.753) um?

Loss% = (counts of control-
counts of treated
sample)/counts of control

17




PVK-GO Not provided Modified 10-1000 E. coli, Tryptone soy PVK-GO: inhibited the PVK-GO has (Mejias
Hummers pg/mL Cupriavidus broth (TSB) bacterial growth 7-16% > GO | higher Carpio et
methods metallidurans, but not C. metallidurans. antibacterial al., 2012)
B. subtilis effect than GO
Rhodococcus By optical density (OD) and
opacus plate count
GO Not provided Modified 300 ug/mL | Shewanella TSB Has no effect on bacteria GO has no (Wang et
Hummers oneidensis effects on the | al., 2011)
methods By (OD) cell membrane
Shewanella sp. and it reduced
to graphene
GO Not provided Modified 25and 75 E. coli LB Bacteria grew faster GO enhanced | (Ruiz et al.,
Hummers pg/mL the bacterial 2011a)
methods By OD growth
Gr, GrO, Th: 1 nm Modified 40 pg/mL E. coli Isotonic saline | All graphene family has The effects (Liu et al.,
GO & rGO Hummers solution antibacterial effects depend on 2011)
Si: 5.25, 4.42, methods GO>rGO>Gr> GrO time and
0.56 and 2.93 concentration
gm BY CFU (loss viability)
GO Th: 1-1.1 nm Modified 20 and 85 E. coli Saline solution | Both GO and rGO reduced Damaged cell | (Huetal.,
Hummers pg/mL (0.95%) the growth membrane 2010)
rGO paper | Si: 1.5 and 4.6 methods
pMm By CFU
GONWs Not provided Modified 1000 E. coli LB Antibacterial effect E. coli resist (Akhavan
RGONWs Hummers pg/mL more than and | and
methods S. aureus Using drop test method then | 5 gureus Ghaderi,
CFU; and measurement of 2010)

efflux of RNA by extracting
RNA and measured by
NanoDrop

18




GO Th: Not provided | Provided from | 500 mg/L B. subtilis LB rGO has anti-bacterial The results (Mokkapati
. company with ) activity for both bacteria showed the et al,, 2018)
rGO Si:0.3-0.7 um | (Graphene different P. aeruginosa response of
Supermarket concentrati GO was harmless for both bacteria
INC, USA ons 0.1- . depends on
0.08% Bacteria were grown on LB the graphene
' agar with GO and measured
type
by colony area
GO Not provided Modified 10 and 40 E. coli Normal saline | Both species were affected GO coat the (Gao et al.,
Hummers mg/L cells which 2017)
methods S. aureus Bacteria cell membrane leads
integrity was evaluated using | membrane to
the BacLight kit by confocal be damaged
GO Th: 0.8 nm Not provided 3.125-200 Staphylococcus | ddH20, NaCl, | inhibited the bacterial growth | The toxicity (Palmieri et
pg/mL aureus PBS, CaCl: depends on al., 2017)
Si: 0.19 pym? and LB Measured by CFU and AFM | e
E. coli concentration
and solution
GO Th: 0.8 nm Graphene 200 pg/mL | E. coli Saline solution | Has an antibacterial activity the orientation- | (Lu et al.,
Supermarket dependent 2017)
Si: not provided Bacteria were placed on GO | interaction of
film and the viability was GO plays a
determined by live/dead role for

assay and CFU

enhancing the
toxicity
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GO-H20 | Th: one or two Modified 2-200 E. coli Water, PBS Has an antibacterial activity GO-H20 and (Campos-

layer Hummers pg/mL only in high concentration GO-PBS has Delgado et
GO-PBS | methods o no al., 2016)
GOMG Si: 100 nm Z;%\gablllty was measured :?fzzf\?:ﬁ;i:“at
higher
concentration

it decreased
the growth rate

GO Not provided Hummers 0.05-1.0 Pseudomonas Rich/minimal The growth was inhibited The main (Combarros

methods mg/mL putida medium impact of GO et al., 2016)
The growth was measured on P. putida

by OD and CFU was the lost

the membrane
integrity due to
the sharp
edges of GO

Abbreviations: GO: graphene oxide, rGO: reduced graphene oxide, PVK-GO: polyvinyl-N-carbazole graphene oxide, Gr: graphite, GrO,
graphite oxide, GONWSs, graphene oxide nanowalls, RGONWSs: reduced graphene oxide nanowalls, GO-Ag: GO-Silver, GO-H20: GO in water;
GO-PBS: GO in phosphate-buffered saline (PBS), GO-MG: manually ground and dispersed in water, MIC: minimum inhibitory concentration,
Si: size, Th: thickness
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1.3. Graphene Oxide

Graphene oxide (GO) is a graphene sheet covered by oxygen functional group on the
basal plane and edges. Due to the functional groups of GO, this can affect its
properties, therefore make GO differ from pristine graphene (Gdmez-Navarro et al.,
2010). Structural defects exist in GO caused by the chemical oxidation process and
this limits its use in applications such as a conductor in electronic devices since the
presence of the oxygen functional groups reduces the electrical conductivity of GO
sheets (Mkhoyan et al., 2009). The functional groups have an advantage in that they
make GO hydrophilic and easily dispersed in many solvents (Dreyer et al., 2010)

especially in water increasing its functionality and derivation (Park and Ruoff, 2009).

GO involves functional groups, which make it a useful material and could be used in
many applications. GO is developed from graphite oxide and favourable methods to
produce large-scale graphene platelets have been developed (Dreyer et al., 2010).
However, the main disadvantage of graphene is its poor dispersibility in water which
makes it aggregate. The aggregation of graphene platelets is a result of strong
interaction through van der Waals and m—m stacking. Hence, this limits their
applications (Chauke et al., 2015; Georgakilas et al., 2016).

By adding functional groups on grapheme sheets by chemical oxidation, GO is able to
disperse well in water (Ali-Boucetta et al., 2013). Adding these functional groups to
graphene can reduce the aggregation and form GO (Chauke et al., 2015). The
hydrophilic functional groups increase the dispersibility of GO (Ali-Boucetta et al.,

2013). Furthermore, different functionalities on the surface of this material make it
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perfect for chemical modification, which might produce materials with good properties

(Hashim et al., 2016).

1.4. Structure of Graphene oxide

It is important to understand the structure and properties of GO for determining its
potential applications. GO has a unique structure which makes it different from pristine
graphene sheets, which consist of sp? carbon atoms with a honeycomb lattice shape
(Lui et al., 2009). GO includes both of sp? and sp® hybridized carbon atoms where

oxygen functional groups are present (Lu et al., 2004).

However, there has been debate about the detail of the chemical structure of GO over
decades, and there is not a confirmed model of GO. The main common evidence is
the structural characteristics of GO, this includes the presence of oxygen groups on
the surface of GO such as carboxyl, hydroxyl and epoxy groups (Zhang et al., 2014).
Because of lacking details of analytical techniques to characterise the unstructured
property of GO, and nonstoichiometric berthollide character of GO, finding an actual

model of GO became problematic (Dreyer et al., 2010).

Many of the earliest studies such as Hofmann and Holst, Ruess, Scholz-Boehm and
Nakajima-Matsuo proposed a structural model for GO based on a regular lattice
composed of discrete repeated units (Dreyer et al, 2010). For example, Hofmann and
Holst (1939) suggested epoxy groups among the basal planes of graphite. Ruess
(1947) proposed hydroxyl groups into the basal plane with O atoms of epoxies
connected with C atoms in the 1,3 site.Scholz and Boehm (1969) illustrated a model
with no epoxied groups, replacing regular quinoidal species in a corrugated backbone.
Another study by Nakajima and Mastsuo suggested a model based on lattice

framework akin to poly (dicarbon monofluroride), which forms a stage 2 graphite
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intercalation compound. Szabo6 and Dekeny’s (2006) model is a compilation of Rues’
and Scholz-Boehm’s model (Szabd et al., 2006). These studies give a better

understanding of the GO structure (Dreyer et al., 2010).

Recent studies rejected the lattice-based model and focused on a nonstoichiometric,
amorphous alternative (Dreyer et al., 2010). One of the best known models is Lerf-
Klinowski’'s model and it is used widely by researchers. They proposed the structure
and hydration behaviour of GO as epoxy (1,2-ether) and hydroxyl as the main
functional groups on the graphene layer, randomly distributed across the graphene

layer. The carboxyl, lactones and carbonyls are common at the edge (Lerf et al., 1998).

In addition, Mkhoyan et al. (2009) measured the C and O k-edges to study the atomic
and electronic structure of GO. They showed that GO has an average surface
roughness of 0.6 nm and the structure is amorphous because of the distortions from
sp® C-O bonds. They also reported, around 40% sp? bonding is coming from the ratio
of O and C which is 1:5. A similar study was done by Erickson et al. (2010). They
studied the GO structure and indicated that the graphitic region is about 8 nm? and the
oxidized regions showed no order because the oxidation has minimal sp? bonding and
makes a continuous network across the sheet. Moreover, hydroxyl and epoxy groups

are widely spread (Erickson et al., 2010).

1.5. Synthesis of Graphene oxide

In 1840 was the first time to attempt the syntheses of graphite oxide and graphite
intercalated compounds by Schafhacult, when he tried to exfoliate graphite to purify
impure graphite (Eigler, 2011). After two decades, in 1859, graphite oxide was for the
first time synthesised by Brodie (Brodie, 1859; Brodie and Chemical, 1860). The

method used for the synthesis was done by the addition of potassium chlorate KCIO3
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to graphite in fuming nitric acid (HNO3) (Dreyer et al., 2010). The reaction showed an
increase of the overall mass of the initial graphite flake and it was composed of
hydrogen, oxygen and carbon. The product of this reaction was called graphitic acid
(Brodie, 1859; Eigler, 2011). Forty years later, a new improved method was used by
Staudenmaier, who proposed further steps. The method used was to treat graphite in
sulphuric acid H2SO4 and fuming (HNOs3) with the additional of KCIO3 then washed by
hydrochloric acid (HCI) to remove the sulphate ions (Poh et al., 2012). Hoffman used
the same methods for graphite oxidation; however, the concentration of acids was

higher than in Staudenmaier’s (Staude’s) method (Staudenmaier, 1898).

However, Staude’s method has the most oxidised graphite oxide. This method takes
several days to be completed (Tuantranont, 2013). KCIO3 and HNO3 which have been
used in previous methods, are toxic. HNO3 cause release of gases such as NO2 or
N204 (Chua and Pumera, 2014) and it is an oxidising agent reacting with aromatic
carbon such as graphite (Lakshminarayanan et al., 1983). While KCIO3is an explosive

compound thus it is important to take care while dealing with it (Yusoff et al., 2015).

Hummers and Offeman (1958) proposed a different method to improve and increase
the oxidation (Nethravathi and Rajamathi, 2008). The method includes concentrated
H2SO4, sodium nitrate (NaNO3), and potassium permanganate (KMnQas), followed by
hydrogen peroxide (H202) to remove the residue of KMnO4 and manganese dioxide
(MnOz2) (Chen et al., 2013). It is interesting to note that this method was adapted from
Charpy et al. in 1909 who used H2SO4 and KMnOQO4 at 45°C during the oxidation and it
took several days to accomplish (Charpy, 1909). However, Hummer's method takes
only two hours for the whole process. Therefore, Hummer's method is the most

efficient method to oxidise graphite (Shamaila et al., 2016). Moreover, the formation
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of dimanganese heptoxide (Mn2O7) makes the process faster. This is due to the

addition of KMnOQs, which has a robust ability to oxidise graphite (Wang et al., 2014).

1.6. Characterisation techniques for graphene oxide

To study the structure and properties of GO, several techniques are used such as X-
ray photoelectron spectroscopy (XPS), Raman spectroscopy, Fourier Transform
Infrared (FTIR), electron microscopy (Toh et al., 2014), atomic force microscopy (AFM)
and UV-visible spectroscopy, or in combination with other techniques to reveal the

structural evolution of the GO from the graphite.

1.6.1. X-ray photoelectron spectroscopy (XPS)
XPS is a technique to analyse the structure of atoms. It works by irradiating a sample
with a high energy X-ray beam and then quantifying the kinetic energy and number of
electrons that are rejected from the material. This technique is able to obtain the
chemical composition of various materials and it reveals which chemical elements are
present at the surface. This technique is one of the most commonly used techniques
to detect the amount of carbon and functional groups in GO. It can also determine the
ratio of oxygen to carbon atoms, and the results can be compared to elemental
analysis (Marcano et al., 2010; Shao et al., 2012). In this technique, two peaks appear
at 530 eV and 284 eV, which correspond to O1s and C1s spectra respectively (Zeng
et al., 2011). Both spectra determine the oxygen functionalities in the graphene carbon
sheets. In addition, the ratio between these peaks can be used to determine the
oxygen content in the oxygenated graphene. The O1s spectrum can be deconvoluted
(into several peaks, each peak indicates the presence of carbonyl groups at 530.4-
530.8 eV, hydroxyl group and/or ether groups at 532.4-533.1 eV and chemisorbed
oxygen and/or water at 534.8-535.6eV (Biniak et al., 1997). The C1s in GO spectrum
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shows two main peaks approximately 2 eV apart while there is a single sharp peak in
graphite. Both peaks represent the sp2 C=C bonds and the sp3 carbon with different
C-0O bonding configurations. The degree of oxidation determines the intensity of the
peaks. The C1s spectrum can be deconvoluted into four peaks. However, it is difficult
to determine the exact position (binding energy) of the peaks. In general, carbon to
carbon or carbon to hydrogen bonds are located at 284.5 and 285 eV respectively,
with a chemical shift of (+1.5 eV % 2) for C-OH group, (+2.7 eV % 3) for C=0 group and

(+4.2 eV = 2) for O=C-OH group.

1.6.2. Raman spectroscopy

This technique study the vibrational characteristics of molecules. It is based on the
scattering of light by molecules causing the molecule to vibrate. When monochromatic
light interacts with a sample, the light scatter reveals information about molecular
structure. This technique is useful to study the electronic properties of the GO. This
technique has been used to study carbon-based materials such as graphene (Ferrari,
2007), carbon nanotubes (Dresselhaus et al., 2005), graphite (Tuinstra and Koenig,
1970) and GO (Lopez-Diaz et al., 2017). Usually, the Raman spectrum of GO shows
two main bands, D and G, and a weak 2D band. The D and 2D bands refer to a
disorder in graphene structure while the G band refers to the graphitic lattice (sp?
carbon structure (Lopez-Diaz et al., 2017). The D, G and 2D bands are detected at
1350, 1580 and 2700 cm™' respectively by using a laser at 514 nm for excitation
(Ferrari et al., 2006).

The 2D band can be seen is all graphene family such as graphene, GO and graphite.
The 2D band is linked with the second order of the zone boundary arising from double
resonance Raman scattering with two-photon emission. The number of layers or

sheets can be determined by the intensity and shape of the 2D band. Ferrari et al.
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(2006) reported that the 2D band is sensitive to the number of layers, and they were
able to distinguish a single sheet of GO from multi-sheets.

The G band in GO is extended and blue-shifted compared with graphene or graphite.
Conversely, the D band of the GO is prominent, which means small size of in-plane

sp? domains, due to the extensive oxidation.

1.6.3. Fourier Transform Infrared (FTIR) spectroscopy
FTIR uses infrared light to scan samples and observes chemical properties. The
analysis of FITR measures the wavelengths reflected form sample. The FTIR is a
standard method used along with Raman spectroscopy to identify the functional
groups and bonding configuration in GO sheets. Several absorption signals appear in
the IR spectrum of the GO, at about 3400 cm', representing O-H stretching of carboxyl
groups. There is a sharp peak at 1720-1740 cm™, attributed to C=0 stretching of
carbonyl or carboxyl groups, a weak peak at 1590-1620 cm™' assigned to C=C of
unoxidised graphite, and strong peak at 1100 cm, corresponding to an alkoxy C-O
stretching. Additionally, another absorbed peak assigned to epoxy C-O stretching has
been described in a previous study (Dogan et al., 2013). This was in agreement with
Lerf et al. (1998) in which epoxides reside in the basal plane of GO sheet. However,
the absorption peak of the epoxy group is variable between studies (Lerf et al., 1998).
Ledn et al. (2017) detected the peak of epoxy group at 1242 cm™', while Rodriguez-
Gonzélez et al. (2012) reported the peak at 1228 cm™. The difference in peak positions
could be due to the differences in the preparation of samples and in the working
environment. In addition, some studies showed absorption peaks below 3000 cm™™,

attributed to C-H asymmetric and symmetric stretching variations of the —CH2 groups.
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1.6.4. Electron Microscopy

In addition to the previous techniques that are used to characterise GO, electron
microscopy is a useful technique to study the topography and morphology of GO.
Scanning electron microscopes (SEM) and transmission electron microscopes (TEM)
are two of the most commonly used electron microscopes to study the morphology of
GO.

The sample in the SEM is heated by an electron beam. The electron signals from the
sample are reflected and used to generate the surface image of GO. TEM electron
gun emits a high voltage electron beam. When the beam hits the sample, a fraction of
electrons are scattered, hit the fluorescent sensor, and reveal the sample.

The GO sheets are observed with a wide range of lateral sizes (Kim et al., 2009). The
lateral dimension of GO sheets depends on the size of graphite as starting material
(Toh et al., 2014). The lateral dimensions of GO sheets vary from less than one
hundred nanometres to several micrometres (Akhavan and Ghaderi, 2010; Ali-
Boucetta et al., 2013; Hu et al., 2010). GO sheets under SEM are thin and have a

wrinkled texture.

1.6.5. Atomic force microscopy (AFM)
This technique allows measurement of the thickness of GO sheets. It consists of a
cantilever (probe), which scans the surface area of the GO. A laser beam around the
cantilever emits electrons that are detected by a photodetector to decipher the
distance between the surface and the cantilever, and thus measure the thickness of
the GO and the roughness of the surface. Typically, the thickness of GO sheets varies
between 0.9 and 2.3 nm (Shao et al., 2012). However, it is difficult to scan bulk

graphene via this microscopy because of its large area. Paredes et al. (2009) have
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reported the chemically reduced GO (rGO) with distinguished GO sheets via a simple
technique called tapping-mode AFM. The thicknesses of rGO and GO were 0.6 and

1.0 nm, respectively (Paredes et al., 2009).

1.6.6. UV-visible spectroscopy
UV-visible spectroscopy is used determine the absorbance and spectra of GO
dispersion. It consists of a source of light which goes through a monochromator and
hits a prism, which is placed between two slits (Kurtz and Huffman, 1990; Verma and
Mishra, 2018). When the light passes the first slit and contacts the prism, it is refracted
into a range of different range colours. Only one colour targets the sample; this colour
is then detected to measure the transmittance and absorbance of the sample (Verma
and Mishra, 2018). An intense peak is exhibited at 230 nm which corresponds to m-*
transitions of the C=C bonds (Kashyap et al., 2014). Table 1.2 shows the advances

and disadvantages these techniques for analysis of GO.
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Table 1. 2 Summary of the advantages and disadvantages of the techniques for

analysis of GO

Technique

Advantages

Disadvantages

UV-Vis spectroscopy

Simple and inexpensive,
quantitative (Beer’s law)

Sensitive: mixture of molecules
can overlap), spectra are not
highly specific for particular
molecules, needs calibration

provides information on
compound structure, high
quality images, useful to
provide shape, size and
structure, easy to learn.

AFM Provide 3D images, don't Slow scanning, can be affected
require any special treatments | by hysteresis of the
which might change or damage | piezoelectric material and
the sample, high resolution crosstalk between x, y and z
axes.
SEM Fast scanning, 2D images to Requires special training
determine the GO sheets
sizes. time consuming, cost, size,
maintenance
FTIR Fast, does not destroy the Cannot detect elements or
sample, can be used with solid | diatomic molecules such as
or liquid sample, tiny amounts nitrogen or oxygen.
of samples required (few
drops) for liquid The spectral regions usually
overlap if there are many
components
TEM Powerful magnification, Requires special treatments for

fixation

Raman spectroscopy

Can be used with solid or liquid
samples, no preparation, not
interfered by water, highly
specific, quick, small volume.

Strong laser beam which might
damage samples

XPS

Provides information about
chemical state of surfaces, can
differentiate between oxidation
groups.

Expensive, solid sample is
required, slow processing, high
vacuum is required
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1.7. Nanomaterials and biofilms

Microorganisms in nature usually form biofilms as one of the main strategies for their
survival in the environment (Gjermansen et al., 2005; Bridier et al., 2011). Biofilms are
groups of bacteria that colonize biotic or abiotic surfaces (Bridier et al., 2011). It is
difficult to have a common description of biofilms. Rizzello et al. (2013) have five
different descriptions for biofilms based on different parameters. For instance, from a
chemical point of view, biofilms are a complex of extracellular polymeric substances
(EPSs), such as polysaccharides, DNA and catalytic proteins produced by the bacteria
on the cell surface after their adherence. Physically, biofilms are slime matrix with
specific structure; this structure varies based on the environmental conditions and
bacterial species. However, from an ecology point of view, bacterial biofiims are
groups of bacterial cells stuck to each other and usually adhere to the surface. Biofilms
have different profiles of gene expression and thus different protein expression

compared to their planktonic form (Rizzello et al., 2013).

Biofilm development starts with attachment of free bacteria to the surface, formation
of irreversibly attached monolayer and multilayers, excretion of extracellular
compounds and finally the formation of a 3D architecture (Romeo, 2008). There are
two approaches to study the antimicrobial effects on biofilms (a priori), before the
formation of the biofilms, or (a posteriori), after the formation of the biofilms. Most of
the previous studies focused on the first steps (the initiation of the biofilm), which can
be applied in food industries and medical devices. In food industries, biofilms cause
hygienic problems, disease and economic losses (Yang et al., 2011). The bacterium
Campylobacter jejuni is one of the major causes of foodborne disease usually when
contaminated meat or poultry products are consumed (Van Houdt and Michiels, 2010).
In clinical environments, several studies have shown that the existence of biofilms on
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indwelling devices such as central venous catheters resulted in significant morbidity

and mortality and had a substantial impact on healthcare delivery (Yang et al., 2011).

Nanomaterials such as metals, silver, copper, gold, titanium and zinc have been used
as antimicrobial agents (Seil and Webster, 2012; Hajipour et al., 2012; Azam et al.,
2012). Silver and copper, however, are the most commonly used. They have been
coated or incorporated into different materials such as poly (methyl methacrylate) and
hydrogels (Allaker and Memarzadeh, 2014). Although the antimicrobial mechanism is
not yet not fully understood, some studies suggest that nanoparticles physically
damage the membrane of the biofilm cells, while other studies suggest that
nanoparticles release ions, which are toxic to the biofilm (Seil and Webster, 2012).
Studies have shown an inverse relationship between the antibacterial effect and the
nanoparticles’ sizes; the small sizes ranging from 1-10 nm are more toxic to bacteria

than larger sizes (Allaker and Memarzadeh, 2014).

Silver (Ag) has been widely investigated and it is been used in biomedical applications
because of the relatively less toxic effects to human cells. The antibacterial activity of
Ag might come from the silver nanoparticles alone or could be even increases with
other compounds. For instance, a surface coated with silver bromide (AgBr) prevents
the biofilm formation by Gram-positive and Gram-negative bacteria (Sambhy et al.,
2006). Although the exact mechanism is still under investigation, it is likely that Ag has
more than one mechanism to kill the bacteria. The positive charges of the silver ions
allow the electrostatic attraction between the ions and the bacterial cell membranes
(the bacterial membrane is negatively charged) which then has antimicrobial activity
(Abbaszadegan et al., 2015). Silver ions can also target cells at the molecular level.
For example, they inhibit DNA replication and important enzymes for ATP production

(Feng et al., 2000). It has been showed that these ions change the cell membrane
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structure leading to cell death (Sondi and Salopek-Sondi, 2004). Results from different
studies suggested that silver ions are likely to target sulphur-containing protein or
elements such as DNA. The attachment of silver nanoparticles to the bacterial cell
releases the silver ions, which penetrate the bacterial cell wall and inhibit enzymes
responsible for respiration, and thus, generate free radicals at the cell membrane (Kim

et al., 2007).

Similar to Ag, copper (Cu) also interacts with bacterial cells; however, the exact
antibacterial mechanisms are still unclear. Agarwala et al. (2014) have shown that
CuO possess antibacterial effects on Staphylococcus aureus biofilm. The bacteria
died after four days of exposure to the CuO as a result of DNA and bacterial envelope
damage. This finding suggested that subsequent to the specific binding of this metal
to DNA, OH redox is generated, causing DNA damage (Agarwala et al., 2014). Silver

and copper-based nanomaterials seem to be very effective tools as antimicrobials.

Rodrigues and Elimelech (2010) have investigated the impact of single walled carbon
nanotubes (SWNTSs) on biofilm formation of E. coil in three different stages (i) cell and
biofilm formation (ii) mature biofilm (iii) biofilm formation on surface coated with these
nanoparticles. Results showed that SWNTs inhibited the initial attachment of cells.
The EPS in mature biofilm was found to play an important role in reducing the toxicity
of SWNTSs. They also exposed bacterial cells to SWNTs with or without EPS; biofilms
without soluble EPS in the media were more sensitive to SWNTs, and had greater
biomass loss compared to the group with soluble EPS in the media (Rodrigues and
Elimelech, 2010). Several studies have suggested that EPS interacts with
antimicrobials such as antibiotics and protects the cells by reducing their
concentrations or by preventing their penetration to the biofilm (Sutherland, 2001).

EPS can also protect biofilms from other antimicrobial agents such as heavy metals
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by the binding of metals to various EPS functional groups (Starkey et al., 2004). EPS
of many biofilms contains DNA, RNA and polysaccharides, these polysaccharides are
relatively soluble and produce viscous aqueous solution (Sutherland, 2001). The
viscous layer reduces the transportation of nanomaterials, and thus, reduces the
contact of nanomaterials with the cells inside the biofilms. Therefore, this mechanism

reduces the toxicity of nanomaterials to cells (Rodrigues and Elimelech, 2010).

The anti-adhesion and antibacterial activity of GO coated with silver nanoparticles was
tested against Pseudomonas aeruginosa (de Faria et al., 2014). The GO-Ag
nanoparticles were of 7.5 nm in diameter, the dispersion of GO alone showed no
antibacterial effect on the bacterial cells at different concentrations (0.1-5.0 pg/ml). On
the other hand, the combination of GO with silver showed high biocidal activity on
planktonic cells when used at 2.5 pg/ml. The antibiofilm activity was also studied using
stainless steel surfaces covered with GO-Ag. Results showed that biofilm formation
was completely inhibited, because cells were not able to adhere to the surface. This
was probably due to the Ag* ions release. Ag+ ions penetrate the bacterial cells wall
and interact with proteins containing sulphur. Moreover, silver nanoparticles produce
reactive oxygen species (ROS) under oxidative conditions; leading to DNA damage.
Therefore, the interaction of silver with sulphur and phosphorus may affect the
metabolic pathway and the mechanism of cell division, which leads to the destruction

of the bacterial cell (de Faria et al., 2014).

Combined materials with GO such as polyvinyl-N-carbazole (PVK)-graphene oxide
(PVK-GO) have shown potent antibacterial activity both in two Gram-negative
Escherichia coli and Cupriavidus metallidurans, and two Gram-positive bacteria,
Bacillus subtilis and Rhodococcus opacus (Mejias Carpio et al., 2012). It was

observed that PVK-GO has higher antimicrobial effects on biofilms compared to the
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pristine GO (Table 1.3). When PVK-GO was applied to biofilm, metabolic activity was

significantly reduced in the bacteria, resulting in bacterial death.

Table 1. 3 The loss of biofilms in percentage when exposed to PVK-GO and GO.
Biofilms were grown on PVK-GO and GO surfaces with different concentrations
of GO on agar plates. The measurements were taken by agar plate test (SPT)
and OD (Mejias Carpio et al., 2012).

PVK-GO 30 pg/mL GO 1000 pg/mL
Exposure time 1 h (SPT) 48 h (OD) 1 h (SPT) 48 h (OD)
E. coli 42.1+84 93.6+4.5 196+7.6 67.7+7.9
C. metallidurans | — 95.3+5.2 — 379148
B. subtilis 53.6 £ 5.1 97.0+438 20.8+5.9 60.9+43
R. opacus — 73.3+4.1 — 428 £6.3

Hu et al. (2010) studied the antibacterial activity of GO and reduced GO (rGO) papers
against E. coli biofilm (Hu et al., 2010). It has been demonstrated by the airborne
bacteria test, which is when bacteria are placed on GO or rGO paper in a petri dish
and air-dried before adding media, that after overnight incubation E. coli cells were not
able to grow on GO paper, while very small number of cells grew on rGO. SEM studies
showed that E. coli cells on the GO paper lost the integrity of membranes, resulting in
cell death. The physiochemical characteristics of graphene sheets seem to play a
crucial role on bacterial cell death. However, the results were questioned by Ruiz et
al. (2011). Their study showed that GO did not inhibit bacterial cell growth; on the
contrary, GO actually increased E. coli growth from 1.0 x 108 to 9.5 x 10° cells after 16
-18 h incubation. It was also observed that bacterial growth on GO filters grew two and
three times faster compared with non-GO filters (Ruiz et al., 2011). These results

indicate that GO had no bacteriostatic activity in this experimental system.

Palmieri et al. (2017) studied GO stability and its effects on two bacterial species, S.
aureus and E. coli, in different solutions: H2O, PBS, NaCl, MgCl2 and CaClz. In water,
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the killing efficacy increase when GO concentration increase. While in other solutions,
GO does not affect bacterial growth, this is due to the aggregates that shield GO
edges. When the GO cluster is greater than the bacterial size, GO wraps the bacterial
cell and impedes the growth. Results also showed that lower concentrations of GO in
water, had an antibacterial effect on both species by cutting their membranes.
Conversely, at higher concentrations, GO formed complexes with both species and
either enhanced or inhibited the growth. At higher concentrations, there are different
scenarios. For instance, GO dissolves in water, which means that it has a greater
ability to cut the cell membrane due to the increased number of GO particles coming

into contact with the cell membrane.

Lu et al. (2017) used E. coli with GO in random and horizontal orientations and studied
phospholipid vesicles as a model system and found that the lipid layer was physically
disrupted by GO. Moreover, they studied glutathione, an antioxidant, paired with
reactive oxygen and suggested that oxidation happened through direct electron
transfer (Lu et al., 2017). These mechanisms enhanced the antibacterial activity with

vertically aligned GO stems.

Mokkapati et al. (2018) used B. subtilis and P. aeruginosa to study the antibacterial
effect of GO and rGO, which was applied to LB agar plates, by measuring the bacterial
biofilm area of plate. Results showed that both species were inhibited by rGO but not
GO which showed no any toxicity for both. However, there was a slight reduction in P.
aeruginosa after day 2 and 5 but not at 24h. Previous study showed that P. aeruginosa
can convert GO to rGO (Gurunathan et al., 2013). Therefore, the toxicity of GO could
possibly be due to reduction of GO to rGO; however, because of the lower number of
bacteria at 24 h, it could not convert GO to rGO but this thought has still not been

proven.
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The best understood scenarios of the GO antibacterial mechanisms are (i) damaging
the cell membrane (ii) inducing oxidative stresses (iii) or wrapping the bacterial cells
(Zou et al., 2016). But still the overall efficacy of GO is not fully understood as
described in recent reviews (Zou et al., 2016; Smith and Rodrigues, 2015; Tegou et
al., 2016). Moreover, several studies mentioned GO has no antibacterial impact or

sometimes it even enhances the growth (de Faria et al., 2014; Ruiz et al., 2011).

Furthermore, Combarros et al. (2016) showed the toxicity effect of 0.05, 0.1, 0.25 and
1.0 mg/mL GO on P. putida in two media: rich and minimum media. The growth was
measured over time by OD. The presence of GO had a negative impact on the cells

at all concentrations.

Several studies conclude that GO affects the cell membrane of bacteria (Chen et al.,
2014a; Zhao et al., 2013; Liu et al., 2012a). Gao et al. (2017) demonstrated that
wrapping the bacterial cells with GO causes damage. The study also showed that the
antibacterial effect depends on the species of bacteria and size of GO. E. coli is more

resistant than S. aureus.

Campos-Delgado et al. (2016) tested the impact of GO on E. coli; their results showed
that GO had no impact on bacterial cells with H20 or PBS. Interestingly, Wang et al.

(2011) showed that Shewanella cells can reduce GO to rGO in a normal aerobic setup.
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1.8. Microorganisms of interest

Soil microorganisms are important for recycling mineral nutrients (Johnsen et al.,
2005; Kim et al., 2007). Researchers also showed that microorganisms in soil are key
determinants of soil properties including water holding, soil compaction and erosion
(Gil-Sotres et al., 2005; Winding et al., 2005). Johansen et al. (2008) contend that if
there is an impact of nanomaterial on the existence of microbial communities in the
soil it will then indirectly have an impact on the delicate balance of the ecosystem. The
dispersion of nanoparticles in the natural environment including the associated
biotransformation and bioavailability is still not clear (Peulen and Wilkinson, 2011).
However, there are evidences that bacterial biofilms play a critical role in the binding
and concentration of nanoparticles (Ge et al., 2011). Therefore, bacterial biofilms can
be considered as important elements as a barrier for nanoparticles, and can help to
explain multiple factors including movement, transformation and the effect on the
natural system. Hansen et al. (2007) contend that Acinetobacter sp. and P. putida are
unrelated but commonly coexist together within the soil flora as a mixture when benzyl
alcohol is present. Acinetobacter sp. produces benzoate as a by-product from benzyl
alcohol which can be utilised by P. putida as the carbon source. P. putida and

Acinetobacter sp. were used in this study as model terrestrial bacteria.

1.8.1. Pseudomonas putida
P. putida is an aerobic, Gram-negative, rod-shaped, motile and non-sporulating
bacterium. It is a ubiquitous bacterium found in contaminated soil with hydrocarbons.
This bacterium can degrade several aromatics compounds (Mgller et al., 1998). This

bacterium plays an important role in metabolic activities in the environment, including
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element cycling and degradation of pollutants such as biogenic and xenobiotic
pollutants. It has been used in biotechnology applications, particularly in

bioremediation, biocatalysts and for bioplastics productions (Nelson et al., 2002).

Biofilm formation of this bacterium depends on the motility and adherence. Motility and
chemotaxis play a major role in biofilm formation through MorA, (a membrane-
localized regulator involved in movement and chemotaxis in P. putida). It was shown
that species lacking this regulator were unable to form biofilm (Choy et al., 2004). In
addition, adhesion is enhanced by the production of extracellular DNA through the
TOL plasmid (D’Alvise et al., 2010).

The strain P. putida KT2440 (Hansen et al, 2007) is the best characterised strain-that
has the ability to survive in the environment. It was the first Gram-negative bacteria
that lived in the soil to be certified as generally regarded as safe strain (GRAS). This
bacterium is a preferred host for cloning (Nelson et al., 2002) and biofilm studies

(Hansen et al., 2007; Arevalo-Ferro et al., 2005; Choy et al., 2004).

1.8.2. Acinetobacter sp.
Acinetobacter spp. are aerobic, Gram-negative, coccoid, non-motile bacteria. They
are found in soil, water and on human skin (Juni, 1978). The first description of this
organism was in 1911 when Micrococcus calcoaceticus was isolated from the soil.
Acinetobacter means nonmotile, it was named by Brisou and Prevot in 1954. Scientists
have become increasingly interested in these species due to their ecological and
biotechnological applications. It has been found that some strains of Acinetobacter sp.
are involved in the biodegradation of various pollutants such as toluene, phenol and

benzyl alcohol in the environment (Abdel-el-haleem, 2003).
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The pathway in which Acinetobacter sp. degrade benzyl alcohol involves the two
enzymes benzyl alcohol dehydrogenase and benzaldehyde dehydrogenase Il. The
genes encoding these enzymes are xy/B and xyIC respectively on an operon which is
very similar to the TOL plasmid pWWO0 in P. putida (Gillooly et al., 1998). Benzyl
alcohol transforms into benzaldehyde and finally to benzoic acid mediated by

benzaldehyde dehydrogenase Il

Several mechanisms are involved in the biofilm formation in Acinetobacter baumannii.
These mechanisms include the type IV fimbriae which is involved in the initial
attachment (Eijkelkamp et al., 2011), the excretion of poly-3-1,6-N-acetylglucosamine,
an exopolysaccharide functioning as an intercellular adhesin in biofilm (Choi et al.,
2009) and the biofilm associated protein, which is important to build the 3D form within
the mature biofilm (Brossard and Campagnari, 2012). In addition, it has been observed
that strains containing the b/aPER-1 gene are more adherent and form thicker biofilms
than those strains without this gene. Moreover, the expression of this gene was found

to be correlated with the formation of the biofilm (Brossard and Campagnari, 2012).

1.9. Biofilm production methods

Biofilm model systems are important to understand the mechanisms involved in biofilm
formation and resistance generally; the mechanism of biofilm formation can be studied
in vitro and/or in vivo. The in vitro models will be discussed here, which can be

achieved by closed or open systems.

Microtiter plate-based (MTP) systems such as 6, 12, 24 or 96-well plate are the most

frequently used. In this system, biofilms grow on the bottom and on the walls of the
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plate (Thuptimdang et al., 2015; Mejias Carpio et al., 2012). This is a closed system,
which means that there is no continuous nutrient flow during the experiment. Instead,
media is replaced intermittently. The main advantages of this system are: this system
is relatively cheap, straightforward and requires small volumes of reagents.
Furthermore, large number of tests could be done by using this system, which makes
it suitable for quick screening studies (Niu and Gilbert, 2004). In addition, the
examination of coating materials can be easily performed (Coenye and Nelis, 2010).
The system is ideal for testing multiple parameters such as nutrient content (Marsden
et al., 2017), temperatures, atmosphere and dynamic conditions (Stepanovic et al.,

2003).

In contrast to the closed systems, the open systems allow fresh media to continuously
flow to biofilms. Several devices were used to study biofilms in open systems. These
models try to mimic the biofilm behaviour, which allows testing of different conditions.
In addition, they have been used to achieve a diversity of goals in laboratories such
as modelling biofilm formation (Miller et al., 2013), study the biofilm in drinking water
mains (Chang and Craik, 2012) or biofilm formation in the dairy industry (Willcock et

al., 2000).

1.9.1. Annular Reactor

The annular reactor or Rototorque has been used for several decades to develop
biofilms (Fang et al., 2010; Zhou et al., 2009; Chang and Craik, 2012). This reactor
consists of two cylinders, external (static) and internal (rotating) cylinders (Fang et al.,
2010). The inner cylinder holds coupons where biofilms grow, and the rotation of

cylinder controls the shear stress (Figure 1.2).
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Furthermore, this reactor was also used to study the impact of temperature on biofilm
development. Pintar and Slawson (2003) have studied the impact of different
temperatures and concentrations of chloramine residual on ammonia oxidizing
bacteria biofilms. Results showed that biofilms were developed at all temperatures (6,
12, 22 C°) but the chloraminatin inhibited biofilms at lower temperature during 5 weeks
monitoring. Similar studies also showed that temperature and nutrient levels are

important and should be considered (Ndiongue et al., 2005).

Inlet of medium

Pump

Outer cylinder

Inner cylinder

Sampling
coupons

Medium j

Outlet of medium

[

Figure 1.2 Diagram of the annular reactor

1.9.2. Concentric Cylinder Reactor (CCR)
This reactor was applied to study biofilm formation in dairy industries (Willcock et al.,
2000). It consists of four rotating cylinder pipes and four stationary cylinder chambers
(Figure 1.3). Different shear rates can be applied in this reactor in the same inoculating
community (Willcock et al., 2000). Rickard et al. (2004) used the CCR to study drinking

water biofilms and to describe the effects of different shear forces on biofilm formation
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and its effects on microbial diversity. Different diameters were used at rotation speed
of 43 rpom and provided different shear rates. The study showed that shear rates

affected the biofilm diversity and the aggregating of bacteria.

Bacteria-proof bearing
Drive shaft

Top plate supporting four
stainless steel rotating cylinders

~—————  Stainless steel cylinder

Medium

Colonisation surface

Collection chambers

Media output
Media input ———— | Sampling port

Injection septum

Figure 1.3 Cross sction of the CCR from Willcock et al., 2000

1.9.3. Propella Reactor
The propella reactor is commonly applied to study water biofilms (Dailloux et al., 2003;
Gosselin et al., 2013; Lehtola et al., 2006). It is composed of two cylinders in which
the propeller pushes the liquid down through the inner tube and then up through the
annular section between both cylinders and the sampling coupons are placed on the
outer cylinder facing the inner tube (Figure 1.4). The flow rate is controlled by the
rotation speed of the propeller (Gomes et al., 2014). Pathogenic bacteria such as E.
coli, Legionella pneumophila and Mycobacterium avium grown on polyvinyl chloride
(PVC) coupons can survive under high shear turbulent flow conditions by using 2.3 L

propella reactor with a flow rate of 183 ml/min (Lehtola et al., 2007).
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Figure 1.4 Cross section of the propella reactor

1.9.4. Flow Cell System
The flow cell system can be used for modelling biofilm formation in real-time non-

destructive confocal laser scanning microscopy (CLSM).

The system operates under continuous flow conditions. Therefore, the medium is
pumped from the medium supply though a bubble trap, where the air bubbles within
the fluid rise up so that only air bubble-free medium is transported to the flow cell,
using a peristaltic pump (Figure 1.5). The biofilm growing within the flow cell is
provided with nutrients and oxygen continuously. Biofilm are developed after the
attachment of the bacterial cells in a surface. To observe the evolution of biofilm, the
surfaces that are used for this system are usually transparent and non-fluorescent

coverslips. The microscopic analysis is carried out by the CLSM (Macia et al., 2014).
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Figure 1.5 Diagram of the cell flow system

1.9.5. Rotating Disc Reactor (RDR)
The reactor is composed of a tank with a disc that rotates the fluid and holds several
coupons (Figure 1.6). Similar to CCR, the shear forces depend on the location of
coupons in the reactor and the rotation speed. However, the entire disc rotates in the
fluid; each radial position has variable hydraulic shear stress, which enables

simultaneous formation of biofilms under different hydrodynamic conditions (Gomes

et al., 2014).
P
-l >
Vessel | — Rotating disc
Inlet of medium{@—— coupon
Medium —F—» —_» Outlet of
’:U medium
SN— A

Figure 1.6 Diagram of the RDR

45



1.9.6. CDC Biofilm Reactor (CBR)

The Centre for Disease Control (CDC) reactor is composed of a one litre glass vessel
with a polyethylene top holding eight removable polypropylene rods. These rods hold
three removable coupons where biofilm is developed on a total of 24 coupons (Figure
1.7). These coupons can be composed from different materials such as polycarbonate,
porcelain, mild steel, stainless steel, glass, etc. The mixing is provided by a baffled
magnetic stir bar, which gives coupons a consistent shear. The shear force can be
controlled by the rotation speed. The reactor operates a continuous flow system, which
means that medium is continuously pumped into and flows out of the reactor at the
same rate. The CBR is a reliable experimental tool to study biofilm development by
various organisms (Goeres et al., 2005; Coenye and Nelis, 2010). CBR is suitable to
grow Pseudomonas aeruginosa biofiim. The large volume used in the reactor
(approximately 500ml) makes it less accurate to assess the effect of antimicrobial
agents, because in this case, large volumes of reagents will be required to get the
desired concentrations (Thuptimdang et al., 2015). CDC bioreactor was used in this

thesis.
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Chapter 2. Preparation and Characterization of Graphene

Oxide

2.1. Abstract

Graphene oxide (GO) can be defined as few layers of graphene sheet with oxygen -
groups attached to its surface. In this chapter, GO was synthesised from graphite
flakes using the modified Hummers-Offeman method. The structural, optical and
chemical properties of the GO were characterized by transmission electron
microscopy (TEM), atomic force microscopy (AFM), Raman microscopy, Fourier
transform infrared spectroscopy (FTIR), UV-Visible spectrometer (UV-Vis), X-ray
photoelectron spectroscopy (XPS) and charge through zeta potential. The existing of
GO was initially confirmed using Raman Spectroscopy by the presence of the
characteristic G and D bands (1583 cm™', 1328 cm™, respectively). TEM and AFM then
confirmed the thickness of the GO sheets to be between 1.6 and 2 nm suggesting 1-
2 sheets. It was also confirmed that GO was negatively charged (— 36.4mV) and FTIR
technique confirmed the presence of oxygen-containing functional groups (hydroxyl
and carbonyl). The carbon to oxygen ratio was 2:1 as determined by XPS. Therefore,
ultrapure GO was prepared and characterised using multiple techniques and will be

discussed in this Chapter.
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2.2. Introduction

Graphene consists of a thin flat monolayer of carbon atoms tightly packed into a two-
dimensional (2D) honeycomb lattice (Geim and Novoselov, 2007; Jamialahmadi et al.,
2018). Attention to graphene has been recently increased, due to its fascinating
physical and mechanical properties including its unique electronic (Oh and Zhang,
2011) and biomedical applications (Bitounis et al., 2013). Moreover, graphene sheets
are difficult to distribute homogeneously in water and display weak interaction with
organic solvents (Johnson et al., 2015). As a result, genuine composites with desirable

properties cannot be generated (Wu et al., 2018).

Unlike graphene, graphene oxide (GO) can be synthesized in a dry or wet medium
(Pendolino and Armata, 2017). The dry synthetic methods consists of oxidation
reaction of graphene through atomic oxygen in ultrahigh vacuum (Hossain et al.,
2012). In the wet method, graphite is used as a graphene source because of the low-
cost and its natural abundance (Pendolino and Armata, 2017). There are two main
approaches to produce GO. The first method starts with a mechanical approach to
synthesize graphene followed by further oxidation (Bosch-Navarro et al., 2013). The
other method requires oxidation and exfoliation process with strong acids as found in
Brodie (Brodie, 1859), Staudennmaier (Staudenmaier, 1898) and Hummers methods
(Hummers and Offeman, 1958). All these approaches can synthesize GO, however,
the structural properties of the GO produced by each method are different (Rodriguez-
Pastor et al., 2015). The most commonly used method to produce GO is the Hummers’
method and there are many modifications in this method to improve on the yield and

purity of the produced GO (Ali-Boucetta et al., 2013; Huang et al., 2011).
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Herein, pure GO was synthesized from graphite flakes through the modified Hummers’
method (Ali-Boucetta et al., 2013). The synthesized GO was characterized in terms of
its purity, chemical structure and morphology by various methods including: TEM,

AFM, Raman, FTIR, UV-Vis, XPS and zeta potential.

2.3. Methodology

2.3.1. Synthesis of graphene oxide
GO was prepared by a modified Hummers-Offeman method (Hummers and Offeman,
1958) as described by (Ali-Boucetta et al., 2013) with small modification in incubation
times. Simply, 0.2 g of natural graphite flakes from Sigma Aldrich was mixed with 0.1
g sodium nitrate (NaNO3) and 4.6 mL of 96% sulphuric acid (H2SO4) slowly in a 125
mL conical flask and placed in an ice bath using a magnetic stirrer and stirred for 20
min with a speed of 150 rpm. A thermometer was used to monitor the temperature
throughout the process and to keep it below 5 °C. 0.6 g of potassium permanganate
(KMnOQO4) was added gradually to the mixture as shown in Figure 2.1. The resultant
reaction mixture was taken out from the ice bath and kept at room temperature while
stirring for 30 min until the mixture started thickening and turn to dark green paste at
a speed of 100 rpm. In the next step, 9.2 mL of deionized water was slowly added
and the paste was stirred manually. Temperature rapidly raised to approximately 50°C,
using a hot plate to maintain temperature around 95°C to 100°C for 60 min followed
by further dilution of with 28 mL warm water. 3 mL of 30% hydrogen peroxide (H202)
was then added to the mixture to stop the oxidation process (Huang et al., 2010) and
reduce the residual permanganate, manganese dioxide and manganese heptoxide to

soluble manganese sulphate.
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Figure 2.1 Schematic diagram shows the exfoliation of GO from graphite with
Hummer’s Method (Zuo et al, 2013).

The purification process was carried out with several centrifugation steps under sterile
conditions. The mixture was transferred to a 50 mL falcon tubes and vortexed for a
few seconds. Each tube was washed with 20 mL warm sterile water in a biological
safety cabinet. Then each tube was vortexed and centrifuged at 6,650g for 25 min at
40 °C. After centrifugation, the pellet was separated from the supernatant by
decantation. This process was carried out 2-3 times. The pH of the supernatant was
checked using pH paper after each wash, as it gradually becomes less acidic and
more colourless. When the pH value of the discarded supernatant is approximately 3-
4, the washing step was repeated with cold water, and the centrifuge was set at 20°C
with the same speed. When pH > 6, GO appeared in the form of a brown/golden
viscous layer on top of the rest of the oxidation by-products. The appearance of this

layer when pH > 6 represented the final washing step.

To collect the GO from the pellet, warm water was added gently to the tube and it was
then shaken manually to suspend the GO. This step was repeated several times. A
cell strainer, a sterile nylon filter with micron pores of 40 ym, was also used to remove
any impurities such as graphite particles from the GO dispersion. The mixture was

then transferred into a sterile tube. To determine the concentration of the brown/golden
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layer of GO, 1 mL was transferred into a glass vial and was dried at 40°C for 48 h.
According to the weight of the dry product; the concentration of the original suspension
was detected. The single layer sheet of GO is achieved by sonication using a water

bath for 2 h.

2.3.2. Transmission Electron Microscopy (TEM)
The lateral size of GO sheets was measured using an electron transmission
microscope (TEM). A volume of 5 yL of GO (10 ug/ml) was placed on a grid covered
with support of Formvar/carbon film, air dried, and examined under a TEM (JEOL
2100EX model) to obtain higher resolution images with an operating
voltage ranging from 40 to 120 keV using an LaBe filament. The lateral sizes

distributions of more than 60 GO sheets were measured using ImageJ software.

2.3.3. Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) was used for characterizing the morphology and
thickness of individual GO sheets. A volume of 10 uL of the sonicated GO dispersion
was transferred onto a silicon surface (due to its smooth surface) and dried at 40 °C
for 20 min and the surface morphology of GO was characterized using an AFM
NanoWizard Il AFM (JPK, UK) in contact mode at a 512 x 512 scanning resolution by

JPK Nano-wizard 2 software, with a scan area of 20 ym x 20 pym.

2.3.4. Raman spectroscopy
Raman spectroscopy was used to identify the chemical properties of GO. The Raman
spectra of GO was recorded after preparing the aqueous dispersions and dried on a
microscope glass by evaporating the solvent in oven. Results were recorded by 100x

objective and excitation was provided by a He-Ne 633 nm laser using Renishaw inVia
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Raman spectrometer with WIRE 3.1 software and an average of 3 locations were

measured.

2.3.5. Fourier-transform infrared (FT-IR) spectroscopy
Fourier-transform infrared (FT-IR) spectroscopy was employed to determine the
functional group on the surface of the GO. For the transmittance readings, the GO
samples were ground and mixed with KBr at a 1:9 ratio (w/w). This mixture (0.1 g) was
then compressed into a thin KBr disc under a pressure of 0.4 bar for 3 min. The disc
was placed for 10 min in the FT-IR spectroscopy before starting the analysis to reduce
the interference of water molecule from the air. FT-IR spectra were obtained on a
Nicolet 6700 spectrometer and the range of the spectrum was from 4000 to 500 cm""’
at a resolution of 4 cm™'. After running the sample, data were collected by signals and

each of the peaks are characteristics of different vibrational modes on molecules.

2.3.6. UV-Visible spectrophotometer (UV-Vis)
The absorbance and spectra of GO dispersion was determined using UV-Visible (UV-
Vis) spectrophotometer. The UV-Vis absorption spectra were recorded on a Varian
Cary 50 Bio spectrophotometer equipped with an integrating sphere accessory for
diffuse reflectance spectra over a range of 200-900 nm. The collected data was then

analysed using the Cary Win UV software.

2.3.7. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) was used to determine the elemental
contents and the C/O ratio of the GO. An aliquot of 100 uL of GO dispersion was added
five times throughout a day onto a mould placed in an oven at 60 °C for three days to
create a solid disk with dimensions of approximately 7 x 7 x 3 mm. Data were collected

using an Omicron Multiprobe. The measurements were conducted in the main analysis
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chamber using an XM1000 monchromatic Al Ka x-ray source (hv = 1486.6 eV) at room
temperature. The photoelectrons were detected using Sphera electron analyser
(Omicron Nanotechnology) using a step size of 0.5 eV and pass energies at 50 eV.
Selected high resolution core level spectra recorded using a step size of 0.1 eV and
pass energies of 10 eV (resolution approx. 0.47 eV). All binding energies were

corrected with reference to the C-C/C-H bond at 284.6 eV during data analysis.

The data was analysed with CasaXPS package and Shirley background, and were
fitted according to the mixed Gaussian—Lorentzian (Voigt) line-shapes components
and asymmetry parameters where appropriate. Calibration of the binding energies was
achieved using the Fermi-edge of polycrystalline Ag sample, measured immediately
before starting the measurements. The transmission function of the spectrometer was
calibrated using a variety of clean metal foils to ensure compositional accuracy. This
work was done at the Warwick Photoemission Facility at University of Warwick with

the help of Dr. Marc Walker.

2.3.8. Zeta Potential measurements
GO dispersion (60 pg/mL) was injected in a universal folded capillary cell (Model DTS
1070, Malvern Instruments Ltd, UK) equipped with platinum electrodes and a folded
capillary, ensuring that air was removed. The electrophoretic mobility (EM) at 150V of
the suspended GO particles was then measured at 25 °C using Malvern ZetaSizer
Nano ZS (Malvern Instruments Ltd, UK), which uses the scattering of incident laser
light to detect the GO particles at relative low magnification. The instrument was
calibrated using the {-potential transfer standard (DTS1235) which has a {-potential
of -42mV 14.2mV. The mobility of the GO particles under the applied voltage was

converted to the {-potential using the Henry equation and reported as the average and
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standard deviation of measurements made on three freshly prepared samples, with

each sample analysed in triplicate.

2.4. Results and discussion

2.4.1. Synthesis of graphene oxide
GO samples were synthesis from graphite flakes using the modified Hummers and
Offeman’s method as described by Ali-Boucetta et al (2013). This method differs than
the original one in that it involves further purification and centrifugations steps in order
to purify the GO from the other unreacted graphite contaminants and the poorly
soluble oxidised by-products (Ali-Boucetta et al., 2013). The GO prepared by this
method critically depends on the separation of a brownish/golden gel layer (GO) from
a thick black sediment (impurities) (Figure 2.2). GO layer appeared when pH became
neutralised after several washings. The GO was well dispersed in aqueous colloidal
suspension and was stable for more than six months as shown in Figure 2.2C and D
due to the hydrophilic functional groups on the GO surface such as epoxy, carboxyl

and hydroxyl group (Liu et al., 2011).

Figure 2.2 Graphene oxide purification steps (washings) before (A) and after (B)
separating from graphite. The arrow in (A) represent the GO layer. (C) Image of
fresh GO and (D) image of 6 months old GO

To accurately determine the concentration of GO from this method, the sample was

dried at 40°C for 48 h. The achieved yield was about 58.5% (vs graphite), which is
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higher than the yield achieved by other studies which had 17.5% (Jasim et al., 2016)

and 22.4% (Ali-Boucetta et al., 2013).

2.4.2. Structural properties
The morphology of GO was studied by transmission electron microscopy (TEM) and

atomic force microscopy (AFM).

After the synthesis of GO, the purified GO was sonicated for 10 or 120 min to obtain
two different sizes as shown in Figure 2.3A and Figure 2.3B. The sonicated GO
sheets show average sizes between 400-600 nm (38.5%) or 100-200 nm (62%) of the
total GO sheets count and sonicated for 10 or 120 min, respectively (Figure 2.4). The
images also show flake like structures as sheets and it was really challenging to obtain
their dimension. This is due to the irregular boundaries of the GO sheets. These

structures exhibit wrinkled GO sheets as shown in Figure 2.3C.

Figure 2.3 Structural characterization of GO using TEM. (A) TEM shows the GO
sonicated for 10 min (GO10) and (B) GO sonicated for 120 min (GO120) (C)
wrinkled GO sample.
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Figure 2.4 Size distribution of GO as determined by TEM and analysed using
imageJ software. GO-120 were sonicated for 10 min. GO-120 were sonicated
for 120 min. The Y axis represent the number of GO sheets counted and X

axis shows the lateral dimensions (um).

The morphology of GO was characterized using TEM. Graphite has a high degree of
crystallinity and it contains multi-layers, around 10-20 layers according to the edge
width and transparency under TEM (Rodriguez-Pastor et al., 2015). After the chemical
oxidation of graphite, the number of layers reduces to few layers. Comparing this
method with other methods such as Brodie and Staudenmaier, mono or bi-layer sheets
could not be achieved and the sample were non-exfoliated. Rodriguez-Pastor et al.
(2015) studied four methods to oxidize graphite; Hummers and Offeman (involving
KMnO4/NaNO3/H2S0O4), modified Hummers and Offeman (involving KMnO4/H2SO4),
Brodie (involving KCIO3 and HNO3) and Staudenmaier (involving KCIO3, H2SO4 and
HNO:3). They found that a high yield of monolayer was achieved when using NaNOgs in
the reaction. Huang et al. (2011) reported a large lateral dimension of GO reached up
to 120 um and an area of approximately 8000 um?. Based on their findings a possible
reason for large GO sheets is a complete oxidation of graphite. Another possible
explanation for the large GO sheets is that the reaction was carried out for three days
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at room temperature compared with Hummer's method that took 2 h. It has been
reported that high temperature reduced the size of GO within the oxidation step

(Huang et al., 2011; Zhao et al., 2010).

The thickness of GO was then analysed by AFM (Figure 2.5). A two dimensional line
profile recorded along the blue line of Figure 2.5C is demonstrated in Figure 2.5D.
The height profile showed ~1-2 nm layer thickness which confirms the presence of
single GO layers (Figure 2.5D). However, single and multiple GO sheets can also be

differentiated form the optical contrast in the bar of the AFM images. The whitish colour

in the top shows the thicker layers. Figure 2.5B shows the sharp edges of the GO.
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Figure 2.5 AFM of GO sheets. (A) shows a top view of GO sheets on silicon wafer (B)
high-resolution image of a single GO sheet showing the sharp edges of GO (C)

and (D) a cross-section analysis along the blue line of GO.
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The results show that GO was thicker than theoretical graphene sheet 0.34 nm (Kano
et al., 2017). This is because of pristine graphene has no functional group. Graphene
sheets with 10 layers is considered as a graphene while less than that it will be
considered as an ultrathin graphite (Jasim et al., 2016).Most studies reported a wide
range of GO thickness for a single layer average of 0.7-1.2 nm (Mukherjee et al.,
2016), 1.2 -1.3 nm (Rathnayake et al., 2017), 1.5 £ 0.3 nm (Chu et al., 2018), 1.2 nm
(Huang et al., 2011) 0.8 =1.2 nm (He et al., 2015a) and 1.4 nm (Perreault et al., 2015).
These results are in agreement with ours 1.6-2.0 nm. The reason for these differences
is not clear but it may have something to do with the time of the graphite exfoliation.
The longer exfoliation the thinnest GO sheets. These results are similar to those
reported by other studies (Ali-Boucetta et al., 2013; Shao et al., 2015; Gao et al.,

2017).

Initially, the Raman scattering of GO was compared to that of graphite in the region
of 1000-3000 cm™* after excitation at 633 nm (Figure 2.6). As shown in Figure 2.6,
both GO and graphite shown a clear D and G bands which are around the wavelength
of 1360 and 1560 cm™, respectively (Sur et al., 2016; khan et al., 2017). The presence
of the D & G bands is a clear confirmation of the existence of poly-aromatic
hydrocarbons and defects at the aromatic rings surface (Ferrari et al., 2007; Eda and
Chhowalla, 2010). The G band is attributed to the sp? bonded carbon regions while
the D band reflects the disorder and the defects in the crystalline structure (Perreault
et al., 2015). It has been reported that 2D band corresponds to the number of layers
of graphene sheets and their relative orientation (Lopez-Diaz et al., 2017). Some
studies reported that GO has a low 2D intensity because GO has 1-2 sheets of
graphene therefore it is common to have a reduced 2D intensity in GO compared to

graphite (Lopez-Diaz et al., 2017).
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Figure 2.6 Raman spectra with D, G and 2D-band after the oxidation an exfoliation
processes for graphite and GO. The spectra correspond to an exciting laser
wavelength of 633 nm laser. GO and graphite both exhibited the D and G-band.

2.4.3. Chemical properties
In order to understand further what functional groups gave rise to the negative charge
of GO, FTIR was used to further probe the GO surface. Figure 2.7 illustrates the FTIR
spectra of GO and highlights the presence of multiple oxygen functionalities at the GO
surface which aligns with the attributed negative charge and confirms the successful
isolation of GO. The sample shows a broad band around 3405 cm-', which correspond
to the hydroxyl group O-H stretching. The peak around 1729 cm™' corresponds to a
carbonyl group while the peak around 1640 cm™ is an aromatic ring with carboxyl
substitution (Jasim et al., 2016). While the peak around 1450 cm' represents C=C
bonds (Tucureanu et al., 2016). The absorption at 1383 cm™', represents to a C-OH

stretching groups (Herrera-Alonso et al., 2007).
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Figure 2.7 The FTIR spectra of GO in the full range of wavenumbers.

The UV-vis spectrum of the GO confirms its strong absorption peak at 235 nm as
shown in Figure 2.8 which is due to the transition of = to =* of the aromatic C=C bonds.
In addition there is a weak broad absorption band (shoulder peak) around 300 nm
which highlights transitions of C=0O bonds. Together these confirm the oxidation of

graphite and is in agreement with the literature (Ali-Boucetta et al., 2013; Jasim et al.,

2016).
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Figure 2.8 UV-Vis absorption spectra of GO exhibits a maximum
absorption peak at about 235 nm, corresponding to the transition

of mto n* of C=C bonds.

To further analyse the surface and chemical content of GO, XPS analysis was
performed. The carbon to oxygen ratio (C:O) was found at 2:1 correlates very well
with the literature (Bianco, 2013, Hummers & Offeman 1958). As shown in Figure
2.9A and Table 2.1, carbon and oxygen are clearly the main elements in the GO
sample with (68.845 and 30.54 %), respectively. A minimal percentage of sulphur and

nitrogen were detected (0.48 and 0.13 % respectively).
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Table 2. 1 Atomic composition data from XPS analysis

Elements %AT Concentration average of 3

replicates
C1s 68.845
O1s 30.54
S2p 0.4825
N1s 0.1325

In addition, the carbon chemical states show information about the surface chemical
composition of GO. Figure 2.9 B shows the C1s spectra of GO. The lower binding
energy at 283.5 eV represents the sp? carbon bond C-C in aromatic rings (Cheng et
al., 2013). The double bonds between carbons C=C showed at 284.6 eV. While the
carbon peaks at 286.7 and 288.3 eV represent C=0 and O-C=0, respectively. These
assignments agree with the literature (Cheng et al., 2013; Sarawutanukul et al., 2018).
The C=0 groups mainly arise from ketones which present on the edges of GO sheets

but may also be bound to the sheets as carbonyl (Song et al., 2014).

Moreover, the Os1 spectra in Figure 2.9 C shows information about the oxygen states
on the surface of GO. Three components are found at 532.3, 531.2 and 533.3 eV
corresponding to COO (531.2 eV), C=0 (532.2 eV) and OH (533.3 eV) (Geng et al.,
2013). While the OH could be due to water vapour that covers the sample surface
from the environment or from the oxidation process of graphite, it is clear that the

carbonyl C=0 group was the most dominant group formed within the oxidation.

63



2.4.4. Surface charge
The surface charge of GO was determined by zeta potential analysis. The zeta

potential GO in water was found to be — 36.4 mV as shown in Figure 2.10 and indicate

that GO is negatively charged.
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Figure 2.10 Shows the surface charge data of GO expressed as Zeta potential values
from Zetasizer {=-34.6 * 0.9 mV. Values are mean * SD; n=3

The GO dispersions in this study had a highly negative charge because of the oxygen
group was added on the surface. Oxygen-containing functional groups present on GO
particles make them highly hydrophilic (Kashyap et al., 2014).This confirms that acid

treatment places oxygen-containing functional groups on the graphene surface

(Manafi et al., 2017).
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In conclusion, highly purified GO sheets were prepared through the exfoliation of
graphite flakes using the modified Hummers’ method. The structural, chemical and
optical properties of GO were characterized by TEM, AFM, Raman spectroscopy,
FTIR spectroscopy, UV-vis, XPS and Zeta potential. GO of 1-2 layers was prepared
and confirmation of GO identity was achieved using a range of characterisation
techniques. The presence of oxygen groups on the GO sheets gave it an overall
negative charge. In the next chapter, the effect of the prepared GO will be tested

against planktonic cells and biofilms.
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Chapter 3. Antibacterial Effect of Graphene Oxide (GO)

against Bacterial Biofilms of Variable Age

3.1. Abstract

GO has been reported to possess antibacterial activity, therefore, its accumulation in
the environment could affect microbial communities such as biofilms. The
susceptibility of biofilms to antimicrobials is known to depend on the stage of biofilm
maturity. The aim of this chapter was to investigate the effect of GO nanoparticles
(NPs) on Pseudomonas putida KT2440 and Acinetobacter sp. NCIMB 8250 biofilm of
variable age. Biofilms varying in maturity (24, 48, and 72 h) were formed using a CDC
reactor and were treated with GO (85 ug/mL or 8.5 ug/mL). The viability of both strains
was monitored by culture on media and the bacterial membrane integrity was
assessed using flow cytometry and staining with propidium iodide (Pl). Biofilm
biomass and thickness were observed using confocal microscopy combined with
SYTO 9 and PI staining while SEM investigated morphological changes of bacteria
cells. In contrast to previous studies showing no susceptibility or enhancement of
biofilm growth in response to GO, our results showed that GO significantly reduced
the viability of 48 h P. putida biofilms while the viability was not affected in 24 and 72
h biofilms. Acinetobacter sp. showed the reduction at 72 h but not at 24 or 48 h. The
membrane integrity of P. putida cells from 48 h biofilm was compromised and P. putida
cells showed flattened morphology indicative of cell membrane damage. Interestingly,
P. putida cells detached from 48 h biofilms and cells detached from Acinetobacter sp.
biofilm at 72 h showed susceptibility to GO. No antibacterial effects were observed in

planktonic cells. The results showed that susceptibility of biofilms to GO varied
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according to age which may be due to changes in the physiological state of the cells

during maturation.

3.2. Introduction

Since the discovery of GO, it has shown promising applications in various areas in
industry used as metal free catalysts for degradation of organic matters in water and
can be used in polymer membranes for water purification and medical cloths for wound
disinfection, and also coating of silicone tubes of catheters to prevent biofilm formation
(Wang et al., 2013; Zheng et al., 2018). Such applications may increase the release
of non-biodegradable GO into the environment posing risks of biological toxicity (Guo

and Mei, 2014).

In comparison to rGO, GO contains more reactive groups that interact strongly with
bacteria by covering cell surfaces, and thus presents higher antibacterial activity (He
et al., 2015b; Liu et al., 2012b, 2011; Gurunathan, 2015; Hui et al., 2014). Previous
mechanisms suggested for the antibacterial activity of GO include oxidative stress
(Mangadlao et al., 2015; Perreault et al., 2015), trapping of bacterial cells within GO
sheets (Yadav et al., 2017), cell membrane damage by the sharpened edges of GO
sheets (Gao et al., 2017), and electron transfer from microbial membranes to GO (Li
et al.,, 2014). Nevertheless, there is contradiction in the literature as some studies

suggested that GO has no antibacterial activity (Bianco, 2013).

In nature bacteria attach themselves to surfaces to form communities known as
biofilms by generating extracellular polymeric substance (EPS) mainly consisting of
polysaccharides, proteins, and nucleic acids. In the environment biofilms actively
participate in organic matter decomposition and biogeochemical cycling, being a key

component of ecosystem functioning (Balcazar et al., 2015). Since environmental
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biofilms affect crucial ecosystem processes it is important to understand the effect of
GO accumulation on biofilm growth and survival. In agueous environments GO can
be sustained as homogenous colloidal suspensions (Zhao et al., 2010). Studies have
reported that GO decreases bacterial activity and viability in soil (Jamialahmadi et al.,
2018; Gurunathan, 2015). The presence of GO in activated sludge reduced the
metabolic activity and viability of bacteria and inhibited their essential microbial
functions needed in activated sludge processes such as removal of organic matter
and nutrients including nitrogen and phosphorus (Ahmed and Rodrigues, 2013).

These studies showed that GO has a negative impact on environmental bacteria.

There are four main stages that occur dynamically during biofilm formation: planktonic
cells; attachment (reversible and irreversible); maturation (micro- and macro-colonies
along development of EPS); and dispersion (Monds and O’'Toole, 2009). Cells in each
stage are physiologically different to cells in the other stages (Bester et al., 2005).
Moreover, biofilms at different stages of maturity showed different susceptibility to
antibiotics (Tré-Hardy et al., 2009), sanitizers (Shen et al., 2011) and silver nano-

particles (Thuptimdang et al., 2015).

The presence of EPS makes the biofilm resistant to detergents, antibiotics and other
chemicals as it protects the interior of the community (Hall-Stoodley et al., 2004). The
removal of the EPS matrix has enhanced the antibacterial activity of rGO against E.
coli biofilms suggesting that the presence of EPS protects the cells (Guo et al., 2017).
There is controversy in the literature regarding the effects of GO on biofilms. The
growth of E. coli biofilms was inhibited on GO coated surfaces (Mejias Carpio et al.,
2012; Yadav et al., 2017). In contrast, Guo et al., (2017) reported that the formation of

E. coli biofilm was enhanced in the presence of GO. E. coli and Bacillus subtilis biofilm
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formation was encouraged at low concentrations of GO while it was inhibited at high
concentrations of GO (Song et al., 2018). Furthermore, there are many factors that
determine the antibacterial activity of GO including the size of GO sheets (Liu et al.,
2012b; Yadav et al., 2017), purity of GO dispersion (Barbolina et al., 2016), bacterial

species(Gao et al., 2017; Yadav et al., 2017) and growth media (Hui et al., 2014).

Studies that investigated the impact of GO on biofilms were limited to GO-coated
surfaces which do not reflect GO within environmental systems i.e. colloidal
suspensions. Moreover, studies that assessed the development of biofiims in the
presence of a GO colloidal suspension have either reported no susceptibility or
enhancement of biofilm growth. The aim of this study was to investigate the
susceptibility of biofilm to GO at different stages of maturity, based on P. putida
KT2440 and Acinetobacter sp., both of which are well-characterised bacteria and are
known to be effective biofilm-producers. High and low concentrations of GO were

tested assuming low and high accumulation.
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3.3. Materials and methods

3.3.1. Materials
Phosphate buffered saline (PBS) pH 7.45, tryptic soy agar (Oxoid Ltd. CM0131) and
broth (Oxoid Ltd. CM0129) were purchased from Fisher Scientific (United Kingdom).
40g of TSA and 30g TSB powder were dissolved in 1000 ml dH20 then autoclaved for
15 min at 121°C to prepare media. Stains SYTO 9 and propidium iodide (Pl) were

purchased from Thermo Fisher Scientific (United Kingdom).

3.3.2. Synthesis of Graphene oxide
The GO preparation and the characterisation is described previously in section 2.3.1.

GO-120 was used thought this chapter (section 2.4.2; figure 2.4)

3.3.3. Preparing GO-coated surface
To test the antibacterial activity of GO-coated surface, 300 uL of 85 pg/mL GO was
added to sterilized stainless coupons and were air dried. Coupons where then placed

in CDC bioreactor with P. putida then were sampled every 24 for three days.

3.3.4. Biofilm formation using CDC reactor
Pseudomonas putida KT2440 and Acinetobacter sp. NCIMB 8250 were stored in -
80°C with glycerol and were streaked on TSA and incubated at 30°C for overnight.
From the overnight culture, one colony was transferred in 100ml of TSB and incubated
for 24 h at 30°C shaking at 150 rpm. This procedure has been done twice. maintained
on TSA plates at 4 °C. Cells were transferred into 100 ml of TSB, incubated at 30 °C
for 24 h shaking at 150 rpm. Stationary phase cells were harvested by centrifugation
(10,0009 for 10 min), washed and resuspended in phosphate buffered saline (PBS) to

inoculate the CDC reactor.
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A sterile CDC reactor (model 90-2, BioSurface Technologies, Bozeman, MT) CRB
vessel containing 500 mL of sterile TSB (300 mg/mL) and with 24 polycarbonate
coupons was inoculated with both species P. putida and Acinetobacter sp. cells (108
CFU/mL) separately, and stirred at 125 rpm at 25 °C for 24 h providing a batch stage
for cells to attach to the coupons. The temperature was maintained at 25 °C using a
water bath and a silicon tube blanket. Continuous-flow was operated by connecting
the vessel to a 20 L TSB (100 mg/mL) and an empty carboy for feeding and waste
respectively. Sterile medium was pumped into the vessel at a rate of 11.67 + 0.2
mL/min using a peristaltic pump (Watson Marlow Inc., Wilmington, MA). Eight coupons
upwere sampled every 24 h and washed with PBS. The removed rods were replaced

with blanks to maintain hydrodynamic conditions within the bioreactor.

3.3.5. Viability of P. putida and Acinetobacter sp. after treatment with GO
Biofilms on coupons from the CDC reactor at 24, 48 and 72 h were incubated with
either 4 mL of sterile de-ionised water (control) or 4 mL of 85 pg/mL GO at 25 °C for
24 h under shaking at 80 rpm. For cell counts, the coupons were vortexed for 30
seconds and then bath sonicated (40 kHz) for 30 seconds, three times. Bacterial
counts were determined in PBS using the Miles & Misra technique (Miles et al., 1938).
Each dilution was plated in triplicate on TSA agar and incubated at 25 °C for 48 h and

colonies were counted. Each experiment was conducted in triplicate (N = 3).

The effect of GO was studied on free-floating cells detached from biofilms and was
compared to control planktonic cells. Coupons were vortexed and sonicated as
described above at 24, 48 and 72 h and the detached cells were incubated with either
4 mL of sterile de-ionised water (control) or 4 mL of 85 ug/mL GO at 25 °C at 80 rpm
for 5 days. The bacterial counts (CFU/cm?) were determined on each day as described

above and each experiment was conducted in triplicate (N = 3). For planktonic cells,
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200uL of 108 CFU/mL were inoculated in 4 mL dH20 or 85ug/mL GO and incubated

the same condition of free-floating cells detached from biofilms.

3.3.6. Scanning electron microscopy (SEM)

The morphological changes to the membrane of P. putida cells were observed using
a scanning electron microscope. Cells were mounted on a stub and coated with gold-
palladium alloy (100A and 50A thickness respectively) sputter module in a vacuum
evaporator in argon atmosphere in order to minimize surface charges and increase
resolution. The samples were observed under a Quanta 3D FEG dual-beam FIB-SEM

microscope operated at 15kV.

3.3.7. Confocal microscopy analysis

Coupons of P. putida and Acinetobacter sp. biofilm were washed by gentle immersing
and agitating in PBS to remove unattached cells. The biofilms on the coupons were
stained by adding 10 pL of Pl (100 yM) and SYTO 9 (100 pM) on their surface and
incubated in the dark for 5 minutes. The samples were gently covered with a cover
slip and were observed at room temperature using a Leica SPE-Il confocal microscope
(Leica) equipped with solid state lasers for excitation. Images were acquired under
60x magnification oil immersion objective lens with a Leica DFC500 camera and Leica
LAS AF software. Samples were excited using a 488 nm laser and fluorescence was
detected at 617 nm (PI) and 503 nm (SYTO 9). The thickness (um) of biofilms was
measured using the Leica LAS AF software. The confocal images were Z-stacks of
optical sections using 512 x 512-pixel resolution tagged image file format. From the Z-
stacks of the 3D biofilm structure the biomass volume (um3/um?) was calculated using
COMSTAT software (Heydorn et al., 2000; Vorregaard, 2008) and the percentage of

live/dead cells was determined.
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3.3.8. Assessment of P. putida and Acinetobacter sp. membrane integrity

with flow cytometry analysis

P. putida and Acinetobacter sp. biofilms on CDC reactor coupons at 24, 48 and 72 h
were exposed to either 4 mL of sterile de-ionised water (control) or 4 mL of 85 yg/mL
GO, following their removal from the CDC reactor, at 25 °C for 24 h shaking at 80 rpm.
Coupons were then placed in PBS and vortex for 30s and bath sonicated (40KHz) for
30s, three times. Dispersed P. putida or Acinetobacter sp. cells (1 mL) were stained
with Pl to a final concentration of 4 yL/mL and incubated in the dark for 5 minutes.
Flow cytometric analysis was conducted using the BD Accuri C6 flow cytometer (BD
Biosciences, UK) and samples were excited using a 488nm solid state laser and
particulate noise was eliminated using a Forward scatter height (FSC-H) threshold
while 20,000 data points were collected at a maximum rate of 2500 events/s. PI
fluorescence was detected using 670 LP filters and data was analysed using CFlow

software. Each experiment was conducted in triplicate (N = 3).

3.3.9. Statistical analysis
The generated results were collected in Excel (Microsoft Corp.) for calculating means,
standard deviations, and error bars. For student's t-test to compare two means or one-
way analysis of variance (ANOVA) and the Tukey's HSD post hoc test to compare
several means were used for checking whether there is significant difference among
samples using IBM SPSS Statistics software version 23. Differences were considered

significant at P < 0.05.
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3.4. Results

3.4.1. Effect of GO on P. putida and Acinetobacter sp. biofilms
The activity of GO against 24, 48 and 72 h mature P. putida and Acinetobacter sp.
biofilms in water were monitored by plate counting (CFU/cm?) (Figure 3.1A and 3.1B).
In Figure 3.1 A there were no significant differences in viability of P. putida biofilm
treated with 85 pg/mL GO after 24 and 72 h development compared to controls;
however, the viability at 48 h was significantly (P < 0.05) lower indicating an age
dependency of the biofilm susceptibility to GO. Acinetobacter sp. biofilms showed
significant difference (P < 0.05) in CFU at 72 h after the treatment with GO 85 pg/mL
GO. However, the viability showed no any significant difference at 24 h and 48 h

compared to control.
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Figure 3.1 Bacteria growth in CFU/cm? (bars) and percentage of Pl positive cells after
developing biofilms for 24, 48 and 72 h then treated with GO (85 pg/mL) or
dionized H20 measured using flow cytometry and confocal microscopy with
COMSTAT analysis Bars represent mean * SEM taken from a minimum of 3
independent experiments. Mean values with different letters are significantly
different (P < 0.05). The data was analysed with one-way ANOVA (A) P. putida (B)

Acinetobacter sp.

Flow cytometry and confocal microscopy were employed to assess the membrane
integrity for both strains cells as an indication of cell damage or death after treatment
with GO. Pl is a membrane-impermeable dye and is commonly used to stain cells with
damaged or compromised membranes, whereby it binds to DNA and emits red
fluorescence, indicative of dead cells. To establish if GO sheets would interfere with
flow cytometric analysis, a solution of GO was stained with Pl and analysed by flow
cytometry to measure the background noise. The percentage of GO sheets detected
at concentration of 85 pg/mL GO and 8.5 pg/mL GO was 3.1-1.3% and 0.4-0.06%,

respectively (Figure 3.2) showing that background noise was too low and should not
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interfere with the analysis of cells. Regarding P. putida, n the control samples, the
percentage of Pl positive cells was 2.8-fold higher in 48 and 72 h biofilm compared to
24 h biofilm (Figure 3.1 A). Flow cytometry data revealed that after treatment with GO,
the percentage of Pl positive cells was 18.8-fold higher in 48 h P. putida biofilm
compared to 24 h P. putida biofilm and 4.4-fold higher compared to 72 h P. putida
biofilm. Furthermore, in 24 and 72 h biofilms, the percentage of Pl-positive cells was
similar in the control and after GO treatment, but in the 48 h biofilm the percentage of
Pl positive cells was 4-fold higher after GO treatment compared to the control (Figure
3.1A and 3.3). While the flow cytometry data for Acinetobacter sp. showed after
treatment with GO, the percentage of Pl positive cells was 1.2-fold higher in 72 h
biofilm compared to 24 h biofilm and 1.6-fold higher compared to 48 h Acinetobacter
sp. biofilm. In GO treated 72 h biofilm the percentage of Pl positive cells was 3.07-fold
lower than 24h bioflm after GO treatment and 2.59-fold lower than 24 h biofilm control

but was similar to 48 h biofilm. (Figure 3.1B and 3.4).
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Figure 3.2 Flow cytometry scatter plots showing the events per second of GO stained
with Pl and an estimated percentage of GO at concentrations of 85 ug/mL (left)
and 8.5 pg/mL (right) during the analysis of biofilm. The estimated percentage
was calculated based on the optimal number of events per second recommended

by the manufacturer which is 1,000-2,500 events per second
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P. putida biofilm control at 24, 48, 72 hours
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Figure 3.3 Representative flow cytometry scatter plots showing the percentage of PI-

positive P. putida cells from a 24h (left), 48h (middle) and 72h (right) mature

biofilm without (top) or with (bottom) GO-120 (85 ug/mL).

77



Acinetobacter sp. biofilm control at 24, 48 and 72 hours
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Figure 3.4. Figure S6. Representative flow cytometry scatter plots showing the
percentage of Pl-positive Acinetobacter sp. cells from a 24h (left), 48h (middle)

and 72h (right) mature biofilm without (top) or with (bottom) GO-120 (85 pug/mL).
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The primary goal of using confocal microscopy is to show the deployment and viability
of bacteria in biofilm structure. Labelling using Pl and SYTO9 shows that biofilms
contained live and dead bacterial cells (Figure 3.5). In addition, these results shows
that the biofilms developed over time and became more confluent. In the earliest
stages, at 24 h, a large number of bacterial cells were observed in both strains and
they appear mostly as single cells or microcolonies, indicating the initial attachment
(Figure 3.5). The images also indicated an increase in Pl intensity after GO treatment
for P. putida biofilm at 48 h compared to 24 and 72 h (Figure 3.5A and Figure 3.6).
While the intensity of PI for Acinetobacter sp. increased at 72 h but not at 24 or 48 h
(Figure 3.5B and Figure 3.6). These results are consistent with the biofilm cell count

results in Figures 3.1.

The developing biofilm was also observed using the side images of confocal analysis.
At 24 h the biofilm was thin, and became thicker over time at 48 and 72 h for both

strains as seen in (Figure 3.6) indicating biofilm was formed and developed.

The image stacks for both strains of the 3D biofilm structure were analysed using
COMSTAT software to obtain the percentage of live/dead cells. In the control, the
percentage of Pl positive cells was similar in all samples. After GO treatment, the
percentage of Pl positive cells in 48 h P. putida biofilm was 5.2-fold and 3.3-fold higher
compared to 24 and 72 h P. putida biofilm, respectively. Furthermore, in 24 and 72 h
biofilm the percentage of Pl positive cells was similar after GO treatment and control
but in 48 h biofilm the percentage of Pl positive cells was 3.6-fold higher after GO

treatment compared to control (Figure 3.1A).

The COMSTAT data for Acinetobacter sp. biofilms is shown in Figure 3.1B. In the

control, the percentage of Pl positive cells was similar in all samples. After GO
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treatment, the percentage of PI positive cells in 72 h Acinetobacter sp. biofilm was 3.8-
folds and 5.8-folds higher compared to 24 and 48 h Acinetobacter sp. biofilm,
respectively. Furthermore, in 24 and 48 h biofilm the percentage of Pl positive cells
was similar after GO treatment and control but in 72 h biofilm the percentage of PI
positive cells was 4.7-folds higher after GO treatment compared to control. These
results are further confirmed flow cytometry data showing an increase of Pl positive
cells that only occurs in 48 h for mature P. putida biofilm and 72 h for Acinetobacter

sp. after GO treatment.
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Control Treated with GO

Figure 3.5 Confocal images (top view) of (A) P. putida and (B) Acinetobacter sp. biofilm
with or without GO (85 ug/mL) at 24, 48 and 72 h. The biofilms were stained with
SYTO 9 (left, green) and PI (right, red). Scale bar: 20 pm.
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P. putida Acinetobactersp.

Control Treated with GO Control Treated with GO

Figure 3.6 Confocal images (side view) of P. putida and Acinetobacter sp. biofilm with
or without GO (85 pg/mL) at 24, 48 and 72 h. The biofilms were stained with SYTO
9 (left, green) and PI (right, red).
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To further investigate the mechanism of GO affecting the cellular membrane of P.
putida, SEM analysis was carried out on 48 h biofilm after GO treatment (Figure 3.7).
Most GO-treated P. putida cells had a flattened morphology instead of being rod-

shaped while the control showed unchanged cell morphology. These results suggest

that the loss of cell viability was associated with membrane damage.

Control Treated with GO

Figure 3.7 Scanning electron microscopy (SEM) images of 48 h mature biofilm of P.
putida without (left) and with GO (85 pg/mL) (right) treatment. Scale bar: A) 10
Mm, B) 2 ym and C) 1pm.
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3.4.2. Effect of GO concentration, exposure time, lateral size and GO
coated surface

There was no observed antibacterial activity at lower concentration of GO (8.5 pg/mL)

against 48 h P. putida or 72 h Acinetobacter sp. biofiims (Figure 3.8) and the

membrane integrity was not compromised either species (Figure 3.9 and 3.10). The

confocal analysis for both strains after treatment was similar with control and after GO

treatment at all times for either species.
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Figure 3.8 Growth of biofilm grown for 24, 48 and 72 h then incubated with GO (8.5
Mg/mL). Bars represent mean * SEM taken from a minimum of 3 independent
experiments. Mean values with different letters are significantly different (P <
0.05). The data was analysed with one-way ANOVA. (A) P. putida (B)

Acinetobacter sp.
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Treated with GO

Figure 3.9 Confocal images (top view) of (A) P. putida and (B) Acinetobacter sp. biofilm
with or without GO-120 (8.5 pg/mL) at 24, 48 and 72 h The biofims were stainted
with SYTO9 (left, green) and PI (right, red) Scale bar 20 pm.
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Figure 3.10 Confocal images (side view) of P. putida and Acinetobacter sp. biofilm with
or without GO-120 (8.5 ug/mL) at 24, 48 and 72 h. The biofilms were stained with
SYTO 9 (left, green) and PI (right, red).
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To test the effect of prolonging the time of GO exposure, the viability of 48 h P. putida
biofilm was assessed after GO-treatment for 24 and 48 h. The viability of 48-h mature
P. putida biofilm with GO was significantly (P < 0.05) lower compared to control after
24 and 48 h (Figure 3.11). However, there was no significant difference in viability of
48 h mature P. putida biofilm exposed to GO for 24 h compared to 48 h; therefore,

prolonging exposure to GO did not result in further reduction in viability.
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Figure 3.11 Viability of 48 h mature P. putida biofilm incubated with GO-120 (85 pg/mL)
for 24 or 48 h. Bars represent mean * SEM taken from a minimum of 3
independent experiments. Mean values with different letters are significantly
different (P < 0.05). The data was analysed with one-way ANOVA.
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The antibacterial activity of large and small GO sheets was compared against a 48 h
P. putida biofilm. The lateral size of GO sheets had no effect as there was no
significant difference in viability of P. putida biofilm treated with large sheets GO-10
compared to small sheets GO-120 (Figure 3.12). GO-10 and GO-120 are detailed in

Figure 2.4.
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Figure 3.3 Viability of 48 h P. putida biofilm incubated with GO (85 pg/mL) with large
(GO-10) and small (GO-120) sheet size for 24 h. Bars represent mean * SEM taken
from a minimum of 2 independent experiments. Mean values with different letters

are significantly different (P < 0.05). The data was analysed with one-way ANOVA.
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The growth of P. putida biofilm on GO-coated surface was investigated to study the
antibacterial activity and the development of biofilm on stainless surface. Results
showed that biofilm was developed and there was no significant difference in the
concentration of viable biofilm cells compared with non-coated surface at all ages (24,

48 and 72 h) (Figure 3.13).
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Figure 3.13 Bacteria growth of P. putida biofilms in CFU/m? (bars) incubated on GO
surfaces for 24, 48 and 72 h. Mean values with different letters are significantly
different (P < 0.05). The data was analysed with one-way ANOVA
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3.4.3. Effect of GO on detached-biofilm and planktonic cells

To investigate the role of EPS and the biofilm maturity-related susceptibility of P.
putida and Acinetobacter sp., 24, 48 and 72 detached-biofilm cells were treated with
GO and viability was assessed over time (Figure 3.14). There was no significant
difference in viability between 24 and 72 h detached P. putida treated with GO
compared to control after 1, 2, 3, 4 and 5 days. Similarly, to P. putida, no significant
difference was found in the viability between 24 and 48 h detached Acinetobacter sp.
treated with GO compared to control after 1, 2, 3, 4 and 5 days. The viability of 48 h
of P. putida and 72 h for Acinetobacter sp. detached-biofilm cells treated with GO was
significantly (P < 0.05) lower compared to all the other samples after 1 and 2 days and
was completely inactivated from day 3 onwards. Therefore, as with 48 h for P. putida
and 72 h for Acinetobacter sp. biofilm for these strains, the detached-biofilm cells were

also susceptible to the same concentration of GO showing similar reduction in viability.
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Figure 3.14 Viability of free-floating cells detached from 24, 48 and 72 mature biofilm
and incubated with GO (85 pg/mL) or dionized H20 (control) for 1, 2, 3, 4 and 5
days. Bars represent mean * SEM taken from a minimum of 3 independent
experiments. Mean values with different letters are significantly different (P <
0.05). The data was analysed with one-way ANOVA. (A) P. putida (B)
Acinetobacter sp.

In addition, GO was tested against planktonic cells for both strains and viability was
assessed over time (Figure 3.15). There was no significant change in viability of
planktonic cells for the strains after GO treatment with a concentration ranging from
100-1600 pyg/mL at 0, 1 and 5 days. These results further confirm that only 48 h P.
putida biofilm cells were susceptible to GO and only 72 h Acinetobacter sp. biofilm
were susceptible. Figure 3.16 shows the aggregation of GO in TSB media with the

attachment of bacterial cells on the GO aggregates.
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Figure 3.15 . Viability of planktonic cells incubated with varying concentrations of GO
at day 0, 1 and 5. Bars represent mean * SEM taken from a minimum of 2
independent experiments. Mean values with different letters are significantly
different (P < 0.05). The data was analysed with one-way ANOVA. (A) P. putida (B)

Acinetobacter sp.
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With GO Control

P. putida

Acinetobacter sp.

Figure 3.16 Images taken from light microscopy (X100) show bacterial cells of P. putida
and Acinetobacter sp. cells grown in media with/without the addition of GO. Scale
bar 2 pm
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3.5. Discussion

3.5.1. Effect of GO on P. putida and Acinetobacter sp. biofilms

In this study, the effect of GO on biofilms of different ages were tested. Very few
studies investigated the antibacterial activity of GO against bacterial biofilms and in
contrary to our results they suggested that GO has no effect against biofilms. In a
study by Ruiz et al., (2011) GO at a concentration of 25 yg/mL was shown to promote
faster growth of E. coli in rich LB media resulting in dense biofilm formation. They
observed GO precipitation and aggregation in LB media which suggested that may be
acting as a scaffold for bacterial attachment, proliferation, and biofilm formation. In a
recent study Guo et al., (2017) investigated the impact of GO against E. coli and
Staphylococcus aureus biofilms in LB media. They found that GO promoted biofilm
formation and development and possessed no antibacterial activity on mature 48 h
biofilms with concentrations ranging from 0.5-500 mg/mL. However, all these studies
investigated the antibacterial effects of GO in LB media. According to Hui et al., (2014)
the antibacterial activity of GO (200 ug/mL) against E. coli was completely inhibited in
LB-supplemented saline compared to saline solution due to components in LB
adsorbing onto GO basal planes deactivating its antibacterial activity. In the present
study experiments were done in de-ionised water as opposed to LB media and
therefore it is not possible to compare the results. Also, the antibacterial effects of GO
may vary against different bacterial species. Gao et al.,, (2017) found that the
membrane integrity of E. coli and S. aureus was compromised after exposure to GO.
However, the amount of RNA released from S. aureus was higher than that from E.
coli which was attributed to the smaller size of the S. aureus which makes it more
susceptible to the “cutting” and “wrapping” mechanisms of GO sheets. Yadav et al.,

(2017) found selectivity in antimicrobial activity of GO due to size differences, smaller
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GO sheets showed higher antibacterial activity against E. coli compared to S. aureus
due to having thinner cell wall which could be easily pierced by the GO sheets. These
studies show that the antibacterial activity of GO varies depending on the bacterial

species.

The pH of GO depends on its purity and this may affect its antibacterial activity. In a
recent study Barbolina et al., (2016) showed that adding several washing steps can
change the pH of GO solution from acidic to neutral. Exposure to un-washed GO
reduced the survival of E. coli and S. aureus in a concentration dependent manner
(10-250 pg/mL) while the washing steps during the purification process diminished the
antibacterial effects of GO. The authors suggested that the acidic pH was responsible
for the antibacterial activity of un-washed GO. However, in this study the highly purified
GO was obtained using a modified Hummers’ method in accordance to (Ali-Boucetta
et al., 2013) and the pH of samples after adding GO was ~6.5 which is not low enough

to damage the bacteria.

There is inconsistency in the literature regarding the effects of antibacterial agents
against biofilms of different ages. Several studies reported that mature biofilms are
more susceptible to antimicrobial agents compared to young biofilms (Anwar et al.,
1989; Frank and Koffi, 1990; Leriche and Carpentier, 1995; Hgiby et al., 2001; Tré-
Hardy et al., 2009; Shen et al., 2011; Pandit et al., 2015). In Thuptimdang et al., (2015)
48 h P. putida biofilms showed higher resistance to silver NPs compared to 6-, 12-
and 30 h P. putida biofilms. In contrast, Chumkhunthod et al., (1998) found that there
was no significant difference in susceptibility between 1, 2, and 3-day P. putida biofilm
to non-foaming acidic and liquid hypochlorite sanitizers. However, in this study it was

shown that antibacterial activity of GO depended on the age of the biofilm and only
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occurred at a specific time during its developmental stage. Furthermore, the growth of
cells and formation of EPS is also dependent on the type of media, pH, temperature,
and strain of bacteria (Combrouse et al., 2013) which may explain the variability

observed between the different studies.

The study also investigated the biofilms at lower concentration of GO (8.5 pg/mL). It
shows that low concentration of GO had no antibacterial activity against biofilm for
both strains in all ages and the membrane integrity was not compromised. These
results are in agreement with studies that show a dose dependent antibacterial activity
of GO against planktonic bacteria (Liu et al., 2011; Ahmed and Rodrigues, 2013; Chen
et al., 2014b; He et al., 2015a; Combarros et al., 2016; Gao et al., 2017). It can
therefore be assumed that the antibacterial activity only occurs at higher GO

concentration and it depends on the maturity stage of the biofilm.

3.5.2. Effect of GO exposure time, and lateral size on P. putida biofilm

In this study the effect of varying the lateral size of GO sheets (GO-10 vs GO-120) had
no effect on the viability of 48 h P. putida biofilm (Figure 3.12). These results are in
contradiction to findings by Liu et al. (2012) that antibacterial activity of GO sheets
against E. coli increased in a size dependent manner ranging from 0.753-0.01 ym?.
Similarly, Campos-Delgado et al., (2016) reported that GO sheets with larger lateral
size (> 2 ym) showed higher antibacterial activity against E. coli compared to GO
sheets with smaller lateral size (100 nm). The authors suggested that GO wraps the
bacterial cells and prevents them from being able to uptake nutrients and proliferate
on agar plate leading to reduced counts. Yadav et al., (2017) found a selectivity in

antibacterial activity of two types of GO sheets (GO, and GOn) prepared using different
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methods against E. coli and S. aureus. Since oxidative stress was found to be similar
in both it was suggested that the selectivity in antimicrobial activity of each GO was
due to size differences of GO, and GOy (200 nm and 1200 nm, respectively). The
authors suggested that smaller GO, sheets pierce the thin cell wall in E. coli cells while
the cell wall in S. aureus is difficult to pierce by GO, and therefore wrapping of the
bacterial cells by larger sheets of GOn is the predominant mechanism of killing.
However, these studies investigated the effect of GO sheets against planktonic
bacteria and not biofilm. Also, the size difference between the large and small GO

sheets was greater in those studies compared to this study (GO-10 and GO-123).

It has been observed that NPs can penetrate and deposit in biofilms (Miller et al.,
2013). Biofilm and specifically EPS enhance the retention of GO NPs due to the
surface roughness and physical straining (He et al., 2015a). Once inside the biofilm
GO may come in contact with bacteria and expresses antibacterial activity. Several
mechanisms have been suggested in regards to the antibacterial actions of GO
against planktonic bacteria including “sharp” edges of the GO nanosheets cutting
through the cell membrane leading to leakage and death (Chen et al., 2014b;
Gurunathan, 2015; Nanda et al., 2016), wrapping of large GO sheets around the cells
to block interactions isolating them from the environment (Mejias Carpio et al., 2012;
Perreault et al., 2015) and ROS-dependent and -independent oxidative stress (Ahmed
and Rodrigues, 2013; Li et al., 2014). In addition to the loss in cell viability many
studies reported flattening and loss of cellular structure in bacteria treated with GO
(Liu et al., 2011; Chen et al.,, 2014b; Perreault et al., 2015; Nanda et al., 2016;
Combarros et al., 2016; Farid et al., 2018) which corroborate these findings. Tu et al.,
(2013) showed that GO can induce the degradation of the inner and outer cell

membranes of E. coli and reduce their viability. Using molecular dynamics simulations,
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the authors suggest that two types of molecular mechanisms drive the degradation of
E. coli cell membranes: one by severe insertion and cutting and the other by
destructive extraction of lipid molecules. Since in this study there was no differences
in the antibacterial activity between different sizes of GO sheets the mechanism of
membrane cutting due to sharp edges is unlikely. Also, the size of the GO sheets is
not large enough to wrap the cells. Therefore, the most probable mechanism would
be oxidative stress, however, further investigation is required to understand which

mechanism is responsible for the antibacterial activity of GO.

The study of P. putida biofilm on GO-coated surface was investigated using plate
count measurements. In this experiment GO was dried on stainless steel surfaces and
clear stainless steel used as control. The number of biofilm cells on stainless steel was
similar to polycarbonate. GO-coated surfaces had no impact on the viability of P.
putida biofilms. Results also showed there was no reduction on the viability of biofilms
on these surfaces. This observation is similar to Mokkapati et al., (2018) who tested
the response of P. aeruginosa and E. coli on plate-integrated GO and rGO. Their data
showed that rGO was toxic to the bacteria while GO was harmless. However, other
study contradict these finding. To investigate the interaction of bacteria on GO and
rGO, Hu et al., (2010) investigated the interaction of E. coli with GO and rGO in a LB
culture plate for 12 h then colony was counted. Results showed a significant reduction
in the viability of E. coli with GO and lost of the cellular integrity, leading to a viability
reduction of more than 98%. Again the authors suggested that GO damaged the
bacterial membrane through direct contact with GO or oxidative stress (Hu et al.,
2010).

This study confirms the previous observation where bacterial cells were grown around

GO aggregation in broth media. However, more investigation and characterisation is
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needed to confirm that the GO is adhered to the coupons during the experiment and
not dispersed in media. This experiment can be modified by adding bacterial
suspension on GO surfaces and study the bacterial cells adhesion by counting the
CFU and the use of microscopy techniques such as confocal microscopy and scanning

electron microscopy (SEM).

3.5.3. Effect of GO on detached-biofilm P. putida and planktonic cells

In a recent study by Guo et al., (2017) the removal of EPS in biofilm enhanced the
antibacterial activity of rGO suggesting that EPS acts “as a barrier” to protect the cells
from physical damage and “acts as a sink” of ROS by limiting their damaging activity
on the cells. GO may also adsorb the components of EPS and aggregate preventing

it from coming in contact with bacterial cells.

Antibacterial studies of graphene materials have mainly focused on modifying their
chemistry, but the physiological state of bacteria as a factor in susceptibility was not
investigated. Biofilm formation is regulated by genetic and environmental factors and
occurs through several developmental stages (Acemel et al., 2018). In each stage the
bacterial cells physiologically differ from cells in the other stages and biofilm cells may
differ phenotypically from planktonic cells (Bester et al., 2005). The results in this study
are in contrast to the belief that planktonic bacteria are more sensitive to GO than
biofilms. These results were obtained with bacteria harvested in the stationary phase
before GO treatment. However, bacteria in the exponential phase may respond

differently to the GO treatment and therefore more work needs to be done in the future.
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During the early stages of P. putida biofilm development (1 to 3 days), cells are non-
motile and reside inside the micro-colonies. After 3 days of growth the micro-colonies
reach a critical size and the bacteria start to swim rapidly in circles and the compact
micro-colonies are dissolved to begin the formation of loose structures containing
bacteria from different micro-colonies (Tolker-Nielsen et al., 2000). Actively dividing or
exponentially growing bacteria are more susceptible to antibiotics compared to non-
dividing or stationary phase bacteria (Mascio et al., 2007). After 48 h of maturation
the cells were likely to be more actively dividing and at this stage may become
susceptible to GO. However, further work is required (e.g. gene expression analysis)
to understand the physiological state of P. putida cells in biofilm at different

developmental stages.

Also, the production of EPS leads the micro-colonies to maturation, making the highly
ordered structure of the biofilm. In P. putida biofim the EPS is comprised of
polysaccharides (e.g. cellulose), xanthan, dextran (Camesano and Abu-Lail, 2002),
alginate (Chang et al., 2007), and proteins (e.g. LapA protein, a cell-to-surface
adhesin) (Klausen et al., 2006). Also, P. putida has been reported to produce
substantial amounts of extracellular DNA in the sessile mode of growth (Steinberger
and Holden, 2005). In this study the thickness of the EPS increases dramatically from
24 to 48 h and slightly increase from 48 to 72 h. From these results it can be deduced
that at 48 h, most of EPS constituents are being secreted from the cellular membrane

which may become susceptible to the destructive actions of the GO sheets.

In conclusion, antibacterial activity of GO against biofilms was observed and this

activity only occurred at a specific stage of biofilm maturity. GO was found to have
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antibacterial effect against 48 h P. putida biofilms, but no effect was observed with
cells detached from 24 and 72 h biofilms or planktonic cells. However, Acinetobacter
sp. showed the antibacterial activity of GO at 72 h but not at 24 or 48 h. Moreover,
similar trends were observed when the GO was tested against both strains cells
detached from biofilm for both species. This age-related susceptibility to GO may be
linked to the physiological state of the cells which differs at each maturation stage. For
example, gene expression or secretion of molecules by the bacteria at a certain stage
of biofilm maturity may be responsible for the observed susceptibility to GO, however,
further investigation is required to fully understand this link. This may explain the
inconsistencies of GO activity against bacteria reported in the literature. These
findings present important implications of GO accumulation for environmental systems

where biofilm maturity varies.
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Chapter 4. Impact of environmental stresses and graphene

oxide against P. putida

4.1. Abstract

The production of graphene-based materials such as GO is increasing, therefore it is
expected that a large amount of GO wastes will be generated. The environment (i.e.
soil, aquatic systems) will be among the final repositories of these wastes and it is
known that microbial communities in such environments are exposed to various
stresses. However, little is known about how these communities respond to
environmental disturbances in the presence of GO. Thus, it is important to investigate
any potential toxic effect of GO in soil bacteria. In this chapter, the effect of three
different stress condition; temperature (4, 5 and 40 °C); pH (5, 6, 7, 8 and 9); and
osmotic stress (51, 219 and 320 mM NaCl) against P. putida was investigated before
GO treatment. The viability was monitored by plate counting and physiology was
investigated by confocal microscopy. It was found that planktonic cells are more
resistant to GO compared to biofilms but not to pH or osmotic stress. Temperature
was not found to influence the survival of biofilm cells with or without exposure to GO.
However, low pH caused a slight reduction in CFU at pH 5 (~ 1.5 log) and pH 6 (~ 1
log) for the pre-treated samples, while biofilms at pH 7-9, did not show a decrease in
the CFU. The post-treatment samples with GO showed a reduction in all pH ranges of
~3 log. The effect of osmotic stress at higher concentrations of NaCl (219 and 320
mM) with GO showed a significant reduction in CFU of ~3.5 and 4.5 log, respectively
for biofilms. These results show that NaCl enhances the antimicrobial activity of GO

against P. putida.
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4.2. Introduction

The increase in GO applications will increase the possibility of its discharge into the
environment (Du et al., 2015) and soil ecosystems are more likely to be a large
recipient of nano-material contamination when compared with water and air (Du et al.,
2015). Bacterial biofilms are widely distributed in soil and play a major role in nutrient
recycling such as carbon, nitrogen, phosphorus and sulphurs and they are frequently
exposed to environmental changes such as temperature, pH and osmotic changes
(Reva et al., 2006). Generally, bacteria have the ability to grow at a wide range far
from the optimal conditions and they have to adapt to these changes in order to survive

and grow (Beales, 2004).

Bacteria in biofilms are more resistant to extreme environmental conditions or
antimicrobial agents than those grown under planktonic conditions, making them more
robust and difficult to destroy (Ricker and Nuxoll, 2017). Since bacterial cells are
embedded in EPS, this may limit the transport of antibacterial agents (e.g. antibiotics)

to cells (Thuptimdang et al., 2015).

It was shown that the amount of EPS increases with high stresses which makes
biofilms even more resistant. Lin ef al. 2014 studied the EPS production of biofilm in
response to temperature, pH and osmotic stresses in P. putida CZ1. The amount and
compaction of EPS increased during specific conditions (low pH, high temperature and
certain osmotic stresses), and showed that the EPS production is approximately
linearly positively correlated with culture time, while number of cells decreased to cope
with nutrient depletion during aging (Lin et al., 2014). Moreover, the study showed
that EPS production formed a more hydrated microenvironment around cells,

therefore, increasing the tolerance of the cells.
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It was shown that combined treatment of increase of temperature and antibiotics
(ciprofloxacin, tobramycin and erythromycin) has synergistic effects against P.
aeruginosa biofilms (Ricker and Nuxoll, 2017). It has been suggested that the transport
of antibiotics through the EPS increase with increasing the temperature suggesting
synergistic effect on P. aeruginosa biofilms (Ricker and Nuxoll, 2017). In addition,
when the osmotic stress of the surrounding cells increased, the tolerance of cells to

high hydrostatic pressure decreased (Molina-Hoppner et al., 2004).

Many studies investigated the impact of environmental stresses on biofilms during its
developing stages (Abdallah et al., 2015; Akiyama et al., 1998) however, few studies
investigated these impact on mature biofilms (van der Waal et al., 2011). Moreover,
GO has been shown to have a significant effect against mature biofilm but not
planktonic cells (Chapter 3). However, no study so far has investigated the combined

effect of environmental stresses and GO on biofilm.

One objective of the study is to determine the impact of the environmental stresses:
temperature (5, 25 and 40 °C), pH (5, 6, 7, 8 and 9) and NaCl (51, 219 and 320 nM)
on 48 h P. putida biofilm and compare the impact of these stresses to the
corresponding planktonic cells. The aim of the study is to determine the impact of the
environmental stresses on biofilm or planktonic cells and to determine the impact of

GO on biofilms and planktonic cells after exposure to these environmental stresses.
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4.3. Materials and Methods

4.3.1. Preparation of Graphene Oxide and Buffers
Graphene oxide: Graphite was purchased and prepared for GO as described

in section 2.1 and 2.2.

Citrate—phosphate Buffers: These buffers were used to obtain acid solutions.
Three pH values were used (5.0, 6.0 and 7.0) by mixing 0.1 M citric acid; and
0.2 M dibasic sodium phosphate in the proportions indicated in Table 4.1 and

adjusting the final volume to 100 mL with deionized water.

Tris-HCI Buffers: These buffers were used to obtain alkaline solutions at pH
values of 7.0, 8.0 and 9 by mixing 0.1 M Tris(hydroxymethyl)aminomethane;
and 0.1 M hydrochloric acid (HCI). To achieve these pH values, 50 ml of
Tris(hydroxymethyl)aminomethane was used and known volumes of HCI as
described in Table 4.2 were mixed and adjusted to the final volume of 200 ml

with deionized water. A pH meter (Beckman) was used to adjust the final pH.

NaCl solutions were used to stimulate osmotic stress by preparing 51, 219
and 320 mM (equivalent to 0.3, 1.3 and 1.9%) NaCl by initially dissolving 58.44
g of NaCl in final volume of 1 litre to make a 1 M solution. Then dilutions were

made to obtain these concentrations.
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Table 4. 1 Final volumes needed to achieve the acidic buffers

pH 50 60 7.0

mL of sodium phosphate (0.2 M) | 25.7 33.1 43.6

mL of citric acid (0.1 M) 243 16.9 6.5
deionized water (mL) 50.0 50.0 499
final volume (mL) 100.0 100.0 100.0

Table 4. 2 Final volumes needed to achieve the basic buffers after making 50

ml of Tris(hydroxymethyl)aminomethane (0.1M)

pH 70 80 9.0

mL of HCI (0.1 M) 442 292 50

deionized water (mL) | 155.8 170.8 195.0

final volume (mL) 200.0 200.0 200.0

4.3.2. Bacterial strain, culture conditions and biofilm cultivation
The bacterial strain used for this study was Pseudomonas putida KT2440 and
was maintained as described in section 3.3.4 P. putida biofilm was grown in

TSB media using CDC bioreactor as described in section 3.3.4.

4.3.3. Environmental stresses and quantification of biofilm
incubated with GO
To study the effect of temperature, biofilms were developed in the CDC reactor

as described in Chapter 3 and the coupons were collected after 48 h. Coupons
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carrying biofilm bacteria onto them were incubated at 4, 25 or 40°C with
sterilised de-ionised water (control) or 4 mL GO 85 ug/mL for 24 h with shaking
at 80 rpm. The viability was tested by plate counting as described in Chapter 3.
For planktonic cells, CFU were enumerated was taken after incubation with
water or GO at the same temperatures and for the same times. One colony was
transferred from a plate agar into TSB 100 mL and incubated for overnight. 108
CFU/mL from the culture was added to 4 mL H20 or GO 85 ug/mL for 24 h with
shaking at 80 rpm and incubated at the same temperatures. CFU were

enumerated after incubations.

To study the effect of pH and osmotic stress, biofilms were grown in the CDC
reactor for 48 h and were rinsed with PBS; pH 7.0 to remove the non-adherent
cells followed by adaptation at different pH (5, 6, 7, 8 and 9) or for different
osmotic stress NaCl (51, 219 and 320 mM) for 3 h at room temperature. For
the pH experiment, two groups were used; the acid group included pH 5, 6, and
7 using citrate—phosphate buffers while the alkaline group included pH 7, 8 and

9 using tris-HCI buffer.

Six coupons were used for each pH in this experiment; two coupons were
exposed to different stresses for 3 h and called pre-treatment. The other four
coupons were also exposed to the same stresses for 3 h then incubated with
either deionised water (control) or GO 85 ug/mL for 24 h at 25 °C with shaking
at 80 rpm., called post-treatment. For planktonic cells, they were treated
similarly to biofilms (Figure 4.1). One colony was transferred from plate agar
into TSB 100mL and incubated for overnight. 108 CFU/mL from the culture was

added to 4 mL the different pH (5,6,7,8 and 9) and (51, 219 and 320 mM) NaCl.
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However, the free cells were washed with PBS two times after the incubation
with pH or osmotic stress solutions, then incubated with either deionised water

or 85 pg/mL GO.

4.3.4. Confocal microscopy analysis
Biofilms were observed using confocal microscopy as described in section

3.3.7.

4.3.5. statistical analysis

The statistical analysis was done as described in section 3.3.9.

108



Centrifugation -0 4 Yn
d
24h LJ Y

- One colony (10,000g/10min) Il
- — > -
H X

o
-/ 0D 0.9 -y
100 mL 300 mg/L
TSB overnight CDC reactor

500ml 300mg/L TSB
flow system at 125rpm, RT

Sampling coupons from CDCl/ 24h

reactor
PHS PH6 PH7 H20 PHS PH6 PH7 H20
- u ! I's - 1 r - 1 - 1) A 1 r . 1 r A 1 r A
1)82) 1)02) 1)82) 1)82%)

1)82)

. . incubation
<7n (3 02) 3)0a) 3 )(a) 3)(4)

3% 3)%) 4h

3)04) 3)4)

5){6)f 5)(6) 5)(6) 5)(6)
¥ h A y »

50880 SJGES s5ICE) 5A%CH
Incubate coupons with/without GO \
rEE EE 3E 38 Coupons
3 4 3 4 3 4 3 4 Ll H20
warn| G Y YU U GG
e g O O D9
5 6 5 6 5 6 5 6 - GO 85 pg/mL

Figure 4.1 Flow chart illustrating the experimental steps in the study used to detect the

viability of biofilm in pH ranges 5, 6, and 7
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4.4. Results

4.4.1. Effect of Temperature and GO on viability of planktonic and biofilm
cells

The effect of temperature on the viability of 48 h biofilms and planktonic cells was
monitored by plate counting, (CFU/m?) for biofilms and (CFU/mL) for planktonic cells.
The controls in biofilms were not significantly affected at low or high temperatures as
seen in Figure 4.1. Then the biofilms exposed to 85 ug/mL GO were compared and
there is no effect of different temperature on viability. However, when the exposed
biofiilms were compared to controls, the growth decreased (~3-log) after 24 h
incubation with GO at 4 and 25°C. The number of CFU decreased more at 40°C (~3.5-
log) compared with the initial biofilm and ~3-log compared with the control biofilm at

40°C.

Similar to biofilms, planktonic cells showed no reduction in CFU number for controls
at all temperatures 5 °C, 25 °C and 40 °C (~log 6.5) as shown in Figure 4.2. In addition,
there was no significant effect on planktonic cells when the cells were exposed to 85

pug/mL GO at all temperatures or compared with the other controls.
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Figure 4.2 The viability of 48 h P. putida with/without GO incubated at 5, 25 and 40°C
(A) biofilm and (B) planktonic cells. The initial indicates the viability of P. putida
after sampling form CDC bioreactor. Mean values with different letters are
significantly different (P < 0.05). The data was analysed with one-way ANOVA
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4.4.2. Incubation of GO on pH and NaCl solutions
To find out if GO can be incubated with the bacterial cells during the environmental
stresses, the stability of GO at different pH and NaCl concentrations were tested. GO
at 85 pg/mL GO was added to different pH buffers and solution containing NaCl of
similar concentrations used for the environmental stress and incubated for 24 h to
identify the stability of GO in these solutions. Figure 4.3 shows an aggregation of GO
at pH 5 and at 320 mM NaCl after incubation at room temperature and illustrates that
the top of the solution was clear. In acidic buffer (pH 5), GO becomes protonated and
hydrophobic, thus it aggregates, and the buffer becomes more transparent, while in
alkaline buffer (pH 9), GO becomes deprotonated and remains hydrophilic, thus it
remains homogeneous. These results suggest that GO is not stable at pH and NaCl
concentrations used in this study and therefore the bacterial cells would be treated
with GO in de-ionised water after they have been exposed to the environmental

stresses.
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Figure 4.3 Images of GO incubated in low and high pH; and NaCl for 0 and 24 h (A)
Shows the GO in pH 5 and 9 . At 24 h, pH 5 showed aggregations of GO (B) A top
photo of a 6-welll plate shows the interaction of GO in water with 320 mM NacCl.

At 24 h GO aggregates with NaCl. The black arrow indicates the aggregation.
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4.4.3. Effect of pH and GO
To study the combined effect of pH and GO on the biofilm, the mature biofilm was
incubated for 3 h at different pH values and then further incubated for 24 h with either
H20 (control) or 85 pyg/mL GO. One sample was used for an additional control called
pre-treatment right after the pH incubation but before addition of either H.O or GO.
The reason for applying these conditions to biofilms and planktonic cells before

applying GO is to study the effect of the pH and osmotic stress on bacteria.

The impact of pH on biofilms is demonstrated in Figures 4.4 A and B which compares
biofilms shocked with different pH values (pre & post-treatment). There was a direct
correlation between the cell viability and pH; the lower the pH value the lower the
viability of bacterial cells and vice versa until pH 7. The pre-treatment samples showed
a slight but not significant reduction in CFU at low pH such as pH 5 (~ 1.5 log) and pH
6 (~ 1 log) after incubation for 3 h compared with the initial sample (Figure 4.4 A).
However, at neutral or higher pH (pH 7, 8 and 9) it showed little or no effect on biofilm
cell viability. The post-treatment samples incubated with 85 ug/mL GO showed a
significant reduction in CFU in all pH ranges ~ 3 log. Nevertheless, pH was not found
to significantly influence the anti-biofilm activity of GO as shown in Figure 4.4 C. At
pH 5 the differences between pre-treatment and GO was (2.60+0.29) and the
differences between pre-treatment and GO at pH 7 or 9 were (3.351£0.41; 3.15+0.35),

respectively.
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Figure 4.4 Impact of different constant pH values on P. putida biofilm (A) Represents
the viability of biofilm after exposure to different pH values (pre-treatment). (B)
Represents the viability of biofilm after the exposure to constant pH and
incubation with either deionized water (control) or 85 mg/mL for 24 h (post-
treatment). (C)The table shows the differences in logic CFU/m? viability between
pre-treatment and GO; and control and GO. Mean values with different letters are
significantly different (P < 0.05). The data was analysed with one-way ANOVA

115



The effect of pH stress and GO on planktonic cells is shown in Figure 4.5A and B.
Unlike biofilms, the CFU of pre-treatment planktonic cells was significantly (P<0.05)
reduced at lower pH (~ 3 log) at pH 5 and (~ 0.5 log) at pH6 compared with the initial
~ 6.5 log CFU/mL. This is potentially due to the EPS layer in biofilm protecting the cells
from the acidity. At the other pH values studied there was no significant difference in
the CFUs. The exposed cells to 85 ug/mL GO, also showed no significant difference

in CFU compared to pre- or post-treatment control samples in the same pH values.
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Figure 4.5 Impact of different pH values on P. putida planktonic cells (A) Represents
the viability of planktonic cells after the exposure of different pH values (pre-
treatment). The initial is the planktonic viability before the exposure. (B)
Represents the viability of biofilm after the exposure with constant pH and
incubation with either deionized water (control) or 85 mg/mL GO for 24 h (post-
treatment). Mean values with different letters are significantly different (P < 0.05).

The data was analysed with one-way ANOVA
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4.4.4. Effect of osmotic stress
To study the effect of osmotic stress and GO on the biofilm, the mature biofilm was
incubated for 3 h at different NaCl concentrations (pre-treatment) and then further
incubated for 24 h with either H.O (control) or 85 yg/mL GO (pre-treatment). The
influence of osmotic stress on bacteria is shown in Figure 4.6. At concentrations 51
mM and 219 mM NaCl, the viability of the cells remained similar to control in water,
which was not exposed to the stress. However, at a higher concentration (320 mM

NaCl), there was a slight reduction (~0.5 log) in CFU/cm? (Figure 4.6 A).

In contrast, biofilms treated with GO after the exposure to NaCl stress for 3 h (post-
treatment) showed a significant (P<0.05) decrease in CFU for all NaCl concentrations.
This reduction was significantly (P<0.05) higher when NaCl concentration increased.
The CFU/cm? for biofilm exposed to GO at 219mM was ~2.8 log and was 1.6 log at

320 mM as shown in Figure 4.6 B.

Further calculation was used to investigate the reduction between pre & post-
treatment (Figure 4.6 C). For example, the reduction in CFU at 0 and 51 mM NaCl
was 2.64+2.74 log and 2.74+0.13 log, respectively. However, the CFU decreased to
3.52+0.22 for 219mM and 4.45+0.71 for 320 mM, when compared with pre-treatment

samples.
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Figure 4.6 Impact of different osmotic presure on P. putida biofilm cells (A) Shows the
viability of biofilm after the exposure of different NaCl concetration (pre-
treatment). (B) Shows the viability of biofilm after the exposure with constant
NaCl and incubation with either deionized water (control) or 85 mg/mL GO for 24
h (post-treatment). (C)The table shows the differences in logio CFU/cm? between
(pre-treatment)-GO and control-GO. Mean values with different letters are

significantly different (P < 0.05). The data was analysed with one-way ANOVA
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The impact of GO on planktonic cells in different concentrations of NaCl is shown in
Figure 4.7. The CFU of pre-treated cells at high concentrations of NaCl showed a
reduction of ~ 1.2 log for 219mM and ~ 4.6 log for 320mM. The controls in post-
treatments showed no differences when compared with pre-treatment samples.
Moreover, the samples exposed to GO showed no significant differences when
compared to the controls in post-treatment. However, when comparing the exposed
sample with GO at 320 mM NacCl to the control at 0 mM NaCl, the number of CFU
reduced from ~ 6.5 log to ~ 1.5 log. However, this high log reduction was solely due

to the presence of the high NaCl content (i.e 320 mM) regardless of GO.

The differences between the planktonic cells and biofiims in the high NaCl
concentrations are obvious. The survival decreases at 219 and 320 mM in planktonic
cells. However, the survival of biofilm cells were not affected at the same

concentrations. This could be due to EPS gives protection to cells.
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Figure 4.7 Impact of different osmotic pressure (using NaCl) on P. putida planktonic
cells. (A) Represents the viability of planktonic cells after the exposure to
different NaCl concentration (pre-treatment). (B) Represent the viability of
planktonic cells after the exposure to constant NaCl and incubation with either
deionized water (control) or 85 mg/mL for 24 h (post-treatment). Mean values with
different letters are significantly different (P < 0.05). The data was analysed with
one-way ANOVA
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Confocal microscopy was used to assess the membrane integrity of P. putida biofilm
cells to indicate the damage or the death of bacterial cells. Figure 4.8 shows biofilms
after treatment with 320 mM NaCl with and without the presence of GO. The images
from confocal microscopy showed there was an increase of Pl stain after GO treatment
compared to the control, indicating decreased membrane integrity. These results
confirm the CFU data (Figure 4.6 B) that showed reduced viability after GO treatment

compared to the control.

A Top view

Treated with GO

B Side view

A

Control Treated with GO

Figure 4.8 Confocal images of P. putida biofilm with or without GO (85 pg/mL) at 48 h
incubated with 320 mM NaCl. The biofilms were stained with SYTO 9 (left, green)
and PI (right, red). Scale bar: 20 ym (A) top view (B) side view

122



4.5. Discussion

4.5.1. Temperature
This study aimed to investigate the antibacterial activity of GO on planktonic and
biofilm P. putida with or without pH, osmotic or temperature shock. The effect of
temperature on biofilms and planktonic cells incubated with GO was studied. Most P.
putida form biofilms at 25 °C (Antoniou and Frank, 2004). In the literature, 5 and 40 °C
were used as the lowest and highest temperatures respectively to investigate the
effects of temperature on P. putida biofilms (Munna et al., 2015; Morimatsu et al.,
2012; Karpouzas and Walker, 2000; Reva et al., 2006; Srivastava et al., 2008) and
based on that those temperatures were chosen in this study. As expected, at all
temperatures the viability of P. putida biofilm was significantly (P < 0.05) reduced after
exposure to GO compared to control. However, temperature was not found to

influence the viability of P. putida biofilm cells upon their in parallel exposure to GO.

In this study, temperature was not shown to affect the viability of P. putida biofilm cells.
Ricker and Nuxoll, (2017) studied the effect of antibiotic after heat shock (ranging from
37 to 80 °C for 1 to 30 min) on the viability of Pseudomonas aeruginosa biofilms. The
viability of P. aeruginosa biofilms was reduced synergistically after shock treatment
combined with antibiotics. The contradiction between our data and literature may be
due to the difference in the mechanism of killing that is induced by GO. However,

further work needs to be done to confirm if this is true.

The lowest and highest temperatures (5 and 40°C) tested in this study did not show
any effect on planktonic cells. This observation is similar to a previous study
(Karpouzas and Walker, 2000). However, biofilms showed a slight reduction in number

of biofilm cells at 40°C. This reduction was also observed in other studies such as Lin
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et al. (2014), whose results showed a reduction in the survival of P. putida biofilms at
higher temperatures. They demonstrated there is a reduction at 35°C for the bacterial
growth while the component of the exopolysaccharide (EPS) increased such as
carbohydrates, DNA, and proteins. In biofilms the maintaining of a healthy EPS is
essential to prevent cells from drying at high temperature. Furthermore, high
temperatures may cause cell lysis and death in biofilms and planktonic cells. P.
aeruginosa biofilms have been shown to be more resistant to heat and antibiotic
treatments compared to planktonic cells (Ricker and Nuxoll, 2017). In this study GO
showed no effect on planktonic P. putida but was able to significantly reduce the

viability of P. putida biofilm cells.

4.5.2. pH Stresses
Due to the aggregation of GO in low pH solution, biofilm had to be pre-treated before
exposure to GO in water. These results are similar to those found in Shih et al. (2012)
who studied the behaviour of GO at different pH values and found that at low pH, GO
forms aggregates. This is due to the carboxyl groups in GO which become extremely
protonated and became less hydrophilic. However, GO does not aggregate in water
and shows a GO-water-GO structure that make it stable instead of precipitating. On
the contrary carboxyl groups are deprotonated and become very hydrophilic in high
pH, which make it dissolve in water and the solution will be homogeneous with a dark

brown colour (Shih et al., 2012).

It has been also reported that GO sheets in water are negatively charged due to the
oxygen functional group attached (Wang et al., 2016). The repulsive electrostatic

interactions between the GO particles, which is greater than van der Walls attractive
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forces, prevents the accumulation of GO particles and makes the GO dispersion

steady (Wang et al., 2016).

This study shows the strong impact of pH on P. putida biofilm and planktonic cells.
The pre-treated samples, whether biofilms or planktonic, have been affected by low
pH which reduced the viability of cells more than high pH. Lee et al. (2011) used P.
putida KT2440 to study the effect of pH ranges from 4.0 to 10.0 on the EPS production
using HCI or NaOH. At higher pH, it enhanced the production of polysaccharide and
pellicle formation while the acidic buffers changed the morphology and reduce pellicle
formation. A similar study found that at low pH P. putida biofilm production was
inhibited while the amount of EPS increased (Lin et al., 2014). Thus, lowering of the
pH of the surrounding biofilms using citrate-phosphate might be sufficient to supress

P. putida.

However, high pH did not show any statistically significant toxicity on the cells. These
results agreed with van der Waal et al. (2011) who investigated the effect of alkaline
on mature P. aeruginosa biofilms using calcium hydroxide Ca(OH)2 at pH 12.1. The
study showed that alkaline broth did not reduce the number of bacterial cells. This was
due not only to genetic adaption but also the increase of EPS production in which the
cells can be protected from the alkaline environment (van der Waal et al., 2011; Lee
et al.,, 2011). However, this finding is contrary to previous studies which have
suggested that high pH similar to ones used in this study can exert a killing effect on
planktonic forms of Gram-negative bacteria (Mendonca et al., 1994; Pearson et al.,
1987). A study by Mendonca et al. (1994) used NaOH to give buffers of pH 9.0 - 12.0
on two Gram-negative bacteria (E. coli and Salmonella Enteritidis) and found these
bacteria lost their viability at high pH values more than the Gram-positive bacteria

(Listeria monocytogenes) . The study suggested that the destruction of bacteria is
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more likely due to disruption of cytoplasmic membrane, which causes the internal
contents to leak. This discrepancy may be due to species difference and also due to

biofilm cells being less susceptible to higher pH compared to planktonic cells.

4.5.3. Osmotic Stress
Similar to pH, osmotic stresses were chosen according to the tolerance of the cells
without being totally destroyed (Lin et al., 2014). Aggregation of GO in NaCl was seen
as in Figure 4.3. Previous studies have suggested that dispersed GO will aggregate
in the presence of an electrolyte such as NaCl (Li et al., 2008). The electrolytes
decreased significantly the electrostatic repulsion between the GO particles, which
results in destabilization of the GO dispersion by electrostatic double layer attraction
(Li et al., 2008). Wang et al. (2016) studied the behaviour of different GO sizes in
common inorganic-salt electrolytes, such as NaCl, MgCl. and AICIz at different
concentrations. They found that GO dispersions started to form coagulations over 24
mM NaCl, but the dispersions remained stable in lower concentrations. MgCl, also
aggregated GO from 2.50 (mM). However, in the presence of AICIz GO started to
aggregate at 0.25 mM and remained clear above this concentration. This is due to
electrostatic repulsion which makes the zeta potential more than +30 mV which makes
GO stable. A similar phenomenon was found in other nanoparticles such as carbon
nanotubes (Niyogi et al., 2007) and gold nanoparticles (Jiao et al., 2014). A study
showed the effect of NaCl concentration on absorption efficiency and found that the
efficiency increased with the increase of GO aggregation (Xu et al., 2016). Thus, the
study of osmotic stresses on bacteria and GO was completed after the bacterial

incubation with NaCl.
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In this study, biofilms were slightly affected at higher concentration of NaCl (Figure
4.6A). Biofilms and planktonic cells were not affected at low concentration of NaCl.
However, at higher concentration, the number of planktonic cells decreased
comparted with biofilms. The salts can alter the membrane fatty acid composition
(Beales, 2004). Moreover, the cells will shrink due to osmotic pressure being higher

outside the cell (Csonka, 1989).

Thus, the number of planktonic cells decreased as NaCl concentration increased. Lin
et al., (2014) showed that EPS create a more hydrated microenvironment around the
cells, which therefore, increase adaptation of P. putida to osmotic stress without
decreasing the growth rate. However, the EPS production cannot protect the cells from
plasmolysis caused by NaCl. Biofilm were convoluted (morphologically altered) under
AFM, which indicates that NaCl exerted an osmotic pressure on the cytoplasmic
membrane even though the cells were surrounded by EPS. Moreover, (Lin etal., 2014)
found the surface morphology of P. putida biofilms changed clearly under different
osmotic stresses. However, the cells volume decreased slightly. When biofilms were
exposed to 120 mM NaCl, the surface was extremely rough. Therefore, it is possible
that at higher osmotic pressure, bacterial membrane changes its activities due to
increased membrane fluidity that can make the cells in biofilm more susceptible to
damage with GO as observed here, a significant decrease in viability with GO at higher

NaCl concentrations as shown in Figure 4.6 B.

Confocal microscopy images confirmed the CFU results at high concentration of NaCl
which indicated the death or damage of the cells. This suggest that the tolerance of
biofilm to GO depends on the concentration of NaCl. The mechanism of destroying
the bacterial cells by hyperosmotic stress has been reported earlier by (Lee, 1972;

Facklam, 1973). Microorganisms organise the intracellular concentration by
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counteracting the emigration of water from inside to outside the cells. This happens
because of the uptake or producing molecules and ions that do not affect the
metabolism inside the cells. In case of high osmotic stress outside the cells, toxicity
depends on the capability of the bacteria cells to adapt to the changed osmotic stress,
resources of solutes and energy outside cells during hyperosmotic stress change.
Microorganisms will be affected and destroyed when solutes or energy resources are
low (Csonka and Hanson, 1991). The phenomenon of osmotic stress depends on the
solute’s concentrations which cause movement of solvents between the cell and its

environment until the solute’s concentrations reaches equilibrium.

In conclusion, the effects of temperature, pH and osmotic stresses on biofilms
followed by GO exposure were studied. The GO exerted the same effect at all
temperatures. However, the combined exposure to low pH and GO affected biofilms.
Moreover, the biofilms were affected by the combined exposure to high osmosis and

GO. In general, planktonic cells were not affected by GO.

The results showed that exposure to GO had no additional or synergistic antibacterial
activity against biofilms and planktonic cells that have been subjected to temperature
and pH stresses. Conversely, higher concentrations of NaCl reduced the population
of biofilms. The findings suggest that P. putida can survive in a wide range of
environmental stresses. Moreover, some of these stresses, such as osmotic stress,
could also lead to biofilms becoming more susceptible to GO toxicity probably due to
physiological changes in the cell membrane. To better understand how these stresses,
along with exposure to GO, affect P. putida, it is important to study changes that occur
to the bacteria at the molecular level, such as genes and proteins. Besides molecular
effects the higher toxicity of GO in the presence of osmotic stress against biofilm cells

may be related to changes in some biofilm specific features such as changes in EPS
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consistency. It is also important to study and investigate the bacterial cell membrane
to understand the mechanism of GO toxicity. These findings can be interesting for

other researchers investigating the toxicity of GO on bacteria.
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Chapter 5. The Effect of EPS on the Susceptibly of P.

putida Biofilm to GO

5.1. Abstract

The extracellular polymeric substances (EPS) have a protective effect on
microbial cells in adverse environmental conditions. The removal of EPS may
increase bacterial susceptibility to antimicrobial agents such as GO. In this chapter,
the effect of GO on P. putida biofilm in the presence or absence of EPS (after removal
using standard methods) was assessed by plate counting. The method of EPS
removal involves inculcation of biofilm with EDTA and preliminary data showed that
this treatment had no effect on P. putida. The removal of EPS increased the
susceptibility of P. putida cells to GO which confirms the protective effects of EPS in
biofilms mentioned in literature. Also, the mechanism of GO’s antibacterial activity was
investigated by characterising the bacterial cell wall after exposure to GO. FTIR using
fingerprint spectra was used to study the chemical compounds and the functional
groups in the cell wall. Infrared spectroscopy is a technique used to detect the
functional groups in organic compounds according to their variation and wave
numbers. Any changes in these groups can be detected by analysing the position and
the intensity of the bands. Moreover, it is considered a non-destructive method, where
the living cells can be monitored. In this study, FTIR was used to characterize bacterial
cells by identifying their functional groups. Using FITR with bacteria shows bands
corresponded to lipids, proteins, polysaccharides and polyphosphate groups (Ojeda

and Dittrich, 2012).
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5.2. Introduction

The use of FTIR spectroscopy was used to identify bacteria for over 100 years
(Coblentz, 1911). Recently, it has started to be used as a tool to analyse chemical
changes in bacteria (Parikh et al., 2014). It is a quick method to study the chemical
compounds and the functional groups in the envelope. Infrared spectroscopy is a
technique used to detect the functional groups in organic compounds according to
their variation and wave numbers. Any changes in these groups can be detected by
analysing the position and the intensity of the bands. Moreover, it is considered a non-
destructive method, where living cells can be monitored (Ojeda and Dittrich, 2012).
The FTIR spectra of bacteria show four major groups of bands corresponding to lipids,
proteins, polysaccharides and nucleic acids (Parikh et al., 2014). The three most
common FTIR-based methods used for bacteria are: Transmittance FTIR, attenuated
total reflectance (ATR-FTIR) and micro-spectroscopy FTIR (Faghihzadeh et al., 2016);

in this chapter, the first two are used.

Transmittance FTIR analysis can be used with liquid, solid or gas samples. Solid
samples have to be mixed with highly polished salts such as NaCl, AgCl or KBr to
make a transparent pellet and placed between two infrared-transparent plates. ATR-
FTIR can be used with liquid or dried samples placed on a crystal surface
(Faghihzadeh et al.,, 2016). It has been widely used to study the toxicity of
nanoparticles such as silver (Ansari et al., 2014) and carbon nanomaterial (Riding et
al., 2012). Ansari et al. (2014) used ATR-FTIR to characterize the impact of AgNPs
on E. coli. FTIR data revealed damage of the cell membrane after treatment with
AgNPs as both lipopolysaccharides (LPS) and the membrane component
phosphatidylethanolamine (PE) were affected leading to the destruction of the
membrane. Hydrogen bonding was found as a result of interaction of AQNPs with the
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O-antigen part of LPS and the phosphodiester bond of PE was broken by AgNPs
forming monoesters resulting in highly disordered alkyl chain. Another study
investigated the toxicity impact of long and short nanotubes on Gram negative bacteria
using ATR-FTIR (Riding et al., 2012). The study reported that the toxicity of these
nanoparticles depends on their size. For instance, the smallest nanotubes had greater
toxicity than longer nanotubes, according to the signature of lipids, amide |1l and DNA

in the cells.

It is known that EPS structure plays a major role in protecting bacteria and can bind to
nanoparticles (Guo et al., 2017). Studies showed that the accumulation of NPs
occurred in EPS (Yeo and Nam, 2013; lkuma et al., 2015). When Ag was added to P.
fluorescens biofilms, it showed that it accumulates in the EPS (Peulen and Wilkinson,
2011). Functional groups on EPS have the potential to bind charged molecules, ions
and nanoparticles (lkuma et al., 2015). Therefore, this interaction can change the

functional groups of EPS.

In order to better understand the role and the nature of EPS and its interaction with
GO, it is important to understand the actual functional groups’ location in the cell wall
and the mechanisms of interaction. The composition of EPS is complex, as it consists
of many complicated compounds. The biochemical properties of these compounds still
elusive since they have their own unique monomer linkages and complex structures

(Jiao et al., 2010).

The general observation from the previous chapters was that only the biofilm cells
were affected by GO. Therefore, this chapter focuses on the EPS and its role on the
cells’ protection from GO by studying the effect of GO on biofilms after EPS. Moreover,

it analyses the chemical compounds of EPS to understand its interaction with GO.
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5.3. Materials and methods

5.3.1. Growing biofilms
P. putida biofilms were grown in CDC bioreactor as descried in section 3.3.4 and the

coupons were collected after 48 h.

5.3.2. Synthesis of Graphene oxide

GO was synthesised as described in section 2.3.1 and 85 pg/ml GO was used.

5.3.3. Effect of GO on P. putida biofilm after removing EPS
To examine the susceptibility to GO of P. putida biofilms, the experiment was
conducted in a falcon tube after biofilm was developed using CDC bioreactor. EPS
was removed as described by Thuptimdang et al. (2015) with some modification by
adding 1% (w/v) instead of 2% (w/v) of ethylene diamine tetra acetic acid (EDTA) for
3 h at 4°C before rinsing samples with PBS and treating with 85 ug/mL GO at 25°C at
0, 3 and 24 h. For control, the biofilm had been previously incubated with dH20 for 3
h at 4°C instead of with EDTA. Coupons were vortexed for 30 seconds and then bath
sonicated (40 kHz) for 30 seconds, three times. CFU was used to determine the

viability at different times: 0, 3 and 24 h by plate counting.

To test the susceptibility of planktonic cells against EDTA and GO, cells were grown
in LB overnight then centrifuged at 12,000g. After removing the supernatant, the pellet
was washed with PBS then 1% EDTA was added for 3 h at 4°C. EDTA was removed

by centrifugation at 10,000g before adding H20 or 85 pg/mL GO for 24 h at 25°C.
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5.3.4. Extraction of EPS
EPS was extracted using the EDTA method for chemical composition analysis. This
method shows a better extraction compared with other methods such as alkaline,
heating and high-speed centrifugation since this method showed low amount of cell
lysis and high extraction productivity (Elayatt and Romero-Gonzalez, 2016). P. putida
biofilm was dissociated by vortexed for 30 seconds and then bath sonicated (40 kHz)
for 30 seconds, three times and centrifuged at 12,000g for 10 min. The pellet was
transferred to 10 ml ddH20 and spun; then the pellet was put in 1% EDTA for 3 h at
4°C. The supernatant was filtered by 0.022um cellulose membrane. The EPS was
precipitated using 3 volumes of 100% cold ethanol overnight at -20°C. EPS was then
collected by centrifugation at 12,000g for 30 min followed by adding ddH2O to the

pellet to remove the ethanol. It was dried at 50°C overnight.

5.3.5. Chemical composition analysis
FTIR is a rapid method used to identify chemical compounds in bacteria. 12 coupons
of P. putida biofilms were washed with PBS and they were broken by vortexing and
sonication. Then it was centrifuged at 17,500g for 20 min at 4°C and the pellet was
resuspended in 20ul PBS to obtain a highly concentrated suspension which is required

for further analysis.

Attenuated Total Reflection ATR-FTIR

For liquid samples, small drops of the sample were used such that the crystal was

covered using Pasteur pipette. Then, using software and Nicolet 380 FTIR (Thermo

134



FisherScientific) the infrared spectrum of the sample was scanned using diamond or

zinc glasses.
Transmittance FTIR analysis

FTIR was used for dried sample. The 20 ul of the sample was transferred to a clean
microscope slide and dried at room temperature. To analyse cells with FTIR, a
transparent disc was used by gently mixing 5mg cells with 5mg KBr before adding an
additional amount of KBr (95mg) to homogenize the sample. The mixture was then
placed into a die to make the disc using hydraulic press (15 tonnes). Each disc was
subjected to 64 scans (averaged at a resolution of 2cm™) in a Nicolet 380 FTIR

(Thermo FisherScientific, Waltham, MA, USA) in direct beam mode.

5.4. Results

5.4.1. Susceptibility of P. putida to GO
The effect of removing the EPS from P. putida biofilms on susceptibility to GO was
tested. Untreated biofilms and biofilms treated with EDTA to remove the EPS, were
incubated with water (control) or GO. Figure 5.1 shows the reduction of the
viability after using 1% EDTA and exposing the cells to GO. Results showed that
there was a significant reductionin CFU for biofiims with GO attime 3 and 24
h, approximately 3-log compared with controls. In addition, samples treated with
EDTA also showed a significant reduction compared with the control and further
reduction around 6-logs was observed when GO was applied to these samples in

times 3 and 24 h.
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Figure 5. 1 shows the viability in CFU after removing EPS using 1% EDTA from P.
putida biofilms. Control: the viability of biofilm after sampling and incubation with
dH:0. Biofilm+GO: the viability of biofilm after exposing to 85 ug/mL GO for 24 h.
Biofiim+EDTA: viability of biofilm after exposing to EDTA for 3h. Biofilm
+EDTA+GO: viability of biofilm after exposing to EDTA for 3h then being
incubated with 85 pyg/mL GO for 24 h. Mean values with different letters are
significantly different (P < 0.05). The data was analysed with one-way ANOVA

To confirm that EDTA did not affect the susceptibility of planktonic cells to GO
treatment, planktonic cells were also exposed to EDTA and there was no
significant difference in the CFU between control cells and those treated with GO or
EDTA. Figure 5.2 shows that EDTA did not affect the viability of planktonic cells.

Moreover, this treatment did not affect the susceptibly of these cells.
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Figure 5. 2 shows the impact of EDTA and 85 ug/mL GO on P. putida planktonic cells.
Control: the viability of planktonic cells after sampling and incubation with
dH:0. Planktonic cells+GO: the viability of biofilm after exposing to 85 pug/mL
GO. Planktonic cells+EDTA: viability of biofilm after exposing to EDTA for 3h.
Planktonic cells+EDTA+GO: viability of planktonic cells after exposing to EDTA
for 3h then being incubated with 85 pg/mL GO. Mean values with different letters

are significantly different (P < 0.05). The data was analysed with one-way
ANOVA
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5.4.2. Characterization of P. putida planktonic cells by FTIR
The region of an FTIR spectra between 4000 and 500 cm™" holds characteristic bands
for microorganisms (Schmitt and Flemming, 1998). Different methods were used to
characterize biofiims with FTIR. The sandwich method where samples are placed
between two discs of KBr and clamped together, then scanned with FTIR, was used

first.

However, this method is not suitable as the bands in this method were unclear and
difficult to observe (Figure 5.3 A). Bacteria have distinct bands corresponding to
protein, carbohydrate and lipids. The bands here do not correlate with those in other
studies (Ojeda et al., 2008). This is due to the KBr disc being dissolved in the water in
the sample. A good example (P. putida biofilm grown using a flow-cell system) of good

bands is presented in figure 5.3 C.

Another method was used to get the bacteria specra is by the ATR-FTIR. A few drops
of bacterial suspension were placed on ATR-FTIR. After the scan, the bacteia bands
were not clear (Figure 5.3 B). This could be due to the small amount of bacterial cells
which makes it difficult to identify.(why not use higher amount?) since all the 24
coupunds are needed for one expermental setteing, it will be a limatation of the study.
Moreover, different methods to obatin higher concentation bofilm biomass could be

used in the future.
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Figure 5. 3 P. putida (grown using CDC bioreactor)spectra with FTIR using A)
sandwich method B) liquid sample on ATR-FTIR C) an example a good bands of
P. putida biofilm grown using flow-cell system from Ojeda et al., (2008).

Infrared absorbance of both GO treated and untreated P. putida planktonic cells was
monitored by ATR-FTIR. P. putida was grown on LB media overnight in a flask and

centrifuged 10,000g for 10min. The pellet was then dried and mixed with KBr.

The typical bacterial spectra has five groups of bands corresponding to biomolecules:
1) Water with streaking modes of O-H in the region between 3800-3000 cm™; 2)
Protein mainly identified by the N-H stretching and vibrations of peptide in amide |
which come from C=O stretching and amide Il which come from N-H and C-N
stretching; 3) Lipids and phospholipids with methylene stretching and phosphate
groups and 4) Polysaccharides which appear in region between 1200-900 cm™'; and

5) nucleic acids which is liked to phosphate groups (Humbert and Quiles, 2011).
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Figures 5.4 A and B show the functional group contributions of P. putida planktonic
cells compared with those exposed to GO. The IR spectra for GO-treated and
untreated samples are very similar. No new absorptions band were found on the
sample with GO. However, most of the bands for treated samples shifted to the left in
wavenumbers by around 1-4 cm" probably because of GO treatment. The region from
3000-2820 cm™ is assigned to symmetric and asymmetric stretching of methylene and
methyl groups derived from lipids (Mihoubi et al., 2017). The bands at region 2926.1
and 2925.6 cm™ are similar for treated and untreated, respectively. The region
between 1652 and 1540 cm™ is dominated by amide | and Il. The treated P. putida
showed two bands at 1653.5 and 1543.0 cm™" which are associated to C=0, C-N and
N-H stretches. While the untreated P. putida showed the bands at 1652.1 and 1540.0

cm, respectively (Parikh and Chorover, 2005).

The region between 1460 and 540 cm™' is associated with macromolecules such as
carbohydrate and polysaccharide and nucleic acids (Omoike and Chorover, 2004; Filip
et al., 2008). The band at 1451.6 and 1399.2 cm™ are assigning to CHz and C-H
stretching of methyl group. The absorption band at 1237.2 cm™' links to PO; stretching
of nucleic acid or phosphorylated protein. The list of the IR absorption bands and their

assignments are represented in (Table 5.1).
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Figure 5. 4 ATR_FTIR spectra of GO-treated and untreated P. putida. Spectrum A) is
for the GO-treated planktonic cells, B) is for untreated planktonic cells, C) is for
GO-treated biofilm and D) is for untreated biofilm. The numbers on the graphs

represent the absoption bands.
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Table 5. 1 Functional groups of P. putida planktonic cells treated/untreated with GO

and the corresponding infrared absorption wavelengths

Wavelength Wavelength | Wavelengths Assighments References
for P. putida for P. putida (cm™)
control (cm™) | with GO (cm™)
3302.3 3302.3 3500-3200 O-H (Radhika and Mohaideen
2015)
2925.6 2925.6 3000-2820 CHz2 (lipds) (Mihoubi et al., 2017)
2960-2850 C-H (Filip et al., 2008)
1653.6 1652.1 1652-1637 C=0,C-N, N-H (Parikh and Chorove
2005)
Amide |
1541.1 1540 1550-1540 N-H, C-N (Parikh and Chorove
2005)
Amide Il
1451.6 1450.4 1460-1440 CHz (Stelescu et al., 2017)
1399.2 1398.2 1400-1380 C-H (Devnath et al., 2017)
1237.2 1236.1 1241-1221 P=0 (Omoike and Choroverm
2004)
1079.9 1076.9 1080 C-O-C aliphatic | (Filip et al., 2004)
ester
1079-1048 (Omoike and Choroverm
C-O-C, C-O-P | 2004)
polysaccharide
541.7 544 650-480 C-0O-C, P-O-C | (Filip et al., 2008)
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5.4.3. Characterization of P. putida biofilm by FTIR
After the previous failed experment with the two methods of FTIR (Figure 5.3) the KBr
pellet method was used as it may show the bands that correspond to chemical
compounds and obain an accurate FTIR spectrum. In this method the concentrated
bacteria was compressed with KBr to form a transparent pellet avoids air bubbles and
mositure which interfer with FTIR specturm. The spectra for P. putida biofilm treated
with GO and untreated are presented in (Figure 5.4 C and D). At 3397.4 cm™' showed
the O-H vibration (hydroxyl group) which is derived from water. Two small bands apear
at 2962.3 and 2933.0 cm™' correspond to NH> stretching and O-H group. The amide |
and amide Il are located at 1650.1 and 1547.8 cm, respectively. A band at 1402.1
cm- assigned to COO" group stretching and probably C-H bond. The nucleic acid

spectra is assigned between 1225.9 - 1140 cm™".

The main difference between the GO treated and untreated P. putida biofiom is shown
in (Table 5.2) and (Figure 5.4 C and D). The amide Il band, 1550-1540 cm", is not
present with the untreated sample. Moreover, two additional peaks appeared in the
GO-treated sample at 747.1 and 685.4 cm™ which represent CH; stretch. One band
was present in GO-treated samples instead of two bands in regions 2960 and 2927 cm™ in
the untreated. Some of the bands shifted such amide from 1650.1 for untreated to
1630.7 cm™ and 1405.1 to 1435.4 cm™ for treated sample. This was similar to the

nucleic acid band which shifted to 1098.9 cm™".

In this region, the most noticeable differences between treated and untreated biofilms
are the bands that decreased at 1630.7 cm™' for which indicates a loss of amide |

content, and the bands at 1547 and 1450 cm™' disappeared, reflecting protein damage.
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Table 5. 2 Functional groups of P. putida biofilms treated/untreated with GO and the

corresponding infrared absorption wavelengths

Wavelength Wavelength | Wavelengths Assignment References
for P. putida | for P. putida (cm™)
control (cm™) | with GO (cm™)
33974 3405.1 3500-3200 O-H (Radhika and
Mohaideen 2015)
2962.3 2926.9 3000-2820 CH: (Mihoubi et al.,
2017)
2933.0 2960-2927 C-H
(Filip et al., 2008)
1650.1 1630.7 1652-1637 C=0, C-N, N-H (Parikh and
Chorove, 2005)
Amide Il
1547.8 - 1550-1540 N-H, C-N (Parikh and Chorove
2005)
1450.7 - Amide Il
1402.1 1435.4 1407-1379 C=0 (of COO group) | (Omoike and
Choroverm 2004)
1435-1346 C-H (CHzs vibration)
(Christou et al.,
2018)
1225.9 1222.1 1242-1221 P=0 (nucleic acids or | (Omoike and
phosphorylated Choroverm 2004)
proteins)
- 1140.1 1000-1140 C-O-P, C-O-H (nucleic | (Sabbatini et al.,
acids) 2017)
(Tarebet al.2017)
1078.3 1068.9 1000-1140 C-O (nucleic acids of | (Sabbatini et al.,
polysaccharides) 2017)
(Tarebet al.2017)
- 747.1 and 700-750 CH: (Kamnev, 2008)
685.4
542.2 531.0 630-530 O-C-N (amide VI band) | (Gupta et al., 2011)
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Both biofilm and planktonic cells have the O-H stretch in the region between 3800-
3000 cm™ and the methyl group in the region between 3000-2800 cm™'. Moreover, the
bands of the amide | and Il are present for both forms and they located around the
region 1652-1637 cm™ and 1550-1540 cm™, respectively. In addition, the bands
around 1450 (CH), 1078 (C-O) and 542 (O-C-N) cm™ are present in both forms.
However, the bands at 1402.7 cm™ (C-H) and 1225.9 (P=0) cm for biofilm are

located differently at 1398.2 (C-H) cm™ and 1236.1 (P=0) cm-" for planktonic cells.

The exposed samples both biofilm and planktonic cells to GO showed that the O-H
stretch is present but in different location. In planktonic cells the O-H is located at
3302.3 cm™, while in biofilm is located at 3405.1 cm™'. The C-H stretch located at 2926
cm' (C-H) is present in both forms. The amide | is located at 1630.7 cm™' for biofilm
and at 1653 cm™' for planktonic cells. The amide |l is present in planktonic cells at
1543.0 cm™ but it is absent in biofilm. The C-H band is present for both forms, at
1435.4 cm™ for biofilm and 1451.7 cm™ for planktonic cells. New peaks are formed
only in biofilms at 1140.1, 747.1 and 685.4 cm™! which represent C-O, C-H; and O-C-

N.

The EPS was measured by FTIR after extraction and mixed with KBr. FTIR spectra for EPS
is presented in Figure 5.5. The spectrum is unclear and few peaks are present. This is due to

the EPS amount being too low to be detected.
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Figure 5. 5 ATR-FTIR spectra of EPS after removal from boifilm
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5.5. Discussion

5.5.1. EDTA
In this study, EDTA was used to remove EPS from biofilms to test the effect of GO in
the presence or absence of EPS. EDTA is a chemical compound that has destructive
effects on the outer membrane of bacteria by chelating cations from LPS, which
enables the release of LPS from bacteria and therefore affects the permeability of the
outer membrane (Banin et al., 2006; Cavaliere et al., 2014). EDTA can be lethal for
bacteria when exposed for a long period of time; however, for a short period of time, it
increases the permeability of the outer membrane (Cavaliere et al., 2014). Therefore,
EDTA can react as a synergistic agent with other antibacterial compounds (Lambert
et al., 2004; Umerska et al., 2018). In this chapter, results showed that EDTA affected
P. putida biofilms (Figure 5.2). The addition of EDTA only reduced the viability of

biofilms, but it worked as a synergistic compound when GO was applied.

It has been shown that EDTA killed P. aeruginosa biofilm and caused cell detachment
from biofilm (Banin et al., 2006). Banin et al. (2006) studied the effect of EDTA on P.
aeruginosa biofilms. The results showed a reduction in cell number of more than 99%
in biofilm cells, when treated with 50 mM EDTA. Furthermore, treatment with EDTA

and 50 pg/ml gentamicin together was more effective than ETDA alone.

The experiment in this chapter also in parallel demonstrated that GO has no effect on
planktonic cells. Therefore, in this chapter, EDTA was used with planktonic cells as a
control to biofilm. Comparing cells exposed to EDTA and non-exposed, there was no
significant difference after adding GO. These results are similar to those reported by

Thuptimdang et al. (2015).
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In this chapter, EDTA with GO shows a synergistic effect against biofilm cells and this
might be due to the fact that they both target the cell membrane. Such synergy in
antibacterial activity is expected since GO damages the cell membrane as observed
previously and EDTA also targets the membrane. In many studies EDTA can react as
a synergistic agent with other antibacterial compounds (Lambert et al., 2004; Umerska
et al., 2018). Lambert et al. (2004) demonstrated that the treatment of P. aeruginosa
with EDTA made it more sensitive to antimicrobial agents (surfactants and antibiotics).
However, in contrast, Thuptimdang et al. (2015) reported that EDTA did not make P.
putida planktonic cells more susceptible to AQNPs after treatment for 3 h. however, in
this study EDTA treatment made the biofilms more susceptible to the antibacterial
effects GO. This discrepancy between results can be explained by the differences in
the antibacterial mechanisms between GO and AgNPs or antimicrobial agents. For
example, EDTA is able to disrupt the lipopolysaccharide in the outer membrane of P.
putida which increase the sensitivity of surfactants and antibiotics or GO to attach the
cell wall. On the other hand, AgNPs may not attach the cell wall the membrane

disruption caused by EDTA may not increase cells susceptibility.

The removal of EPS led to an increase in susceptibility of P. putida cells to GO. Sheng
and Li, (2011) studied the effect of sliver on wastewater biofilms. They removed the
loosely bound EPS using NaCl. The removal of EPS caused slight loss of biofilm and
cell susceptibility increased to over 80% when AgNPs were applied. Their study shows
that EPS plays a major role in cells’ protection. In addition, removal of the loose EPS
from biofilms increased cells’ resistance compared with planktonic cells. This could be
related to protection of tight EPS (Xue et al., 2013), where biofilm was found to be

more resistant to chlorine and monochloramine with EPS.
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Since EDTA treatment destabilises the biofilm matrix and also removes EPS it would
be expected that some of the cells would be removed during the washing steps,
however, this is not the case as the counts between control (dH20) and Go at initial
time 0 h were similar. Moreover, the effect of EDTA on EPS would be significantly
reduced after the washing steps and prior to further treatment with GO or dH>O and
therefore the observed reduction in counts would only be explained by the synergistic

effects of EDTA and GO and not due to the washing steps facilitated by EDTA.

The damage to the cell wall caused by EDTA made biofilm cells more sensitive to GO
but not planktonic cells. The reason why EDTA effect biofilms and not planktonic cells,
this could be due to three reasons. 1) EDTA chelates divalent cations and divalent
cations are important in cell wall stability. Therefore, the data suggest that divalent
cations might be more important in cell wall stability in P. putida biofilm cells compared
to planktonic cells (Nikaido and Vaara, 1985). A less stable cell wall would be more
sensitive to GO. 2) It could be that the act of removing EPS from biofilm cells using
EDTA damages the cells. The destabilization and destruction of the EPS can break
down cohesive (cell-cell) and adhesive (cell-surface) forces which may affect the cells
negatively (Chaudhary and Payasi, 2012). However, EDTA treatment of planktonic
cells does not do this. 3) it could be that EDTA trapped in EPS between the cells which

increases its concentration around the cells and also the contact time with the cell wall.

5.5.2. FTIR Spectroscopy
FTIR analysis was done to study the differences between treated and untreated
samples with GO. FTIR spectroscopy was used to try to identify the functional groups

in organic molecules according to the vibration at different infrared frequencies. The
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spectra of bacteria were well identified (Ojeda et al., 2008; Schmitt and Flemming,
1998). Figure 5.4 show the ATR-FTIR spectra of P. putida planktonic and biofilm cells.
The observed IR bands corresponded to the presence of different chemical
compounds, such as protein, lipid and polysaccharides functional groups (Tugarova

etal., 2017).

Additionally, ATR-FTIR spectra of treated and untreated biofilm confirmed molecular
interactions between GO and bacterial cells. The infrared spectra of treated and
untreated cells exhibit distinct bands (figure 5.4). Although the region between 3600
and 2500 cm™! exhibits similar bands, the treated sample at the approximate region
3000-2900 cm™ has only one peak instead of two peaks for untreated. This region
corresponds to C-H stretching in aliphatic compounds (Filip et al., 2004). Cell wall
components, such as lipids and carbohydrates, could be responsible for this feature

(Filip et al., 2004).

Fatty acid spectra bands in regions 3100 and 2800 cm™ and 1500-1200 cm™' can
determine the harshness of the impact of the nanoparticles on the bacterial cell wall
(Faghihzadeh et al., 2016; Mihoubi et al., 2017). A study showed that the composition
of Gram-negative bacteria was changed in terms of fatty acids, amide | and amide Il
of proteins, peptides and amino acid regions, compared with untreated bacteria
(Pulingam et al., 2019). Another study showed the impact of fullerene on bacterial
membrane using FTIR and reported that the fullerene changed the composition of

phospholipid (Fang et al., 2007).

The region between 1700 and 1480 cm™ represents N-H stretching of amide | and
amide Il which indicates the presence of protein (Sabbatini et al., 2017). The amide |

is located between region 1700-1600 cm™ and has a stretch vibration of C=0, while
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amide 1l is located between 1600 and 1480 cm™ and has a stretch vibration of N-H
(Faghihzadeh et al., 2016; Sabbatini et al., 2017). In this study, the intensity of amide
| decreased, and the bands of amide |l were absent in treated biofilm. This reflects the

chemical changes after the treatment with GO.

The spectra of carbohydrate occurs at 1200-900 cm-' region (Humbert and Quilés,
2011) and has a stretch vibration of C-O-C and C-O-P group of the polysaccharide
region (Tareb et al., 2017). The chemical composition of the carbohydrate region
transformed with the presence of GO. An additional band exhibited at 1140 cm™ and
the intensity band at 1068.9 cm increased. This is due to a stretch vibration of C-O-
P and C-O-H of carbohydrates and nucleic acids (Tareb et al., 2017; Ojeda and
Dittrich, 2012). The treated biofilm also showed a small and weak band in the region
between 900-600 cm™, called the fingerprint region (Faghihzadeh et al., 2016). The
band corresponded to CH2, which could be assigned to cellulose (Szymanska-Chargot

etal.,, 2011).

In conclusion, in this study, direct attachment of GO to P. putida biofilm was
performed by removing EPS. The removal of EPS by EDTA reduced the viability of P.
putida biofilm cells. The removal of EPS increased the susceptibility of P. putida to
GO. The study of the functional groups was done by FTIR. Results showed that the
biofilm cells treated with GO changed the chemical compounds in their cell wall which
may play a role in their viability. Additional work is need in future with different bacteria

and different carbon nanotubes.
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Chapter 6. Final discussion and future work

The aim of this thesis was to study the effect of carbon-based nanomaterials on soil
bacteria. Over the recent years, intense research was focusing on the toxicity of these
nanomaterials on bacteria. Many of the research indicates that these nanomaterials
have an antibacterial effect on the bacterial cells. One of these nanomaterials is GO
which is a thin layer of carbon atoms with oxygen groups on the top of the layer and it
has been used recently in many applications. As the industries expands the production
of GO, it will certainly release into the environment and might affect the soil bacteria.
Therefore, it was important to study the impact of GO on soil bacteria in planktonic

cells and biofilms.

This chapter is a summary on the main findings of the four result chapters; synthesis
of GO, toxicity of GO on bacteria, effect of environmental stresses on GO treated

bacteria and bacterial cell wall, the thesis and highlights the future work.

Previous studies showed conflicting results on the antibacterial activity of GO due to
variability in its purity. Therefore, it was important to synthesize pure GO and
characterise it before the test. In chapter one, pure GO was successfully produced
from graphite flakes by modified Hummers’ method and was characterized by different
techniques. Each technique presents a different characteristic such as size, thickness,
oxygen groups and purity. TEM was used to identify the size of GO and the achieved
size of GO sheets were 100-200 and 400-600 nm by sonication for 10 or 120 min,
respectively. While the thickness of the GO sheets was measured by AFM and showed
1.6-2 nm. The presence of oxygen groups showed that the GO has a negative charge

while XPS confirmed the purity of the sample.
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In the second chapter, GO was tested against P. putida and Acinetobacter sp. as
model bacteria in biofilm and planktonic form. Both biofilms of these bacteria were

developed in CDC reactor.

The viability of the bacterial strains was measured by plate counting and colony-
forming units (CFU) were determined while two tests were used to measure the
antibacterial activity of GO including: flow cytometry to study the integrity of the cell
membrane and confocal microscopy to investigate the morphological changes of the
cells. The CFU results showed that P. putida biofiims were reduced at 48h while
Acinetobacter sp were reduced at 72h. Both strains at these times showed cell
membrane damage and the cells detached showed susceptibility to GO. However, the
planktonic cells for both strains showed no changes to GO. The results indicated that
the susceptibility of GO to biofilm depends on age of biofilm which might be due to the

physiological state of the cells during biofilm’s maturation.

In the third chapter, after testing the effect of GO on bacteria, it was important to study
the environmental stresses on P. putida and GO such as temperature, pH and osmotic
stresses. The pH and osmotic stresses were applied to bacteria before GO treatment.
The viability was tested by plate counting and CFU was determined while the
physiology of the biofiims was investigated by confocal microscopy. The tested
temperature stresses were 4, 25 and 40 °C. The incubation of GO for both planktonic
cells and biofilms in all temperatures showed no significant difference which means
the temperature does not play a role in the susceptibility of bacteria with GO. The
exposed to low pH (5 and 6) on biofilms cells showed a slight reduction in CFU, while
at 7-9 pH no differences were observed between them. However, the combined
exposure of the post-treated bacteria with GO showed reduction in low and high pH

but the reductions were not significant between the pH ranges of 5, 6, 7, 8 and 9.
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There was no impact of only osmotic pressure on biofiim cells which showed no
reduction of CFU. However, the combined exposure of high osmotic pressure (NaCl
320 mM) and GO showed a reduction of CFU more than at low osmotic pressure. This
reduction could be from the high osmotic pressure which cause changes to the
bacterial membrane and make it more susceptible to GO. On the contrary, the
reduction on the planktonic cells were high when the osmotic pressure increased. It is
possible that the cell membrane gets altered from the salts and the cells shrink due to
high osmotic pressure around the cells and such changes to the membrane may have

caused them to become more susceptible to GO treatment.

In the last chapter, after studying the effect of GO on bacteria and their environmental
stresses, it was necessary to study the role of EPS on protection of biofilm cells from
GO and to study its chemical compounds to understand its interaction with GO. The
EPS is known to play an important role in the protection of biofilms. Therefore, in the
last chapter the susceptibility of P. putida biofilms after EPS removal was investigated.
The method to remove the EPS was by using EDTA. The removal was shown to
increase the susceptibility of P. putida cells to GO. The study of the chemical
compounds was done by FTIR and it showed that GO changed the compounds of the

cell wall which may explain the decrease in cell viability.

155



Future work

Graphene oxide (GO) has been reported to have strong antibacterial activity against

Gram-positive and Gram-negative bacteria. However, synthesising high-quality GO is

essential to study the impact of GO on bacteria. In my study, | have successfully

generated high-quality GO by optimising modified Hummer’s method and testing its

antibacterial activity on both planktonic cells and biofilms under different

environmental factors such as pH, osmosis and temperature. However, there are still

questions that need to be answered in following-up studies. Therefore, the future work

should include the following:

1-

Testing of the antibacterial effect of GO on Gram-positive bacteria B. subtfilis
and demonstrate the difference in the interaction between GO and Gram-
negative versus Gram-positive bacteria. This can be done by measuring the
viability by CFU and flow cytometry to determine the degree of bacterial
membrane potential and integrity. TEM and SEM can be used to observe the
bacterial morphology and to understand the interaction between the cell
membrane and GO. ATR-FTIR can be used to analyse the functional group in
the cells.

Comparing the antibacterial effect of GO with different carbon nanomaterials
such as graphene, rGO and carbon nanotube on P. putida biofilm. This
comparing can be done by measuring the viability by CFU and flow. TEM and
SEM to study the morphology. The functional group will be analyse by ATR-
FTIR.

Understand the mechanism of the antibacterial effect of GO on bacteria at the
molecular level. This can be done by using RNAseq analysis to analyse the
changing of transcriptome after exposing cells to GO and spot the changes in
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gene expression. This could be expanded to compare the genes that are

activated and repressed in biofilms and planktonic cells.
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