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Abstract

Microbial fuel cells (MFCs) have been used in a variety of applications to date,
however the power output of an MFC is its biggest limitation. The power output of
an MFC carbe improved by improving the electron transfer from the bacteria to the
electrode. This project was interested in improving the electron transfer using gold

nanoparticles.

Gold nanoparticles were incorporated in MAgarose which showed good conductive
properties and when used in a bieelectrochemical cell with Shewanella oneidensis
MR-1 as the bacteria, a current enhancement of ~ 29 times was recorded when
compared to plain veil. Gold macrostructures were also electrodeposited in
thiolated agarose gels and wed as electrodes in the bieelectrochemical cell, but the

current enhancement was not very significant compared to the control and reached

a saturation point over time.

Thiol group functionalised PAMAM dendrimefprotected gold nanoparticles, were
attachedto So surface and used as the biocatalysts in a ltectrochemical cell. The
current recorded was lower than the control. This was attributed to a weak biofilm

formation on the electrode because of gold nanoparticle attachment.

The data obtained in this hesis suggests GelAuNP to be the most promising way

forward of achieving a high power output from an MFC.
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Chapter 1: Introduction

1 Introduction

The predicted energy consumption of the world by 2040 i8820 quadrillion Btu
(British thermal unit) and the consumption by fuel type is shown inFigure 1-1.23
The consumption by fuel type is also increasing, with a steeper irgase in
renewables, natural gas and coal than nuclear, showing a preference for abundant

resources.
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Figure 1-1: World energy consumption by fuel type from 1990 -2040, quoted in Btu. Taken
from ref 1

One ofthe most abundant resources is waste water, there is approximately 11
billion tonnes of waste water produced in UK per day. Waste water contains organic
and human waste matter in the form of sludge, this sludge is treated anaerobically
to produce bio gas © be used in combined heat and power plants to produce
electricity.4 Waste water treatment is energy and time intensive, an alternative to

this treatment is to use microbial fuel cells to produce clean water andegttricity at

the same time>

1.1 Bio-electrochemical fuel cells

Fuel cells convert chemical energy into electricity using a catalyst. Fuel cells utilising

catalysts such as enzymes and bacteria (microbe) for converting chemical energy

into electrical energy are called bieelectrochemical fuel cell$z10 A major limitation

of enzymes as catalysts is that they are specific for a single reaction whereastbaa

are diverse in catalysing reactiong1z14 The fuel cell with enzymes as catalyst are

known as enzymatic fuel cells and fuel cells with bacteria as catalysts are known as

- EAOI AEAT £EOAT AAT 1 O | - &#6 O0Qqhdew. The @daE O
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of MFC was first observed by PottéP where electrical energy was recorded using
bacterial cultures of Escherchia coli and Saccharomycesvith platinum electrodes.
This was further corroborated by Cohe#¢ when the potential of different bacterial

cultures was recorded using them as electrical half cells.

MFCs in general contain an anaerobic adic chamber, aerobic cathode chamber and
a semi permeable membrane (proton exchange membrane) depending on the cell
design as shown irFigure 1-2, 17 oxidation takes place in the anodic chamber while

reduction takes place in the cathodic chamber.

Bacteria

Organic
Compounds 0,
as Fuel
Oxidation HO

Products

Proton Exchange
Membrane

Figure 1-2: Schematic of a two chamber microbial fuel cell. Taken from ref 17

The bacteria or enzymes present in an anodic chamber oxidise substrates such as
glucose by their metabolic pathway for growth? The electrons produced by the
AAAOAOEABO 1 AOAATT EA DPAOExAUO AOA OOAT O¢
transfer mechanisms dependant on the bacteria being used as the catalyst. The
anodic chamber is kept anaerobic to prevent any oxygen acting as thedl electron
acceptor instead of the anode and the cathodic chamber is kept aerobic to facilitate
reduction oxygen. The electrons flow from the positive terminal to the negative
terminal via an external circuit (load or power source), whereas the protonmigrate

via the proton exchange membrane to form water through reduction on the
cathodel8.19 The presence of bacteria can be either in the anodic or the cathodic
chamber dependant on the design of the MFC. If a bacterium is used at the cathode
the bacterium is able to grow aerobically utilising the cathode foelectrons and

acting as an electron acceptof?.21
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1.2 Applications of MFCs

-&#60 EAOA A 101 AAO 1 Aensing®dbiordnmelidioni«@ OOAE
metal recovery29.30 and also as microbial electrolyg © AAT 1 O | - %#6 0Q x
of voltage is provided for the production of hydrogen31z3® The most important

APDbPl EAAOETT T &£ -&#60 EO EI OAAEI AT O 1 EAO
contains the anode and the sea water has the catholeigure 1-3).49247 The Figure

1-3 shows the production of acetate from sediment organic matter fermentation and

its subsequent oxidation by sedimenbacteria. The oxidation of acetate leads to the
production of 8 electrons that are transferred to an anode, while 8 protons migrate

through the membrane to the cathode and get reduced to form water at the cathode.

Sediment Microbial Fuel Cell

Cathode reaction:
20, + 8H* + 8¢~ » 4H,0 4H20 202
8e’
[ Cathode ]Q\
Water Y
8H* A,
Sediment -/
Anode :
8e
Fermentation Anode reaction:
Sediment organicmatter e Acetate CH,0; + 2H,0 -+ 2CO, 48H* + 8e”
CO,

Figure 1-3: Sediment microbial fuel cell. Taken from ref 43
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such as the powering of a low pwer meteorological buoy over the long term. Tender

et al#8 have demonstrated the use of a prototype SMFC that has generated power
densities of 16 mWmgZ (equivalent to 26 alkaline Duracell batteries per year at 298

K). The second most common application of MFCs is in waste water treatment to
produce electricity and clean water!6z52 The electricity generated in an MFC is
dependent on the source of waste watémwith the highest current density recorded

at 1000 mAm?2 for waste water from an alcohol distillery>¢ Even though there are

i ATU ApbPI EAAQOEITO T &£ -&#860h OEA ADPDPI EAAA
power / current generating ability. There are many limitations in a MFC and these

are reviewed below.
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The performance of MFC depends on its configuration, operational conditions (pH,
temperature, type of substrate and continuous or batch mode), elacide material,
the bacterium used as the catalyst and electron transfer from the bacterium to the

anode>7z62

1.3.1 Configuration and operational conditions

There are three different types of electrode configuratios available for use two
three and four electrode configurations. There are only a few examples of 4
electrode configurations, whereas predominantly three electrode configurations
are used to obtain a better control on the working electrode®3 The reference
electrodes are usually cheap, easy to use and regenerate, such as silver / silver

chloride (Ag / AgCl) or calomel electrode$4

The choice of temperature seems to influence time scale of the MFC as it directly
affeAOO AAAOAOEAI CcOl xOE AT A ET 0001 Al AAC
continuous®® or batch mode depending on the configuratioff such as stacked468
singlef%z74 or dual chambers? The type of substrate also influences the current
generated in a MFC, the substrates that could be used are acetate, celluletach,
sucrose and xylos€®76 The species of bacterium used, its metabolism and pH are
also important factors to consider. Bacterial growth is described by the Moné@
equation similar to Michael z Menten for enzymes,where bacterial growth is
dependent on substrate concentration. If the MFC is run with limited substrate
material, the power output will be dependent on substrate availability for the
bacterium. As the power output is directly related to the growth of baetria, factors

that influence bacterial growth become the limitations for power output.

1.3.2 Electrode material

The choice of electrode material at the anode and cathode is important in influencing
the rate of electron transfer. Usually metal electrodes such gdatinum,8! gold,
copper, silver, stainless steel, cobalt and nickel are used, however the choice of
electrode material depends on its electrochemical activity, surface, cost, foulingdn
biocompatibility. 82 The use of carbon based electrode materials such as carbon

foam, mesh, fibre, cloth and paper are preferred at the anode chamber of the MFC
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because of their cost, surface roughness and biocompatibili#%sé The cathode

electrode material is usually platinum or the same as anode.

1.3.3 Choice of bacteria

There are particular species of bacteria capable of transferring electrons from their
metabolism to an insoluble electron acceptor such as an electrode. Some oé th
electrode respiring bacteria areClostridium beijerinckii, Geobacter sulfurreducens,
Rhodoferax ferrireducens, Shewanella putrefaciens, Streptococcus laatisl

Shewanella oneidensfgz8”

1.3.4 Electron transfer

There are different ways of electron transfer from the bacteria to the anode such as
direct electron transfer, mediated electron transfer or the use of nanowires. These
are discussed in detail in sectiorl.4.2 The other electron transfer that could be a
limiting factor is the catalysis at the cathode. Electrons flow from the anode to the
cathode and combine with the migrated positive ions to form water or other
commodities depending on the type of MFC. The reduction process at the cathode

acts an electron sink for the electrons produced at the anode.

1.3.5 Other limitations

Internal resistance of an MFC can arise fromanode cathode®f!l electrolyte
resistance®? and membrane resistancé and theselimit the power output of a MFC.
These can be reduced bincreasing theanode andcathode surface aregthe surface
areaof proton exchange membrane (PEM), the ionic strength of the electrolyter
the pH. There are other factors that influence the current generated in a MFC such

as kinetic and thermodynamic factors.

1.3.5.1 Thermodynamic factors
Schroder has summarised the energy flumm a MFC, showing the loss of energy at

key points during the operation of an MFCHigure 1-4). %4

32



Chapter 1: Introduction

Electric energy

Biological energy

dissipation
Substrate : :
(fuel) Microorganism
& =)

Ee' (CO,/Glucose: -0.43 V) ¥
el — —
\
> AGZ,
& v v
Elink ———————— ~
} AG, = NFAE®
e
i) AG.

E:;' ), )

(O,/H,0: +0.82 V)

Figure 1-4: Schematic showing the energy flux in a MFC with key points of loss. Taken from
ref 94

In a fuel cell, the relationship is
Yo EM O QQ 0 Bt éQQ
Where n is the moles of electrons requéd for the redox reaction, and F is the

&AOAAAUOGSE AT 1 OOIAFidhre 1s4p thertapabfregtendrdy available from

z o~ A z A X £ A

OEA 1T GEAAOQEITT 1T &£ A OOAOOOAOA OVAAWISAET I 1

AAOGAOI ET AA AU OEA pibéviebnOtheAfliel aAdEtdedmddand 1 A A
respective to the biological potential. In an MFC, since biological species are

catalysing the redox reactions, the equation is written &8

YO EM NVEEEIO GOOQARO £
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Some of the free energy is lost to the bacteria for its growth and this loss can be
determined by YO , the total free energy obtained from the complete oxidation of

substrate (taking into account the losss) is denoted byY"O
YO YO YO (1)

YO andY'O are related by the redox potential of the linking species and is

denotedby O 4
Y'O E'M MQaodED Q0 a0t (2)
YO £ a0t 0 FOO (3)

The difference in pdential caused by the redox reactions taking place in between
the bacteria and the anode determine the total energy obtained from a MFC. It is
important to maintain a balance betweenY’O and YO to sustain bacterial

growth and to harvest electricity.

1.3.5.2 Mass transport

Mass transport plays a major role in influencing MFC performance, since the
distribution of substrate species affects the electrode processes. This distribution of
charges influences the rate of electron transfer processeseating a difference in
potential leading to higher over potential. This is described by the Nernst
equation6z98 which relates the reduction potential at any point during a reaction to
the standard potential in terms of concentration, activity and temperature. The

Nernst equation is
O O — 0 &— (4)

Where O s the halfcell reduction potential at the temperature of interest,O is
the standard halfcell reduction potential, R is the universal gas constant 8.314 JK
mol1, T is the temperature in K, z is the moles of electrons transferred in the
reaction, F is the Faradays constang is the activities of the reducing oroxidising

agents.

34



Chapter 1: Introduction

The mechanisms of electron transfer will be reviewed in detail to understand the
role of bacterial metabolism and the various pathways involved for electron transfer

from the bacterium to the anode.
1.4 Bacterial metabolic pathways

1.4.1 Krebs cycle

A general kacterial cell structure consists ofa number of different organelles

encapsulated by cell membrane and capsul&igure 1-5). °© Most bacteria also have

flagellum and nwlear material; photosynthetic lamellae are only present in
photosynthetic bacteria. The cell structure of every bacterium is specific to its own
species!00z102

Storage material

Cell membrane Mesosome — lipid droplets

\ \ smaller than eukaryotic cells
Cytoplasm— =
contains VM /
100

Ribosomes—

enzymesand T——__ 00
other soluble = —— Flagellum
materials
/'-—,s

e 2 — Cell wall
Capsule —— e - ; -
Nuclear material Photosyntheticlamellae

Figure 1-5: Generalised structure of bacterial cell. Adapted from ref 9°

Bacteria metabolise carbohydrates, lipids and proteins through glycolysis to
produce acetyl unit of AcetydCoA which forms part of the Citric Acid Cycle / Krebs
Cycle Figure 1-6).103z105 This cyde is used to oxidise pyruvate formed in glycolysis

to carbon dioxide and water.
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Carbohydrate

metabolism
Glycolysis
Pyruvate

C NAD*
NADH +H*
Lipid Protein
metabolism AcetyII-CoA metabolism

_. Citrate
NADH + H* Oxaloacetate

D / Isocitrate
NAD* NAD*

Malate
{ Citric Acid Cycle NADH + H*

Fumarate A-Ketoglutarate
FADH,
Succinate CPZ
FAD < NAD
Succinyl Co A NADH + H*

Figure 1-6: Citric acid cycle in bacteria. Adapted from ref 103106

Acetyl-CoA feeds into the citric acid cycle, where various oxidation reactions reduce
NAD+ and FAD to their electron carrier forms NADH and FADHThese NADH and

FADH transfer electrons from the cytoplasm to the cell membrane of a bacteria.

A cell membrane contains a multitude of enzymes and proteins which form part of
an electron transport chain for bacterial ATP synthesis. Adenosine triphosphate
(ATP) is synthesised sing oxidative or photophosphorylation in both eukaryotic
(animal and plant) and prokaryotic (archaea and bacterial) cells. If phosphorylation
is driven by light, as in plant and photosynthetic prokaryotic cells it is known as
photophosphorylation, if it is driven by the oxidation of organic and inorganic
compounds it is known as oxidative phosphorylatiort9” The location for oxidative
phosphorylation in bacterial cells, is in the inner nembranes and ATP synthesis is

linked to the electron transport chain of respiration.
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Terminal electron
acceptor
H* Periplasm H* - -
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membrane MCWI"U ruwveses:
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NADH NAD*
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FADH, FAD

Figure 1-7: Schematic of bacterial respiration membrane process. The number of electron
chain components varies with bac terial species. Taken from ref 103

The cell membrane of a bacteria contains intermediaries that shuttle electrons
through and pump out protons through reduction, creating a proton gragnt across
the membrane Figure 1-7). ATP synthase transmembrane proteinutilises the
proton gradient energy tophosphorylate ADP to produce ATP7 10 ATP molecules
are produced per one glucose molecule. The electrons are gained by a terminal
electron acceptor such as oxygen if it is aerobic respiration or an inorganic acceptor
such as nitrate, syphate and carbonate in anaerobic respirationt® The position of
the last intermediary in the chain and the terminal electron acceptor is different for
every bacterium. InTable 1-1, the standard reduction potentials are provided for
some of the intermediaries in an electron transport chain; cytochrome and
ubiquinone are membrane proteins.

Table 1-1: Standard reduction potentials at pH 7, 25 °C, vs. ENH of some electron transport

chain molecules. Electrons may leave the system at a number of places in the electron
transport chain

Name ES/V

NAD*/ NADH + H* -0.32

FAD*/ FADH2 -0.22

Cytochrome b (+3) / Cytochrome b (+2) 0.07
Ubiquinone (ox) / Ubiquinone (red) 0.10
Cytochrome c (+3) / Cytochrome c (+2) 0.22
Fe3* [ Fe2+ 0.77

1/202+ H*/ H20 0.82

Bacteria are able touse the anodeas the terminal electron acceptor in the MFCs.

Depending on thebacterium, the potentialsat which electrons may be released to
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the anode changes. The reduction potential of a donor present in the transport chain
is more negative than the terminal acceptor, which has a much more positive

reduction potential (Table 1-2).107

Table 1-2: Standard reduction potentials o f electron donors and acceptors measured at pH 7
vs SHE. Taken from ref107

Redox couple E WV
CQ/Glucose -0.43
CQ/Formate -0.43
2H*/H 2 -0.42
CQ/Acetate -0.28
CQJ/CH4 -0.24
SOz /HS- -0.22
Pyruvate/lactate -0.19
Fumarate/succinate +0.33
NOz/NO 2 +0.43
MnO2/Mn 3+ +0.60
Fe3t/Fe2* +0.77
1/20 2/H 20 +0.82
1/20 2/H 20 +0.51

The pathways involved in transferring electrons from the bacterial membrane to the

anode will be reviewed.

1.4.2 Electron transfer from the bacterial cell membrane to the anode

Electron transfer mechanisms in biology and chemistry have been established by
Marcus!99.110 and are dependent on redox centre separations, driving forceuch as
the potential difference between the redox centres and their reorganisation energy.
There are two main electron transfer pathways from the cell membrane to the

anode; direct and indirect electron transfert11.112

1.4.2.1 Indirect electron trans fer
The use of mediators to transport electrons from the membrane to the electrode was
recorded by Davis and Yarbrough13 Indirect electron transfer involves the use of

mediators that are exogenous (artificial) or endogenous mediators. Exogenous
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mediators are usually orgamc or inorganic substances such as phenazinéy),
quinones!15 and phenoxazines. The disadvantage in using these as the mediators, is
the need to maintain their concentration, whereas endogenous mediators are

secreted by the microorganism durirg its metabolism.116

There are two types of endogenous mediators based on the bacterial metabolism;
secondary and primary. Primary metabolites are produced by the primary
metabolism of the bactera and are related to bacterial growth, respiration and ATP
synthesis. Secondary metabolites are not related to primary metabolism, usually are
secreted for defence, antibiotics and intracellular communicatiof® Secondary
metabolite mediators are able to shuttle betweenreduced and oxidised states

improving the reusability of them as mediators Figure 1-8).95

Substrate

Med® Med™ Med™ Medred

Anode e

Figure 1-8: Schematic showing the mediated electron tr ansfer using secondary metabolites .
Two mechanisms were proposed shuttling via outer cell membrane cytochromes (red circle)
and via periplasmatic or cytoplasmatic redox couples. Taken from ref 95

Some of the secondary metabolite mediators are phenazifecarboxamide,
Pyocyanine (phenazines) and -amino-3-carboxy-1,4-naphthoquinone (ACNQ)
(Table1-3).
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Table 1-3: Standard reduction potentials of endogenous secondary metabolite mediators.
Taken from ref 9

Redox
potential. E /V

Phenazine-1-carboxamide g Ij -0.115

Mediator

0
N\
Pyocyanine (phenazines) @ -0.030
N
CH,
o)
2-amino -3-carboxy -1,4- NH 0.071
naphthoquinone (ACNQ) OH '
O O

Primary metabolite mediators are produced under anaerobic conditions by
anaerobic respiration and fermentation. During fermentation, metabolites such as

hydrogen, ethanol or formate are produced which act amediators (Figure 1-9).

A B
Substrate Electron acceptor
(EA) Substrate
CO,, H*
CO,
EA™d  EA* H,, formate, ..* H*, CO,

Figure 1-9:Schematic illustration of mediated electron transfer by primary metabolite

mediato rs. (a)via reduced terminal electron acceptors produced during anaerobic

respiration, (b) oxidation of reduced fermentation products (formate and hydrogen). Taken
from ref 95

1.4.2.2 Direct electron transfer
In direct electron transfer (DET) the bacteria is connected to the electrode by
membrane-bound proteins, heme proteins or cytochromes that are capable of acting

as electron transfer relays units. These are capable of transferringlectrons to
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acceptors such as electrodes, limiting the current generated in the MFC to the layer
of biofilm in direct contact with the electrode (Figure 1-10).

A B Substrate
CO,

Substrate

Co,

Figure 1-10: Schematic showing the various direct electron transfer routes. (a) Membrane

bound cytochromes and (b) electronically conductive nanowires such as pili. ~ Taken from ref
95

Some bacteria have conductive pili (nanowires) which are connected to the
membrane-bound proteins, but allow bacteria to access electrodes that are not
directly in physical contact. These pilalso create a highly connected biofilm that is

capable of generating high current densitie$!”

x10000

2ym
#30 Position #1
1074 x A6o

Figure 1-11: SEM image showing a highly connected biofilm of Shewanella oneidensis M R-1.
Taken from ref 118

OETE 10 O1ATT xEg8hAndella @deidehsdARALA Belotdknidculum
thermopropionicum and Methanothermobacter thermatotrophicus for electron

transfer to an anode.
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Figure 1-12: SEM images of bacteria (a) Shewanella oneidensis MR-1 and (b) Pelotomaculum
thermopropionicum and Methanothermobacter thermautotrophicus , scale bar fith
pili or 'nanowires'. Taken from ref 118

Some standard reduction potentials (E) were measured for the DET mechanism in

different bacterial strains as shown inTable 1-4.

Table 1-4: Standard reduction potentials of DET for some bacterial strains

Bacterial strain EV/V
Shewanella putrefaciens IR -1 +0.01
Shewanella putrefaciens MR -1 -0.02
Shewanella putrefaciens SR-1 -0.01

Acromonas hydrophila PA 3 0
Clostridium sp. EG 3 0

The values inTable 1-4 are assumptions that at this potential these bacterial strains
will transfer electrons via their outer membrane cytochromes to an anode. This is
because thes potential values do not account for concentration differences in
reduced or oxidised species involved in electron transfer as per the Nernst equation.
An improvement in electron transfer would increase the current generating ability
and consequently thepower output of a MFC. Addressing any of the limitations
mentioned in sectionl.3would have the potential of increasing power output. There
are many literature articles that address changes in configuration, operation,
substrate and the choice of bacterium to improve current generation or power
output. There are only a few articles that are focussed on improving the electron
transfer from the bacterium to the anodein a MFC and these will be reviewed in

detail.
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1.5 Improving current generation

1.5.1 Biofilm formation and stages

Since the current generated in a MFC is related to bacterial growth, it is important

to understand how bacteria grow and form an electroactive biofilnon an electrode.

"ET E£ZE1 T EO AAZEET AA AO A O0!'1 A@OOAAAIIT O1 A
AAEAOET ¢ [ EAOIT A& HBtAsiformid ih 4 differenOdibges 9121 (Figure

1-13), (i) reversible z irreversible attachment of bacteria to a surface. This
attachment depends on a number of factors such as Brownian motion, gravitational
forces, attractive or repelling forces which are dependent on pH, ionic strength,
temperature. The bacterial cell surface properties and the surface properties to

which to attach influence adhesion. The adhesion is reversible and depends on

nutrient availability and shear forces, some bacteria use pili to attach to a surface.

Reversible- < .

! 2 Microcolony Biofilm i

irreversible y : Dispersal
formation maturation

attachment

Figure 1-13: Schematic showing the 4 stages of biofilm formation, grey rectangles represent
bacteria, pink halo represent the EPS and the horizontal pink squares represent human skin
cells. Taken from ref 121

The second stage involves microcolonformation, on attachment to a surface the
secretion of the extracellular matrix is triggered within the bacterial metabolism.
Extracellular DNA is release by controlled cell death that initiates cell to cell contact
and maintains bacterial adhesiori22 The third stage is biofilm maturation, the
bacteria within the biofilm exchange enzymesmetabolic products and continue to
grow. The fourth stage is dispersal, this is when bacteria become sensitive to change
in pH, oxygen content, nutrient availability and increase in stress due to changes in
the environment. Bacteria secrete enzymes that kak down the EPS leading to
dispersal. Dispersal can be cause by presence of metal nanoparticles, toxic by

product or any other physiological changes.
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In a MFC all the bacteria used are able to use MET and DET to transfer electrons from
bacterial membraneto anode. The presence of a biofilm will influence the rate of
electron transfer as it determines which MET or DET the bacteria can use to
transport electrons. All the biofilms in MFC are known to be electroactive because

of this electron transferring capability. 119121

1.5.2 Electrode modification

Current generation of a MFC can be improved by modifying the surface of the anode
by using electrodes with higher specific areas (porosity) to iprove biofilm
formation to increase MET or DET depending on the bacterium and also by
improving the conductivity of the electrode.124 Modification of the anode surface
can create an impact from single cell bacterium level to process level, an excellent
review by Guoet allll has summarised the various parameters that will change

depending on the modificationFigure 1-14).
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Figure 1-14: An overview of impact of material surfaces (chemistry and topography) on the
electrode characteristics and microbial electrocatalysis in bio  -electrochemical systems. 2 -
D/3 -D: two/t hree-dimensional; DET: direct electron transfer; IET: indirect electron transfer;
ko er: heterogeneous ET rate constant for abiotic reaction; PSA: projected surface area [it is
the largest two -dimensional area obtained from the projection of a planar surface ora3 -D
material; estimated with respect to the plane covering  Xand Y axes of the material]; SSA:
specific surface area [it is the total surface area of electrode per unit of projected surface
area or electrode volume (for 3 -D architecture; often BET measurements are considered to
estimate SSA)]; ESA: electroactive surface area [it is the actual surface available for
electrochemical reactions (i.e. solvated, electrically connected area); cyclic voltammetry for
capacitance measurement can be used to estimate ESA]. Taken from ref 111
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Figure 1-14 summarises the complexity of electrode catalysis involved in a MFC and
how a single change in electrode surface can lead complementary changes at a
process and configuration level. All the changes seem to influence the adhesion of

bacteria and bacterial biofilm formation on the electrode.

At the nanometer level, a change in surface charge of the electrode can drive
bacterial adhesion to the electrode surfee leading to better biofilm formation.
Positive charge is known to increase biofilm formation as bacterial surfaces are
negatively charged. Surface property of an electrode such as hydrophilicity is also
known to increase bacterial adhesion to electrodeBy changing the surface

roughness of an electrode by modification can also improve bacterial adhesion.

At the micrometre scale, increasing the porosity of the electrode can increase
biofilm attachment and also minimise mass transport issues of substratend ion
diffusion. At the macrometer scale, having a flow reactor would allow for removal of
side reaction products more quickly than a stationary reactor design. The distance
between electrode will reduce internal resistance, driving bacterial biofilm

formation.

In the early stages of MFC power improvement, most of the MFC anodes took part in
electron transfer reactions via MET using metabolites as mediators or exogenous
mediator. In the current MFCs predominantly DET is being used as the main electron

transfer pathway, and is being targeted as the point of improvement for catalysis.

126

Most electrode modifications are based on using cheap, easy to source materials
such as carborbased electrodes and modifying them to achieve better
electrocatalysis. This is because even though carbon is biocompatible and cheap, its
electrocatalytic ability for bio-electrochemical reactions is low. The other advantage
of using carbon based materials as electrodes is that, they are available in various
topographies such as flat, porous, fibrous structures that can maximise surface area,
diffusion of substrate andcreate 2 to 3dimensional electrode surfaces that can be

further modified to improve electron transfer.8583

The anode in a MFC can be modified by incorporating materials that have faster
electron-transfer rates, low resistance and those that minimise kinetic effects. Some
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of the modifications and their respective @ahancements will be reviewed in detail

below.

Carbon nanotubes were grown on reticulated vitreous carbon CNT / RVC (carbon
combined with glass and ceramics in a foam structure with high surface area and
low electrical and thermal resistance) by Flexeet al. 127 This was used as an anode
in an MFC reactor with mixed microbial communities sourced from the segfient of

a lake at the University of Queensland. An enhancement in current density from 2.3
mA m2 for the control (RVC) to 6.8 mA nm@ (CNT/RVC) was observed, this was
attributed to highly porous surface area of the CNT/RVC that minimises mass

transport issue and maximises biofilm formation Figure 1-15).127

CNT /RVC CNT / RVC with biofilm

Figure 1-15: CNT/RVC before incorporation in MFC (left) and (right) after incorporation with
reddish colour showing the growth of biofilm. Adapted from ref 127

Shewanella oneidensMR-1 (So) has one of the best completely understood electron
transfer pathways, it usesc-type cytochromes(proteins) that shuttle electrons from
cytoplasmic and inrer membrane to the outside of the cell during anaerobic
respiration. The major components of the So electron transfer pathway are inner
membrane tetraheme cytochrome CymA, a periplasmic decaheme cytochrome
MtrA, outer membrane decaheme cytochromes OmcA andtrC, and an outer

i Al A O Adarel protein MtrB. This pathway is proposed to move electrons from

the intracellular quinol pool to extracellular electrodes Figure 1-16).128z132
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[ o _9.‘9 F 24
Shewanella 03232 Fe(aq)

Figure 1-16: Schematic of proposed extracellular electron transfer pathway in Shewanella
oneidensis MR-1 where ES denotesthe extracellular space, P denotes the periplasm, and C
denotes the cytoplasm. The silver and black spheres represent extracellular  iron oxide .
Taken from ref 128

Peng et al133 were interested in enhancing the electron transfer of outer membrane
bound Cytochromec in So. They deposited carbon nanotubes on a glassy carbon
electrode (GCE) and used it as an anode in an MFC. So was used as the bacterium
with Luria-Bertani and phosphate buffer as solution. A current density
enhancement of ~ 82 times was observed from bare GCE (0.117 pA -8mto
CNT/GCE (9.70 pA crd).

Current density (pAlcm’)

Time (hours)

Figure 1-17: Current vs Time plot of GCE (dashed line) and CNT/GCE (solid black line) as an
anode in MFC with So as the bacterium run for 15 h. Taken from ref 133

This enhancement was attributed to the successful improvement in rate of electron
transfer from Cytochromecto the electrode However, the MFC was run only for 15
h and it can be seen fronfigure 1-17 that the current density is still increasing at

15 h, the MFC should have been run for a longer time to see how the current density
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changes over long term operation. During long term operation, there will be a buid
up of deadcells and other metabolic side products that can lead to increased

resistance and current decrease.

Yang et all34 have synthesised a composite containing chemically exfoliated
graphene oxide (GO), graphene containing foam (GCF), agarosd atainless steel
mesh (SSM). A GCF was prepared by freeze drying and pyrolysis ofz@@arose gel
which is embedded with SSM and graphend-{gure 1-18). This produced a GCF
structure that had higher 3-dimensional surface area and conductivity because of
the presence of SSM and graphene. They were interested in improving the power

density of a MFC with this composite.

Figure 1-18: Photographic images of a) the GOzagarose gel, b) GOz agarose foam and c) GCF

The GCF was used as an anode in a MFC wghewanella putrefaciensas the
bacterium and a power density enhancement ~4 times was observed with GCF (786
mW m2) compared to commercially available carbon cloth (190 mWr). This
enhancement was also attributed to the anode having a microporous structure for

better biofilm formation. Some other modifications are outline inTable 1-5.
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Table 1-5: Anode modifications to achieve high electroactive area and surface area for better
biofilm formation

mgrtlgfil; Modification Culture in MFC  Enhancement Reference
Carbon Amino pyrazine  Waste water in
cloth reduced Phosphate buffer 2 135(2016)
graphene oxide solution
Geobacter
. sulfurreducens
2 Elpr']aérr‘]aer 3D oot with sodium 3.3 136 (2016)
grap grap acetate as carbon
source
Shewanella
oneidensis MR
Czrbgr“ Z‘Zzgiﬁgg with sodium 6 137 (2015)
pap lactate as carbon
source
Polypyrrole .
) . Waste water with
Gr?gl?lte hydg:?beclj;/]vnh sodium acetate as 2 138 (2015)
nanotubes carbon source

All the modifications outlined in Table 1-5 have shown that a there is direct
correlation between biofilm formation and current generation. They also emphgise
the importance of having a large surface area of anode to maximise biofilm
formation to improve electron transfer and diffusion of ions.

The anode can also be modified using nanoparticles improve their conductivity
without any biocompatibility issues. Incorporating nanoparticles onan anode by
adsorption on its surfacecan increase the rate of electron transfer by increasing the
conductivity of the anode. The nanoparticles can facilitate electretransfer by
acting as electron sinks and reducing thdistance between bacteria and the anode.
There are examples in literature where metal nanoparticles have taken part in
electron transfer reactions by acting as electron mediators for electron transfer
from solutions to electrodes!3%:143 The high surface area to volume ratio of
nanoparticles enables them to carry electrons on their surface for electron transfer.
The charges on the nanoparticle surface and the electrode surface creates a
potential difference facilitating electron transfer. A similar mechanism must be used

for electron transfer from the bacterial respiration chain to nanoparticle surface.

49



Chapter 1: Introduction

Some of the modifications of the anode to incorporate nanoparticles are detailed
below (Table 1-6).

Table 1-6: Anode modifications by nanoparticles and their enhancements, the rows

highlighted in grey represent modifications where the

rather than attached to the anode.

particles were added into the culture

Anoc_le Modification Culture in MFC  Enhancement Reference
material
Antimon Shewanella loihica
Indium tin hony. PV-4 with sodium 144
: doped tin oxide 115
oxide . lactate as carbon (2015)
nanoparticles
source
Shewanella
oneidensis MR 145
cg?bsosril nanlf)?:gc?r;/A(l)Jsites with sodium =
P lactate as carbon (2010)
source
Shewanella
oneidensis MR
Carbon  Graphene / gold with sodium 4 146 (2015)
paper nanocomposites
lactate as carbon
source
Shewanella
Graphite Palladium oneidensis MR 147
disk nanoparticles with sodium 2.4 2011
lactate as carbon ( )
source
Shewanella
Graphite Gold oneidensis MR 147
disk nanoparticles with sodium 20 2011
lactate ascarbon ( )
source
Carbon Gold Wa_ste water with 148
aper nanoparticles sodium acetate as 1.88 2014
P carbon source ( )

Table 1-6 proves that modification of the anode or culture by nanoparticles can
influence current generation and by comparing the enhancements fromable 1-5
nanoparticle modification has a higher enhancement. The choice of nanopatrticles is
determined by cost, biocompatibility, detection and stability in an MFC. It is also
important to consider the method of adsorbing nanoparticlesonto the surface of

anode or the culture.
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1.5.3 Gold nanopatrticles

1.5.3.1 Gold nanoparticle synthesis

Gold is considered as a metal for modifying an anode because of its inertness, cost
and also ease of preparation of gold nanoparticles. In terms of synthesis, gold
nanoparticle synthesisi“%172 has been wd#l documented. There area number of
different methods for producing gold nanoparticles such ashemical redudion,
electrochemical reduction and photo-chemical reduction.1’3 The most common
method of gold nanopatrticle synthesis is by addition of a reducing agent to a solution
of a Au (Il) salt. Gold nanoparticles are formed when Au (lIl) is reduced to Au (0)
forming agglomerates (particles which are stabilized by a ligand or by a reducing

agent actingas a ligand.

There are many types of ligand that can be used to synthesigold nanogrticles
such as phosphined/4 thiol-containing molecules’ and highly branched
supporting structures such asdendrimers.l’6¢ The properties of nanoparticles
change depending on the ligand surrounding them, if the ligand is hydrophilic in
nature the nanoparticles will be water soluble and if the ligand is hydrophobic in

nature the nanoparticles will bewater insoluble.177

Michael Faradayt’® reported the first synthesis of gold nanoparticles using
phosphorus as a reducing agent in carbon disulfide to form a gold film on glass. This
was followed by Turkevicht’® and Frendg80 using citrate as a reducing agent and
ligand to produce gold nanoparticles. Brusél developed a two phasesynthesis
using tetraoctylammoniumbromide as a phase transfer reagent which transfers the
Au salt to toluene and reduces it usingodium borohydride and dodecanethiol.
There are other ways of synthesizing gold nanoparticles with a specific

functionalisation as the target.

Gold nanoparticles are increasingly being used in a number of areas with specific
applications in biology for cell labelling, drug design, as transfection agents and
photovoltaic as they are simple to synthese and functionalizewith biocompatible
ligands.182185 Gold nanoparticles can also be synthesised in templates which is

covered in detail in Chaptersl& 2.
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1.5.3.2 Gold nanoparticle stabilisation

Gold nanoparticles tend to coalescence because of Van der Waals and dispersion
forces acting between the gold nanopd#cles. The stability of particles is described

by DLVO (DerjaguinLandau-Verwey-Overbeek) theory and it states that the
balance of both Van der Waals and dispersion forces are responsible for particle
stability and the particles are covered by an electcal diffuse layer. The particles
diffuse layer is dependent on solutions properties such as pH and ionic strength. The
particles are capped by ligands that provide steric or electrostatic repulsion,

preventing particle aggregation.186z189

1.5.3.3 Gold nanoparticle characterisation

Gold nanoparticles can be characterised using multiple ¢dniques. 1542156 Gold
nanoparticles can be detected using their unique surface plasmon resonance which
is dependent on size, shape, surrounding environment and solvent of the

nanoparticle (Figure 1-19). 157z167
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Figure 1-19: UV-Vis spectrum showing the dependence of surface plasmon resonance on
gold nanoparticle shape. Taken from ref 194

They are also detected by Stace Enhanced Raman Spectroscopy (SER®3¥205
XP 062208 TEM 175,176 SEM210z213 D|_S1812185 ED 862189 gnd their surface charge can
also be determined by Zeta potential?0%z193Gold was already shown to be
biocompatible194z203 gand to be easily incorporated into an anod&/z241 or bio-

electrochemical systeny33.242
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The bacteria capable of producing high current desities seem to beShewanella
oneidensisMR-1(So) andGeobacter sulfurreducensom the tables of modifications
and also from literature. Both species are dissimilatory metal reducing bacteria,
capable of using a range of metal electrodes as the termindéetron acceptors in
their respiration. 243247 Shewanella oneidensiMR-1 was well known to reduce
metal salts to their nanoparticle equivalents through its respiratiod14:216 and has a
multitude of membrane proteins, flavins, quinones and nanowires capable of
electron transfer from its membrane to an anodél’z227 The production of

nanoparticles by bacteria is reviewed below.

1.5.4 Biomineralisation

Biomineralisation is a process where a microorganism produces or accumulates
minerals or metals using its metabolism. There are three main reasons for this
phenomenon, they are chemolithotrophy for energy production where the minerals
or metals are used as reduced equadents for its respiration followed by the use of
these particles for special functions such as the formation of shells and

detoxification for survival in toxic environments.262

S. Manié3 reported the first case of biomineralization of gold in 1992, by
PedomicrobiumA AAOAOEAS O OUI OEAOCEO 1 Axlustars. TRRAOA O

imagebelow shows the cluster produced by the bacterium.

Figure 1-20: Gold cluster produced by Pedomicrobium

Biomineralisation is not specific only to gold, there have been a number of cases

reported of biomineralisation of copper, platinum, silver and other metal$%2
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Shewanella algaeand Bacilus subtilis are two strains of bacteria of particular

ET OAOAOGO AO OEAU AOA 1 AOAT OAAOAET ¢ AAAC
as biocatalysts; these bacteria have also been shown to have gold mineralization
capability.264265 The Figure 1-21 below shows gold mineralization byShewanella

algae, where the gold nanopatrticles are indicated as the dark spots on the ikagrey

background of the bacteria.

(B)

Figure 1-21: TEM image of Shewanella algae cell covered by gold nanoparticles. Taken from
ref264
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1.6 Aims of the project

Shewanella oneidensiR-1 and gold nanoparticles have shown potential to be used
in a MFC to increase its current generation ability and power output. The original
aim of the project was to increase electron transfer from the bacterium to an anode.
Sowas chosen as the bacteriumatinvestigate and gold nanoparticles are chosen as

the modification to improve electron transfer betweenSoand an anode in an MFC.

Gold nanoparticles will be incorporated inb an MFC by synthesis of a hydrogel /
gold nanoparticle composite electrode, hydrogel / gold nanowire composite
electrode and attachment of biocompatible gold nanoparticles toSa These
composites and nanoparticleattached So will be investigated for their
electrocatalytic ability by incorporating them in a bicelectrochemical cell and
measuring their current response over time to measure the enhancement. Finally,
the interaction between So and gold nanoparticles will be investigated using

imaging techniques for the electrodes.
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Chapter 2: Gold nanoparticles in hydrogels

2 Introduction

The aim of this chapter was to create a hydrogel containing gold nanoparticles that
would act as a conductive bridge imetween So and an electrodeScheme2-1). The
encapsulation of gold nanoparticles into a hydrogel should provide a porous
structure for biofilm formation and increase the electroactive surface area available
for electron transfer from So to the electrode. The use of hydrogels should also
minimise the amount of gold used, by anchoring the gold nanoparticles to form a
conductive pathway and making the gel and nanopartie composite economically

viable.

— Bacteria

2po04329|3
@
@

T-AI\l SISUBPIBUO B|[2UeMdYyS

Hydrogel with gold nanoparticles

Scheme2-1: lllustrating the purpose of a hydrogel with gold nanoparticles, to form a
conductive bridge between So and an electrode.

2.1 Hydrogels

Gels consist of gelator molades and solvents, the gelator molecules assemble into
fibres, fibrils and bundles trapping the solvent molecules and restricting their
flow. 2662268 The gelator molecules can be amino acids, peptides or naturally available
polysaccharide polymers such as gelatin, agarose, carrageenan or algirkife.
Synthetic polymers such as poly(vinyl alcohol), poly(ethyleneimine) and pokNz

isopropylacrylamide have also been used to form hydrogels.

The solvent molecules can also be either an organic solvent (organogels) or water
(hydrogels). The mechanism of trapping the solvent molecules, by forming a cress

linking network can be via physical or chemical cros$inking, both lead to formation

of fibres, fibrils and bundles. The name given to a gel is entirely dependent on the
gelator molecule, the solvent and the gelation mechanism of creaking. For the

purposes of this project only hydrogels will be considered.
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Hydrogels retain a large quantityl £ x AOAO [ AEET ¢ OEAI Ox A«
number of biomedical applications such as drug deliveAf® and tissue
engineering?71 Hydrogels can be prepared via a supramolecular process usingmo

Al OA1 AT O ET OAOAAOEI T O OOAE AO EUAOICAT A
stacking or covalent bondg%” Some hydrogels respond to external stimuli and
undergo a gel to liquid to gel transition, the stimuli can be temperature, pH, light,

sonication or a change in solvent.

2.1.1 Hydrogel composites

Hydrogel composites can be prepared by the incorporation of either conductive gels
or nanoparticles into norrconductive or conductive hydrogels. There are a number
of examples of conductive gel and hydrogel composites in the literature that are
used for biomedical applications272z274 Carbon nanopatrticles, carbon nanotubes
and metal nanopatrticles have also been incorporatedto hydrogels and have led to

materials with biomedical applications275:278.279

There are a number of examples in literature for the incorporation of metal
nanoparticles into hydrogels, with the majority of the hydrogels being
supramolecular280z287.288 in nature, with few being polymeric and based on naturally
occurring polysaccharides!s0.166.202 The use of naturally occurring polymer
polysaccharides as hydrogels was chosen, to improve the economic viability of the

project.

The literature was reviewed to identify if incorporation of gold nanopartcles into
natural polymer-based hydrogels can be carried out with relative ease and if the
hydrogel nanoparticle composite is conductive and suitable for application in a bio

electrochemical system.

There were no examples of hydrogels with metal nanoparties being used in bio
electrochemical systems reported in the literature to the best of our knowledge.
However, carbon nanotube and hydrogel composite$? conductive polymers and

hydrogel composite$90.291 have been used to improve electron transfer.

Liu et al. 289 have electrodeposited carbon nanaibes (CNT) and chitosan solution
onto a carbon paper to obtain a chitosan / CNT composite. They were interested in
improving the electron transfer efficiency in a bieelectrochemical system. The
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chitosan / CNT composite was used as an anode in a dual chanfuel cell that was
inoculated with activated sludge from a waste water facility. Chronoamperometric
measurements were recorded to understand the influence of the chitosan / CNT
composite on the current generated compared to a control (just carbon paperJhe
current density of the chitosan / CNT composite was 500 mA/rmd whereas the
control was 150 mA/m-2, proving that the composite does improve electron transfer
leading to high current generation. This work proves that the use of hydrogel
composites as aodes in bio-electrochemical systems is a viable hypothesi$he use
of gold nanoparticles to improve electron transfer in bieelectrochemical systems

has already been reviewed in Chapter 4ection1.5.2

There were two main ways of incorporating nanopatrticles into hydrogels; one is to
diffuse a solution of preformed nanoparticles into the hydrogel (dependent on
hydrogel pore size and nanoparticle size) and the o#r was to use the gel structure
itself as the stabilising/reducing agent for the formation of nanoparticle$87.292 A
mixture of above methods will be used to synthesise hydrogelsontaining gold

nanoparticles.

2.2 Chapter aims and content

In this chapter the synthesis of agarose gels containing gold nanoparts will be
discussed. The resultant gels with gold nanoparticles will be incorporated into a bio
electrochemical cell and the effect on current generation will be investigated. The
gel with gold nanoparticles will be analysed by confocal microscopy aftehé¢ bio-

electrochemical study to understand biofilm formation by So on the electrodes.
2.3 Results and Discussion

2.3.1 Gold nanoparticle incorporation in agarose

Agarose was chosen as the hydrogel to investigate as a hydrogel gold nanoparticle
composite. Agarose ig nortionic polysaccharide capable of absorbing ~99 % water
to form a hydrogel293294 Agarose is the neutral part of agar and is used for
electrophoresis due to its high electreosmosis compared to agar. It was

traditionally extracted from the cell walls of red alga&?s
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Agarose was chosen because of its thermresponsive properties as it allows the
gels to be moulded and reshaped as required. Its neutral naturenakes it
biocompatible and suitable as a substrate for human / bacterial cell growth. Its
repeating unit has exposed hydroxyl group®¢ that allow for modification making it
versatile for a number of applications and improvements76.297 Agarose consists of
D-galactoseand 3, 6-anhydro-L-galactopyranose linked by glycosidic bond&®3 The
agarose used in this project was obtained from Sigma and melts-&85 °C and forms
a gel at ~37 °C.

There are a number of examples of agarose with gold nanopatrticles in the literature
with one of them making a conductive hydrogel nanoparticle composite98z300
However these literature examples did not extend to testing the composites in a bio

electrochemical system.

Gold nanoparticles were incorporated into agarose using a similar method as
described by Mohanet al..300z302 |t consisted of preparing an agarose gel at 2.88%
w/v and diffusing a solution of chloroauric acid on top of the gel. Excess gold solution
was removed and sodium borohydride was added to reduce Auto AW (Scheme
2-2). The success of the reduction was evidenced by a colour change of the gel from
yellow to purple as observed and described in the literatur@® During the reduction
any excess gold solution in the agarose gel leached out as black solution leaving
agarose gel with gold nanoparticks behind. The obtained gels with gold
nanoparticles were washed extensively in three changes of water to remove any
ionic species. A control experiment with agarose gels containing brine solution was

washed for the same time to prove the validity of theemoval of ions (appendix).
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4 ™
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Plain agarose gel Agarose gel with Gel with gold
at 2.88 % w/v concentration gold solution nanoparticles

Scheme2-2: Schematic of gold nanoparticle incorporation into agarose gel at 2.88 % w/v
concentration

The concentration of gold solution added on top of theagarosegel was ~ 250 mM
as per Faoucheret al.3% since they observed a significant drop imesistance when

agarose gel slabs were exposed to gold solutions at concentrations 2600 mM.

The agarose gel was analysed by WWis spectroscopy to confirm that the colour
change was due to the presence of gold nanoparticleBi§ure 2-1). The spectrum
showed a distinctive plasmon peak at ~550 nm indicative of nanoparticles,
compared to just agarose which has no significant absorption peaks. This further

proves thepresence of nanopatrticles in the agarose gel.
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Figure 2-1: UV-Vis spectrum of agarose with (red) and without (black) gold nanoparticles

The agarose gels with gold nanoparticles were also analysed by TEMdentify the
shape and position of the gold nanopatrticles in respect to the agarose gel fibres
(Figure 2-2). The images show a mixture of gold nanoparticles surroundeby gel
structure as well as aggregates of gold nanoparticles forming long continuous

structures within the gel.
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s e

Figure 2-2: HR-TEM images of agarose gels with gold nanoparticles. Scale bar 100 nm (left)
and 5 um (right). The left image shows just gold nanoparticles agglomerating together to
form an aggregated structure, the right image shows a gel cube in various shades of grey
with the black spots representing gold nanoparticles.

It was evident from the TEM images that the gold nanopatrticles are not distributed
along the gel fibres, but are instead localised to the water pockets within the agarose
gel structure. This was similar to the behaviour observed by Faouchet al3% where

the gold nanoparticles aggregate in the water pockets saturating the gel structure.
This would lead to theuse of large amounts of gold and mechanical instability as
high gold nanoparticle concentration would cause brittleness in gel structurer4.303
The conductivity of these gels was tested to see if the presence of the nanoparticles

had any influence on how conductive the gels were compared to their absence.

2.3.1.1 Conductivity testing of agarose gels with go Id nanopatrticles

I OAOO0O0T 1T 1T AAAG AAROGECT Al 1T OEOOEIC T £ A
steel plates attached to it was used to measure the conductivity of these agarose gels
with gold nanoparticles. The steel plates were pierced into the gel ¢gtlers and the

resistance was recorded using a multimeter.
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Scheme2-3: Custom made design of equipment and its dimensions used to measure
resistance of agarose gels with gold nanoparticles

The resistance measurements were converted to resistivity using the length
between the electrodes and the cross sectional area of the gel cylinder in contact
with the steel electrodes. Resistance and resistivity are related by the equation

below

"Y- (5)

2 - z A £ s AN

2 EO OAOGEOOAT AA Tipis the crés©sediichad &red PdfpdrigliCular 7 m

to the direction of the current / m2, | is the length in between the electrodes / m. The
cross sectional areaA was calcdated using dimensions shown inScheme2-3 and
was found to be 0.0015 rA(length  height).

Resistance was converted to resistivity using equation (5) as below

T3t 1T pAv
T8t T @

#1 1 AOA OE O E)Gslhe jediprogal o resistivity and was calculated as such
w o= (6)

The controls (no nanoparticles) and samples were measured a minimum of 3 times

and an average value was used for analysi§dble 2-1).
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Table 2-1: Conductivity values for agarose only and agarose with gold nanopatrticles

Name Conductivity / Sm -1 Volume of gel / Gel
ml Concentration
| % wiv
Agaroseonly 5.39 107+7.92 10° 0.30 2.88
Agarose with 1.66 105+1.94 107 0.30 2.88
gold

nanoparticles

It was seen from the conductivity data that the presence of gold nanopatrticles in an
agarose gel does increase the conductivity ~30 times compared to no nanoparticles.
However, this increase is not sufficient to be applicable in a bio electrochemical
system and the distribution of gold nanoparticles within the agarose gel structure

has tobe improved to reduce the use of gold and increase conductivity.

2.4 Modification of agarose (MAgarose)
The presence of gold affinity groups along the gel fibres would allow for the control
of gold nanoparticles distribution through the gel network, allowing to decrease the

amount of gold content while increasing conductivity.

Amine groups were known to stabilise gold nanoparticle formation by a
combination of Van der Waals and AW interactions which are labile in
nature.157.30&309 [ncorporating thesegroupsinto agarose should provide the control

of gold nanoparticle distribution.

A simple literature method was followed where agarose (1 egyas dissolved in DMF
and reacted with potassium carbonate (1.5 e}%312 and 2-chloroethylamine

hydrochloride (1.5 eq) at 85 °C in an overnight reaction§cheme2-4).313 DMF was
chosen as the solvent as agarose was still in soluti@and did not form a gel even at

room temperature 314
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Scheme2-4: Synthesis of aminated agarose

The mechanism was thought to invole the formation of ethyleneimine which was
ring opened by the free hydroxyl group on agarose structure, leading to an amine
incorporation. 315316 The product was quenched with hydrochloric acid to remove
any free aziridine groups ad dialysed extensively for three days with three changes

of water.

Gold nanoparticles were incorporated in the MAgarose (2.88 % w/v gel
concentration) as per section2.3.1, and these gels will be referred to as GelAuNP
throughout the project. During gold nanoparticle incorporation, on addition of

sodium borohydride solution to the gel, the gel started leaching out black solution

of excess goldFigure 2-3).

A
7
v

(a) (b)

Figure 2-3: (a) Leaching of excess gold solution during gold nanoparticles incorporation into
MAgarose (b) The resultant GelAuNP after leaching
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The conductivity of GelAuUNP was also measured in the same way as in s8t1.1
(Table2-1).

Table 2-2: Conductivity values of the gels with gold nanoparticles

o Volume Gel
Conductivity .
Name of gel / Concentration
/ Sm-1
mi | % wiv

Agarose only 539 107+7.92 10° 0.30 2.88
Agarose with

gold 1.66 105+1.94 107 0.30 2.88
nanoparticles

GelAuNP 7.27 103+2.05 104 0.30 2.88

The conductivity of GelAuNP was ~13500 times higher than the control with no
nanoparticles, this was significantly higher than agarose with gold nanopatrticles.
GelAuNP was also ~400 times more conductive than agarose with gold
nanoparticles, both these obervations prove that modification of agarose produces
gel structure capable of forming a conductive gel when gold nanoparticles are

incorporated.

2.5 Characterisation of MAgarose
As commercially available agarose is hygroscopic, MAgarose was lyophilised and
extensively dried under vacuum to remove any residual water and used for

subsequent characterisations.

2.5.1 Elemental analysis

Elementalanalysiswas performed on both agarose and MAgarose to detect nitrogen
presence in MAgarose, buho nitrogen content was detectedin MAgarose {Table
2-3). Since nitrogen was not detected by CHN analysis, the calculated values of

%CHN for MAgarose were assumed to be the same as agar.
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Table 2-3: CHN results for agarose and aminated agarose compared to expected values. Calc

Z refers to expected values, Obs z refers to observed values.

Name C% H % N % Rest %
Calc Obs Calc Obs Calc Obs Calc Obs

Agarose  47.06 46.86 5.92 6.06 - - 47.01 47.09

MAgarose 47.06 4543 592 614 4.01 - 4701 48.43

The observed values for the %CHN do not compare to the expected values, this is
because of the agarose and MAgarose gels hygroscqmioperties. The values could
not be improved on extensive drying under vacuum or by extensive drying with
minimal heating (50 °C) under vacuum for a minimum of three days.

The % CHN found experimentally and the % CHN calculated can be used to
determine the % of water in MAgarose. The presence of water was found to be~3.47
%, which was quite high. The values used for this calculation are provided below
(Table 2-4). The alculated values were optimised by least square fitting model to
the experimental value. This gave a result of ~ 1.5:1 agarose to water in molar ratio.

Table 2-4: Table showing how the % CH can be used to calculate presence of water in
agarose

Name %C %H
Calculated for one
45.43 6.11
molecule of water
Found
45.43 6.14

experimentally

By comparing the values ofable 2-3 to the values inTable 2-4, the number of water
molecules is ca~ (6 per repeat unit, which equates tahe sample havingvery little
water which is impossible to incorporate under synthetic conditions.

An alternative method of characterising the presence of nitrogen in MAgarose was

attempted using techniques such as FTIR and NMR.

2.5.2 FTIR Spectroscopy
Lyophilised MAgarose and agarose were analysed by FTIR spectroscopydentify

common functional groups within agarose andAgarose suchasO-H, GO and CH,
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in addition to the N-H stretch / bend and CN stretchin MAgarose(Figure 2-4). The
spectra were compared to agarose FTIR available from the Sigma website and

literature. 314
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Figure 2-4: FTIR spectrum of agarose and MAgarose with normalised transmittance on the y
axis
FTIR spectrum of agarose compares well with literature values, displaying the
characteristic peaks for GH stretch of the hydroxyl groups and €H stretches forCH
and CH groups present within agarose Table 2-5).317 The GO stretches were also
identified for the glycosidic linkage of the galactose unitdt4 The stretch at ~1640
cmlis observed in literature and also in FTIR spectrum provided by Sigma for
agarose and MAgarosand in both cases was attributed to residual bound watett4
In their respective FTIR spectrathe peak positions and splitting patternsare almost

identical for both agarose and MAgarose.

Table 2-5: IR stretches of agarose and MAgarose

IR stretches Agarose/cm 1 MAgarose / cm -1
t (o-H) H- bonded 3360 3375
t (c-H) Stretch 2942 2974
t (H-o-H) bound water 1638 1644
# (n-H) bend - 1644
# (cH) rock 1372 1372
t (c-o) stretch 1066 1068
t (cN) Stretch - 1068
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The stretches associated with NH and OH are usually broad and since both agarose
and MAgarose have a large number of-B groups was not possible to identify the
N-H stretch exclusively. The €N stretch overlaps with GOmaking interpretation of
nitrogen presence within MAgaroseinconclusive and concluding that the FTIR
spectra of both agarose and MAgarose are identical in appearancTIR

spectroscopydoes not provide any evidence of amine incorporation into agarose.

2.5.3 NMR spectroscopy

NMR spectra vere alsorecorded in dé-DMSO for agarosend MAgaroseto identify

the extra protons in MAgarose compared to agarose. An overlaitl spectra shows

the similarity of peak position and the splitting pattern (Figure 2-5). Both the
OPAAOOA OET x PAAEO AT OOA ODbI.& phekdnt@uithirithe O E A
iT1TTT A0 OAPAAOGETI ¢ OTEOO T &£# ACAOTI OA8 4EA
protons near quaternayy carbons flanked by an oxygen and a hydroxyl group to be

at ~ 5 ppm. The appearance of the agarostH spectrum compared well with
literature spectrum. The literature spectrum was recorded at 80 ° C and had better

resolution.318
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Figure 2-5: Overlaid 1H spectra of agarose (red) and MAgarose (blue) in d6-DMSO
Both the spectra show residual water peaks at ~ 3.35 ppm. On integration of the
agarose spectrum the expected protons were found, but in thease of MAgarose
only two extra protons were observed, where four extra protons from the two extra
CH% were expected. The same conclusion as with FTIR spectroscopy was reached,
the 1H spectra are identical for both agarose and MAgarose. Simple analytical
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methods were also investigated to identify if the amination of agarose was

successful and also to elucidate the structure of MAgarose.

Since elemental analysis, FTIR or NMR were unable to prove the presence of
nitrogen a more sensitive technique such as ubrescence was used. Elemental
analysis had an accuracy of £0.15% which was quite high, but fluorescence was

expected to be more sensitive.

2.5.4 Fluorometric assay

The sensitivity of fluorescence detection is dependent on the instrument and the
fluorescence of the fluorophore being investigated. To investigate using
fluorescence technique, a simple fluorometric assay involving fluorescamine was
attempted (Scheme 2-5).319.320 Fluorescamine reacts selectively with primary
amines to form a product that isfluorescent at 475 nmwhile fluorescamine on its
own is non-fluorescent, it can detect the presence of nitrogen to picomole valués.
MAgarose should react with fluorescamine to give a fluorescent product, while the
same assay with agarose should give a ndgluorescent product, proving the success

of the amination reaction and the presnce of nitrogen in MAgarose.

Scheme2-5: Reaction of fluorescamine with primary amines

A series of known concentrations of ethanolamine (primary amine) was reacted
with fluo rescamine in a solution of DMSO with 2% water to plot a calibration graph
of fluorescence vs concentration of amine. DMSO with 2% water was chosen as the
solvent, as both agarose and MAgarose are soluble in this solution at room

temperature with no gelation and it had the right pH for fluorometric assay??

Fluorescence emission spectra were recorded between 4060 nm with excitation
at 390 nm and the baseline foreach fluorescence measurement was corrected
manually to account for the difference in baseline starting pointsThe fluorescence

spectrum obtained at a concentration of 0.03 mM was provided belowr{gure 2-6).
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Figure 2-6: Fluorescence spectrum of ethanolamine at a concentration of 0.03 mM on
reaction with fluorescamine

The fluorescence at 475 nm was recorded for the fierent ethanolamine
concentrations and a calibration graph was plottedKigure 2-7). The intercept was

set through the origin, as the data was normalised to 0 mM.
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Figure 2-7: Calibration graph of fluorescence vs concentration of ethanolamine normalised
to solvent

Linear regression was carried out on the data to obtain a calibration graph. The
calibration graph wasused to calculate the concentration of amine in both agarose
and MAgarose. The fluorometric assay was carried out by soaking a known amount
of agarose and MAgarose gels in a solution of fluorescamine and recording their
fluorescence spectra after 20 minKigure 2-8). This method provides a quantitative
way of determining the presence of nitrogen in agarose and MAgarose. The
spectrum shows that agarose has significant fbrescence, but MAgarose has

considerably higher fluorescence. Since commercially available agarose was used
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throughout the project, there might have been some amine in natural agarose that

lead to this fluorescence.
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3000 4 —— MAgarose

2500 4

2000 4

1500

Fluorescence (a.u)

1000

500

0 —T " T "~ T "~ T "~ T "~ T " T
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 2-8: Fluorescence spectrum of MAgarose (red) and agarose (black)

The fluorescence at 475 nm was recorded for both agarose and MAgarose and using

the calibration graph (Figure 2-7) the concentration of amine was determined.

Table 2-6: Fluorescence values for Agarose and MAgarose

Concentration of amine /

Name of gel Fluorescence at 475 nm
mM
Agarose 1824 1.22 102
MAgarose 2879 1.93 102

The % of nitrogen was calculated following the procedure described below with a
few assumptions

1 MAgarose repeating unit has a molecular weight (mol.wt) of 306.27 g mél

1 The mol. wt of agarose is 120,000 g mdél

1 The number of repeating units § 88 are 391.8
MRQON QAE AR G Q¢ Q 7
g e s T p o 2wy o PB U P TTQ
Q Qe Q —
YDRDQwN Q& Qi a Q¢ 5 T YOB & & LBt p T GE
DE Qi QIAE XD G 'QE Q (8)
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This proves that there is nitrogen present in MAgase by fluorometric assay,
agarose fluorescence was also analysed using equationd.@, assuming that there
is nitrogen presence and making the same assumptions about mol.wt and repeating

units. The values obtained are summarised in a table belowdble 2-7).

Table 2-7: The % of Nitrogen in agarose and MAgarose by fluorometric assay

Expected Observed _ _
Name % Yield % Nitrogen
moles /mol moles / mol
MAgarose 5.06 10¢ 1.93 108 0.39 0.018
Agarose 9.73 10°¢ 1.22 108 0.13 0.006

Even though there was nitrogen content detected in commercially available agarose,
the MAgarose had ~ 3 times more nitrogen content than agarose. But froRigure
2-8, the fluorescence of MAgarose was only slightly higher than agarose, this was
because even though the fluorescence of agarose was only little lower than
MAgarose the moles of agarose dissolved in solution was ~2 times more than
MAgarose. It could be that, écause the % of nitrogen detected was low elemental
analysis, NMR and FTIR could not show any nitrogen presence or difference in the

MAgarose structure compared to agarose.
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2.5.5 Tgelvalues

When a gelator is dissolved in water, it forms chains by interlockingroitself called

A 001 18h OEEO EO OEA EEOOO OOACA 1T &£ CcCAI
more interlocking chains until a threedimensional network is formed, the chains
AAAT T A ET O1 1 OA BAThighiroodssol igterldckin® Gepdnding on the

gelator and can be controlled by tmperature, pH, sonication or by solvent. For a
gelator such as agarose this is controlled by temperature. The temperature at which
ACAOI OA OAOGAOOO Oi gelkrEnkitpn tAmp@direladd thiEOn A AT 1
comparisonwould show that the structures of MAgarose and agarose are different

Both agarose and MAgarose were tested for theirqd, temperatures using a

temperature controlled oil bath (Table 2-8).

Table 2-8: Tgel values of agarose and MAgarose

Gel concentration

Name Gel volume / ml Temperature / °C
% (W/v)
Agarose 2.88 0.30 97.8-100.1
MAgarose 2.88 0.30 80.1-82.7

The Tgel Oof the MAgarose was~ 17 °Clower than agarose, indicating that it has
physical properties different to agarose. Since thegdi value was lower it could be
OAEA OEAO Al i PAOAA O AGCAOI OAh -! CAOT OA
temperature stimulus than agarose conclding that the gel strength was lower for
MAgarose than agarose. Since FTIR and NMR suggest the structure of MAgarose to

be identical to agarose, the difference in physical properties can be linked to their
molecular weight. Viscometry was used to determinéf the molecular weight of

MAgarose and agarose was different.

2.5.6 Viscometry

If agarose was partially hydrolysed during the synthesis of MAgarose, then the
molecular weight of MAgarose would be lower than agarose. In general, molecular
weight of polymers @n be determined using techniques such as size exclusion

chromatography, sedimentation and diffusion. A number average molecular weight

74



Chapter 2: Gold nanoparticles in hydrogels

can be determined, as each polymer chain is polymerised to a certain degree and has
a certain mass. The number average atecular weight of polymers is quoted as
00
0

Where M, z is the number average molecular weight, M is the molecular weight of

a chain, Nz is the number of chains with that particular molecular weighg24

Viscosity average molecular weight can also be calculated by comparing the
viscosity of agarose and MAgarose. This can prove that agarose and MAgarose have

different physical properties and are different in structure

Intrinsic viscosity and viscosity averagemolecular weight are related by Mark

Houwink equation325z327
- 0 (11)

— represents intrinsic viscosity, K and | are constants specific to polymer, solvent
and temperature.K and | can be determined for a specific polymer by measuring
the polymers viscosities over a range of moledar weights (determined using
absolute techniques such as size exclusion chromatography, sedimentation and

diffusion) and fitting the data to a straight line as in equation (6%8329
AEQ a€&QD a¢ Qo (12)

The value of] gives an indication ofthe type of polymer present in a particular
solvent, so 0.5<4 <0.8 for flexible random coils in good solvent0.8<y <1.0 for
inherently stiff molecules such as DNA and 1.0 <1.7 for highly extended chains

such as polyelectrolytes in low concentration§27.330

Rochas and Lahaye have established the constants K gniibr agarose in a solution
of sodium thiocyanate at a concentration of 0.75 M and found them to be 0.07 and
0.72 respectively322 The Mark-Houwink equation for agarose is shown below as

equation (13)

- Tty 8 (13)
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— can be calculated using mathematicalgriations such as Huggins or Kraemer
using the viscosities of polymer at different dilute concentration§31.332The Huggins
equation (14) and Kraemer equation (15) when plotted as a straight line graph give

the intercept of the slope as the intrinsic viscosity.

~

— - 0-o (14)

— is specific viscosity,;Q is the Huggins constantind c is the concentration/gmt

1.—is also referred to as reduced viscosity.

~

— - Q-0 (15)

— is relative viscosity,’Q is the Kraemer constantand cis the concentration /

gml-, is also referred to as inherent viscosity

Where— — p — p (16)

—is the measured viscosity of the polymer solutiorand— is the viscosity of pure
solution. The equations (11)z (16)329.330,33%336 wwere used to determine the viscosity
average molecular weight of agarose and MAgarose in solution of sodium
thiocyanate at 0.75 M. The viscosity of sodium thiocyanate solution of concentration
0.75 M was found to be 0.7713 cP. The viscosity of agarose addgarose was
measured at different concentrations using Brookfield rotational rheometer at a
OEAAO OAOA OAIi P AO omr A#G8 1'ECAA GBI GOAU BAAE T AXACE
the viscosity observed is dependent on shear rate comparing well with
literature. 337.338339 The viscosities used for analysis were collected at the same shear

rate for agarose Table 2-9).

Table 2-9: Viscosity values of agarose at different concentrations, same shear rate

Agarose
c/gml-t s/cP | _
®
8.45 -03 1.70 10! 3.66 102
1.86 -02 8.32 101 252 102
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1.06 -02 3.00 10! 3.45 102
1.46 -02 3.90 10! 2.69 102
1.27 -02 3.16 10! 292 102

The values inTable 2-9 and equation (15) were used to plot a straight line with the
intercept as — (Figure 2-9). Equation (15) was chosen to plot the graph as this
relationship showed a better linear regression fit than equation (14) and also to
minimise the dependence of viscosity on concentration even at small concentration
values.333:334 The intercept was found to be 461.26 cP, and was used to calculate the

viscosity average molecular weight using ecation (11).

400 -
-
=
§ 300 - >
2 * °
> 500 y = -12040x+ 461.26
S R? = 0.9045
o
2 100 -
&
0 T T T T T T T

0.005 0.007 0.009 0.011 0.013 0.015 0.017 0.019
Concentration / gml?
Figure 2-9: Inherent viscosity vs concentration plot of agarose
The viscosity average molecular weight calculated ifable2-10 compared well with
literature values.340z342 In one instanceé42 the viscosity average molecular weight
was slightly higher than the value quoted in the literature , this could be due to the
use of different commercially available grades of agarose and the method of

viscosity measurements.

Table 2-10: Intrinsic viscosity and viscosity average molecular weight of agarose

L . Viscosity average molecular
Intrinsic viscosity / mlg -1 _
weight

461 102 2.01 10°

77



Chapter 2: Gold nanoparticles in hydrogels

Similarly, the viscosity average molecular weight of MAgarose was also determined.
(T xAOAOh OEA OEOAT OEOU OAI OAO 1T AOAET AA
behaviour where the viscosity was not dependent on shear rate. To keep
consistency, the viscosity values obtained at low shear rate were used for analysis
for MAgarose (Table2-11).

Table 2-11: Viscosity values of MAgarose at different concentrations, same shear rate

MAgarose

c/gml-1 s/cP L _

()
1.96 102 3.42 7.62 10!
3.47 102 9.39 7.20 10!
6.51 102 8.07 101 7.14 10!
8.90 102 1.04 102 552 10!
5.00 102 1.93 102 6.44 101

The values inTable 2-11 and equation (9) were used to plot a straight line with the
intercept as — (Figure 2-10). The interept was found to be 81.388 cP, and was

used to calculate the viscosity average molecular weight using equation (11).

90 1
80 A
70 4
60 A
50 A y=-281.78x+81.388
40 - R2=0.934
30 A
20 A
10 -
0 T T T T ]
0 0.02 0.04 0.06 0.08 0.1

Inherent viscosity

Concentration / gml™*

Figure 2-10: Inherent viscosity vs concentration plot for MAgarose

It is immediately apparent that the intrinsic viscosity of MAgarose is much lower
than agarose, almost ~ 5.6 times lower. It was also apparent that a much higher

concentration of MAgarose had to be used to record viscosity values at an
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observable range similar to agarose. &h the intrinsic viscosity values and the
viscosity average molecular weights of agarose and MAgarose were summarised in
the table below (Table 2-12).

Table 2-12: Intrinsic viscosity and viscosity average molecular weight of agarose and
MAgarose

Intrinsic viscosity / mlg - Viscosity average
Name of gel .
1 molecular weight
MAgarose 8.14 10! 1.81 104
Agarose 4.61 102 2.01 10°

There is a significant difference in the viscosity average molecular weight of
MAgarose compared to agarose with MAgarose having a value ~ 11 times smaller
than agarose. This further corroborates the behaviours of both gels as either
Newtonian or non-Newtonian and also MAgarose forming a less viscous solution
even at a much higher concentration than agaroseréble 2-11). This could be
because of the sythetic conditions involved in the preparation of MAgarose, as
MAgarose is exposed to alkali conditions at high temperatures and the presence of
water (hygroscopic nature of agarose and MAgarose), these might be affecting the
viscosity nature of agarose byydrolysing it.343

However, Viscometry proves that there is a difference in physical properties and gel
strength between agarose and MAgarose. Some control experiments were carried
out to identify a pattern between hydrolysis, viscody and conductivity, since a gel
with low viscosity (MAgarose) seems to form the most conductive gel with gold

nanoparticles (GelAuNP).

2.5.7 Control experiments

From Viscometry measurements it was proven that MAgarose and agarose
structures and physical properies are different, this was attributed the presence of
water in agarose during the synthetic procedure of MAgarose leading to hydrolysis
of agarose. To identify the extent of agarose hydrolysis to form MAgarose, control

experiments with the addition of different amounts of water were attempted.
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2.5.7.1 Agarose hydrolysis

A control experiment using only agarose and potassium carbonate was carried out
in the absence of Zhloroethylamine to hydrolyse agarose under mildly alkaline
conditions (Scheme2-6), the equivalence between base and agarose was same as in

section 2.4. The obtained gelvas lyophilised and used for subsequent analysis.

K,CO,

DMF (anhydrous)
ﬁT‘OH Hydrolysed agarose

Scheme2-6: Schematic showing the control experiment to hydrolyse agarose

2.5.7.2 Control experiments with ammonium chloride

Control experiments using agarose, potassium carbonate, ammonium chloride and
addition of different amount of water was carried out, to understand the role of 2
chloroethylamine in the preparation of MAgarose under partial hydrolysis $cheme
2-7). The equivalence between base, agarose and amine was the sam&4and the

obtained gel was lyophilised and used for subsequent analysis.

K,COs4

1 DMF (anhydrous)
—~_TOH > Unknown structure of agarose
&r NH,4.Cl

H,0

Scheme?2-7: Schematic of the control reaction with ammonium chloride and known amount
of water

The viscosity and the onductivity of these control gels was investigated in a similar
way to sections2.5.6and2.3.1.1 The values are summarised in a table belowéble
2-13), conductivity measurements for one of the control gels with 0.1 % (v/v) water
was not recorded, but the values available were used to plot a graph of viscosity vs
conductivity for ammonium chloride reactions. This should give an indication of
whether viscosity affects conductivity and also if the structure of MAgarose

resembles partially hydrolysed agarose Figure 2-11).
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Table 2-13: Viscosity and conductivity values for control experiments

% (viv) _ _ Conductivity / Sm -
Name Viscosity / cP
Water 1
Hydrolysed 581 10°
0 1.43 101
agarose (2.5.7.1)
0 4.31 1.78 104
Ammonium
0.05 4.36 1.21 104
chloride with
0.10 468 0 -
known amount of
0.50 5.59 4.61 105
water (2.5.7.2)
1.00 6.92 3.88 10°

The viscosity of completely hydrolysed agarose was much higher and the
conductivity was lower, compared to the experiments where ammonium chloride
and known amount of water were used, this proves that MAgarose is not completely
hydrolysed agarose. The viscosity values for ammonium chloride experiments were
slightly closer tothe value obtained for MAgaroseTable 2-11) however only 0 and

0.05 % (v/v) seem to have high conductivity values with low viscosity values.

2.00E-04 -
1.80E-04 - °
1.60E-04 -
1.40E-04 -
1.20E-04 - °
1.00E-04 -
8.00E-05
6.00E-05
4.00E-05 - o °
2.00E-05
0.00E+00 . . . . . . .

Cnductivity / Sm*

Viscosity / cP

Figure 2-11: Conductivity vs viscosity plot of control experiments with ammonium chloride
using values from Table 2-13

From Figure 2-11, it is apparent that as viscosity increases the conductivity
decreases, this supports the previous found pattern between agarose and MAgarose.
A plot of viscosty vs ammonium chloride with known amounts of % (v/v) water

added was also considered to identify if the reason MAgarose has a lower viscosity,
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is because of the presence of minute amount of water during the synthesis of
MAgarose figure 2-12).

y =2.6006x+4.3138
R*=0.9961

Viscosity / cP
O KL N W R 0o D

0 0.2 0.4 0.6 0.8 1 1.2
% (v/v) water added

Figure 2-12: Viscosity vs % (v/v) water added (refers to ammonium chloride experiments
with known amount of water added) plotf or ammonium chloride experiments

The plot shows a linear relationship between viscosity and the % (v/v) water added
in the control experiments, this further corroborates the presence of water during
the synthesis of MAgarose. The viscosity of MAgarose wiasghe 3z 4 cP range (for
the same gelator concentration), this corresponds to the lowest % (v/v) water
addition. Figure 2-11 correlates the lowest viscosity valuego highest conductivity

in the presence of ammonium chloride with known amounts of water. Both of these
observations prove that MAgarose is partially hydrolysed agarose with some amine
group incorporation and these control experiments support both the visgsity

measurements and the results of fluorometric assay.

The GelAuNP was investigated for its applicability in a bielectrochemical system

without knowing its structure.

2.6 Gold nanoparticle incorporation
After incorporation of gold nanoparticles into GelAuNP, the gel formed two distinct
bands of colours purple and pink. The purple colour was at the top near the

meniscus of the gel, while the pink colour was at the bottonf(gure 2-13).
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Figure 2-13: Gel obtained after reduction showing two distinct coloured bands.

The bands were analysed by HHEM to get an understanding of the nanopatrticle

size distribution and their position relative to the agarose fibres Figure 2-14).
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Figure 2-14: HR-TEM images of purple coloured gel, scal e bar 200 nm and pink coloured gel,
scale bar 500 nm

The TEM images show well distributed gold nanoparticles within the gel structure,
the gold nanoparticles were also analysed by Image J software to get a distribution
of nanopatrticle size Figure 2-15). The top of the gel contained large nanoparticles
of average size ~ 6 nm and the bottom part pink gel had an average ~ 2 nm size gold
nanoparticles. The difference in $zes across the GelAuNP could be because of a
difference in pore size of the gel where the upper part of the gel is blocked by the
formation of large gold nanoparticles which leads to restricted borohydride solution
diffusion to the bottom part of the gel.So the bottom part of the gel has smaller

nanoparticle formation.
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Figure 2-15: Histograms showing the size distribution of gold nanoparticles in purple gel
(top) and pink gel (bottom)

To get an idea of tke pore sizes in both agarose and MAgarose SEM was used to
analyse lyophilised gels Figure 2-16), the SEM images of agarose compare well with

literature. 344

100nm 7/23/2015
WD 6.0mm 15:50:10

Figure 2-16: SEM images of agarose and MAgarose at 75k magnification with a scale bar of
100 nm in both cases

The pore sizes and fiber widths of both agarose and MAgarose gels were compared
at same magnification and gel concentration to get a qualitative understanding. The
images were analysed in Image J software using the line function to measure both

the pore size and also the fiber width Eigure 2-17).
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Figure 2-17: SEM image showing the line function used to calculate the width of fibres and
pore sizes (left) and histogram showing the distribution in both a  garose and MAgarose.

By comparison itis seen that in the case df1Agarosegel both the pore and thdibre
widths are smaller than agaroseThis could be a reason for its low deivalue and also
for the different gold nanoparticle distribution. SEM image®f GelAuNP were also
analysed to see the distribution of gold nanoparticles across the gel structure, but
because of the nanoparticle presence it was hard to get good resolution on the
images Figure 2-18). The images show gold nanopatrticle distribution throughout

the gel structure.

Figure 2-18: SEM images of GelAuNP, the let image was recorded under LABE and the right
image was recorded under LEI. In both cases the bright spots are gold nanoparticles while
the grey background is the gel network

Three different surfaces of the GelAuNP were selected and analysed by XPS, to
identify the species of gold present within the gl structure (Figure 2-19).
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Figure 2-19: XPS spectra of the surface of the GelAuNP

The XPS spectra were analysed bgoftware CasaxXPS provided by Newcastle
University, it automatically detected the presence of oxygen, carbon and gold in
GelAuNP. Gold has Au#f and 4fsi2 region with a well-known spin orbit coupling of

~ 3.7 eV206 this was observed for GelAuNP across all three surfaces. The Aw24f
binding energy peak is used as a reference to identify the type of gold species
present, in general a binding energy lower than 84.0 eV was attributed Auw and a
binding energy higher than 85.6 eV was at attributed to Auand AW+ ions.
206,207,345,346 For GelAuNP a binding energy of 83.0 eV to 77.9 &f Au 4f72 was

observed across the three surfaces, this proves the presence oPAuthe GelAuNP.

2.6.1 Gold quantification

To use GelAuNP in bi@lectrochemical systems, it must contain the minimal amount

of gold to make it affordable and viable to use incaled up systems. The gold content

in GelAuNP was quantified using IGRIS. Digestion of GelAuNP to form a solution of
CIl1TA EITO xAO AAOOEAA 100 OOCEI ¢ A OOOEAI
digestion of agarose structure using piranha solutiorfollowed by the digestion of

gold nanopatrticles by aqua regia.

To validate the method, a control of agarose with known amount of gold was
analysed parallel to GelAuNP with the same method of digestion. The sample was
submitted for analysis by ICPMS and he values are provided in theTable 2-14

below.
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Table 2-14: Gold content in agarose loaded with gold nanoparticles and GelAuNP by ICRMS

Weight of gel / Expected gold Observed gold

Name of gel
mg weight / mg weight / mg
Agarose loaded
with gold 11.84 2.90 2.54
nanoparticles
GelAuNP 9.60 5.80 0.56

Comparing the expected and the observed values for gold contentagarose loaded
with gold nanoparticles there was ~ 88% recovered, this makes a loss of ~ 12%.
Therefore, the gold content in GelAuNP was estimated as 0.56 mg = 0.7mg, This was
much lower than expected, but the loss could be because of the leaching of egces
gold solution during gold nanopatrticle incorporation (Figure 2-3) but it makes
GelAuNP a viable option to use in a bielectrochemical system as no further
leachingwas observed.

The next step was to test the toxicity of gold nanopatrticles t8owhen incorporated

in gels.

2.7 Toxicity of gold nanoparticles to Shewanella oneidensis MR -1 (So)
The toxicity of gold nanoparticles toShewanella oneidensi8IR-1 was investigated

by a simple experiment.

4 sterile gel cylinders (0.30 ml each) of agarose at 0.5 %/v concentration were
DPOADPAOAA OOGEI ¢ A AOOOI I 1T AAA OAT OOT 11 AOGO
with the bottom part sliced off to give a very thin glass bottom that fits to complete

the sample vial (reminiscent of a bottomless cake tin). The glag®ttom has to be

very thin to make the removal of the gel easier without any squashing. The two parts

were held together using a heat shrink tubing specific to the vials diameter, this
allows the gel to be moulded in the vial. Once the gel has set, thetshrink tubing

was removed to get the bottom off and the gel cylinder was remove&¢heme2-8).
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The ‘bottom’

of the sample Sample vial
vial that has

been sliced off

and is held in / Agarose at 0.50 % w/v

place by heat
shrink tubing Heat shrink tubing
Scheme2-8:3 AEAI AOEA OEI xET ¢ OEA AOOOI 1T 1T AAA o2AT OOT 11 4

represents the heat shrink tubing; the grey band represents the agarose gel cylinder.

Gold nanoparticles were incorporated into these sterile gels in a similar way as to
sect2.3.1 Thesesterile gels were washed in sterile water extensively for two days
to remove excess gold and borohydride ions. An excess of inBdium was added to
these get and allowed to diffuse through for two days with fresh LB solution

changescarried out three times a day(Figure 2-20).

HAuCl, NaBH,

- | )

LB solution

Used in -

experiment

Figure 2-20: Schematic showing the incorporation of gold nanoparticles into agarose gel
cylinders

An LB agar plate with four wells was prepared and the gel cylinders with gold
nanoparticles were placed into the wells. Liquid culture (1 ml) ofShewandh
oneidensidVIR-1 was poured on top of the wells and spread using a spreader. This
was placed in an incubator at 25 °C to grow the cells for three dayBigure 2-21).
The gold concentration was based on the volume of solution added to each cylinder,

this was converted to mass in pug and is quoted from here on.
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Figure 2-21: Agar plate with wells to incorporate agarose gel cylinders with different gold
nanoparticle concentration

The 4 different gel cylinders had shrunk in size after the growth oShewanella
oneidensisMR-1 and a pink sheen was apparent on the surface of the gold
nanoparticle gel cylinders. The surfacef the 4 different gel cylinders were
analysed by confocal microscopy, to identify the live and dead bacteria present at

different gold concentrations at the end of growth time Figure 2-22).

1 2

Figure 2-22: Confocal images of 1 (4.2 pg) and 2 (8.4 ug) gel cylinders with different gold
concentrations in brackets

The confocal images show a set of four images, top left imagdicates the presence
of live bacteria stained by Styo 9, top right the presence of dead bacteria stained by
propidium iodide. The bottom images, left shows the mixture of both live and dead

bacteria, and the right shows the white field image with no flarescence.
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10 20

Figure 2-23: Confocal imaging of gel cubes with higher gold concentrations 10 (42 ug) and 20
(84 L)

In the case of low and high gold concentrations, the gel cylinders have a higher
number of live bacteria than dead bacteria Kigure 2-24). Since Styo 9 stains all
bacteria in green and propidium iodide stains only the dead bacteria red, the
number of dead baceria was removed from the live stain to get the true number of
live bacteria in all the images. These images show that So was capable of growing in
the presence of gold nanoparticles incorporated into gels at different gold

guantities.
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Figure 2-24: Bar chart showing the distribution of live and dead bacteria at increasing gold
quantities

Based on these observations, GelAuNP was investigated for its capability to support
the growth of So and also its currengenerating ability when used as a modified

electrode in a bicelectrochemical system.

2.8 Design of electrochemical set up
A three electrode cell was designed that would minimise oxygen presence, be easy

to sterilise and would also allow a gas inlet for argo(Scheme2-9). Three electrode
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cells were increasingly being used to monitor current generation over a long period
of time. By using a reference electrode, the potentiaf the working electrode can be
maintained at a fixed value and would enable the study of anodic reactions, it would
also allow for variation of potential as required347z349 Three electrode cells are also
good at minimising the internal resstance of the MFC by reducing the distance

between electrodes.

From literature, there were a number of different experiments that could be used to
understand bacterial behaviour, electron transfer mechanisms and the rate of
electron transfer3 The main aim was to study the change in current production at
constant potential. Chronoamperometric experiments would satisfy this aim and
would provide a simple way of studying the #ect of the modified electrode on

bacterial growth and current generation133.349,350

Rubber septa

Positive
pressure of
argon gas

Carbon veil

Pt Mesh

Bacterial culture

Ag [/ AgCl

Scheme2-9: Schematic of the three electrode electrochemical design used to record
chronoamperometric data

The choice to studySo has been justified in Chapter 1 sectidh5.4. Sois capable of
growing245.351 and attaching to an electrode at a range of negative to positive
potentials.”7.254.256,352354 |_jterature suggest the use of a positive potential as it drives
bacterial adherence to the electrode0.2 V vs Ag/AgCl was chosen as the potential
for chronoamperometric experiments as it was observed thatan increase in
extracellular electron transfer assocated with Mtr and OmCA inSoheme proteins

was highestat this potential. 352

Carbon based electrodes were most commonly used to investigate MFCs as they are
cheap, biocompatible, have low resistancand are also resistant to corrosionss.84.86
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A carbon veil from TFP was used as the working electrode in the badectrochemical
cell. Itisa 2 D electrode with planar diffusion, made with recycled carbon fibres and
it has good porosity for strong biofilm formation and imaging solutiong2 A single
sheet of carbon veil with carbon content of 10 grAwas used for all experiments to
maintain repeatability. Platinum mesh was chosen as theounter electrode to

achieve maximum surface area for the electrochemical study.

2.8.1 Electrode preparation
The carbon veil was modified by depositing the conductive gel (sectidh3.1) on top

extensively in water to remove any unreacted HAuchnd sodium borohydride.

Sample vial
Chloroauric acid

0,
Carbon veil in gel / MAgarose at 2.88 % w/v

Heat shrink tubing

Bottom that is sliced off

Figure 2-25: Schematic of carbon veil modified with MAgarose containing gold
nanoparticles.

The electrode was sterilised with ethanol before use and incorporated into the three
electrode cell as the working electrode. The next step was to decide on cell culture

media and its preparation.

2.8.2 Preparation of bacterial culture for electrochemical set up

Minimal media was chosen as the medium to use during the chronoamperometric
experiments. So grows slowly over a long period of time in minimal media enabling
the study of how the GelAuNP affects the current generatioBowas grown in LB
medium overnight a 25 °C with shaking and 1 ml of this culture was used to obtain

a 25 ml minimal media culture containingSoat an ORBoo of 0.03.

The same starting Okbo was used for all the experiments. By starting with a low
ODso0o0 the development of a biofilm and also the effect on current generation can be

studied gradually over a long time.
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2.8.3 Chronoamperometric results
Since chronoamperometric experimentswere run for long time periods, the
reference electrodewas regularly checked before every chronoamperometric run

using a solution of ferrocene as a standarh avoid contamination of the electrode.

e +
Fe(CoHs), = Fe(CyHs), + e

Scheme2-10: Ferrocene couple studied as a standar d

Ferrocene undergoes reversible one electron oxidationScheme2-10) to produce a

cyclic voltammogram (CV) with well separated anodic and cathodic peaks in non
agueaus solvents3®> A reference electrode of Ag / AgCl, working and counter
electrodes of carbon rod were used to record the CV with ferrocene in acetonitrile

and tetrabutylammonium hexafluorophosphate Eigure 2-26).
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Figure 2-26: Cyclic voltammogram of Ferrocene in acetonitrile with tetrabutylammonium
hexafluoro phosphate (0.1 M) as supporting electrolyte

In an ideal experiment, for a reversible one electron redox reaction the peak
separation between the anodic and cathodic peaks ~ 0.059%.1n the case ofigure
2-26 it was always found to be within the range of 0.13 0.16 V, ths is reasonable
as the peak separation is dependent on electron transfer rates, electrode material,
solvent and diffusion of ions3552357 |f the peak separation was outside this range, the
electrode was regenerated. Once this check was performed the electrodes were
rinsed with acetonitrile and ethanol extensively and used for bieelectrochemical

cells.
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2.8.3.1 Chronoamperometric data

The carbon vel was sterilised using ethanol and dried before using in the set up. The
chronoamperometric experiments were run for ~ 27h, with a poised potential of 0.2

V vs. Ag/AgCI at 30 °C. Initially the chronoamperometric experiments were run in
the absence of So tanderstand the range of currents that could be produced. Each
control and GelAuNP was run 3 times and an average of the runs was compared.
Since it is not possible to estimate the area of carbon veil not covered by GelAuNP,
all the data were compared as wrent rather than current density and similar

surface areas of the electrode were used in the range of %.2.6 cn?.
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Figure 2-27: Current vs Time plot of all the controls and GelAuNP in the absence of So

It is apparent from Figure 2-27, that the GelAuNP started with the highest current
at ~ 23 pA, while all the controls had current ranges of ~0.5 1.5 pA, this was
attributed to the GelAuNP being the most conductive of all the electrodes and having
a higher charging current. The graphs recorded for carbon veil were quite noisy
reflecting the porosity of the carbon veil. The currents recorded for plain gel in the
absene of gold nanoparticles was small ~0.034 pA. This could be because of an
insulating effect of the gel, where it blocks a part of the veil exposed to solution. It is
important to note that the current generated in the absence of So decreases over

time for all the controls.
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A control experiment with Aw deposited carbon veil was also performed and
labelled as Auveil in Figure 2-27. The Auveil electrode was prepared by
electrodeposition of gold on the carbon veil using the same three electrode set up as
in section 2.8. The working electrode was carbon veil, counter electrode was
platinum mesh and the reference electrode was Ag / AgCI. A solution of chloroauric
acid (5mg) dissolved in 100 mM sodium acetate (1ml) was used as the electrolyte.
Chronoamperometric detection experiment was run at0.6 V vs Ag/ AgClKigure

2-28) till the solution of gold turned colourless.

-200 4

-400 4

Current (pA)

-600 o

-800 o

-1000 -

T T T T 1
0 5 10 15 20 25

Time (h)

Figure 2-28: Current vs time graph of Au ° electrodeposition

The shape of the curven Figure 2-28 corresponds well to literature where initially
double layer charging occurs followed by nucleation and growth of gold nuclei (-~
1000 pA) and then reduction proceeds which will be limited byhe concentration of
gold near the electrode (~100 pA)358 The current generated when the Au deposited
veil was used inFigure 2-27 experiments was ~ 0.49 A which was higher than
plain veil (~0.033) or plain gel (~0.034) (Figure 2-27). These results were

compared to the same electrodes in the presence of So.
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Figure 2-29: Current vs time plot of all the controls and GelAuNP with So
From Figure 2-29, it is apparent that the shape of thelot is different to Figure 2-27
in that current generation increases with time for all the electrodes. This shape
corresponds well with literature where similar chronoamperometric experiments
were recorded in the presence of bacteri&32.144.251,257,%9,360289 the shape shows
initially a slow increase in current, followed by a rapidincrease in current

production.

This shape was also complementary to the growth of So as the current produced is
dependent on So growth and biofilm formation on the working electrode. The shape
follows the general trend of bacterial growth depicting the ag phase (initial
acclimatisation to environment) and the exponential phase (rapid growth¥° The
GelAuNP seems to produce a higher current than all the electrodes tested till now in
the range of ~26z 30 YA. Auveil also produces high currerdt ~11- 12 pA, this could
be due to the presence of gold which increases the rate of electron transfer. The

current generated by plain veil and plain gel are almost negligible at2 pA.

From comparison it was seen that the enhancement between commerciall
available carbon veil and GelAuNP was ~ 29 times higher which also higher than

some reports in the literature (Table 2-1).138.146.147
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Table 2-15: Modification of electrodes from literature

Electrode - Magnitude

_ Modification _ Authors Year
material of increase

Polypyrrole hydrogel 13
Graphite felt and carbon ' Tang etalt3® 2015
nanotubes
Carbon paper  Graphene and gold 5 Zhao et alt46 2015
Graphite Au/ Pd
_ _ 2-20 Fan et alt4’ 2011
disks nanoparticles

The table shows the different modifications from literature wherea significant

enhancement in current production was observed.

This proves that there is an improvement in electron transfer in between the
GelAuNP and So in the electrochemical system. To identify if the current continues
to increase over time, a single alonoamperometric experiment was run for ~ 6
days (Figure 2-30).

35
30
25+
20+

15

Current (nA)

10+

5 -

Time (days)
Figure 2-30: 5-day experiment of GelAuNP with So
Figure 2-30 shows two significant points where the current spikes, this could be
because of biofilm formation and slow bacterial growth. After ~5 days the current
generation decreases, this could be beaae of bacterial growth being limited by

nutrient depletion.
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A control experiment was also conducted using Auveil for a 5 day run in the
presence of So to prove that the presence of gel does influence continuous running
of the electrochemical cell Figure 2-31). It was seen fromFigure 2-31, that the
current generation started to dop at ~ 3 days which is 2 days earlier than GelAuNP.
However, this plot also shows two significant spikes in current generation over time
further proving that the increase in current was due to bacterial growth and biofilm

formation.

25+

20 4 Auveil 5 days

15

Current (nA)

10 4

Time (days)
Figure 2-31: Current vs time plot of Auveil run for 5 days in the presence of So
Figure 2-31 also proves that the presence of gel in GelAllP increases the viability

of So prolonging its growth for a longer time period than in the absence of gel.

A cumulative bar chart was plotted to understand the significance of modification

(Figure 2-32). The current at 27 h was averaged across the triplicate experiments.
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Figure 2-32: Bar chart showing the combination of all electrochemical r  esults

The bar chart gives a good indication of enhancement of current across the controls
and the experiments with different electrodes. It also identifies GelAuNP as the best
electrode of all of them. To understand its influence on bacterial growth, aneis of

the GelAuNP after the experiment was performed.

2.9 Confocal imaging of GelAuNP
The GelAuNP from one of the chronoamperometric experiments performed in the
presence of So was analysed by confocal imaging to identify the presence of live and

dead bactera. Two different positions on the gel were stained, the top of the gel

surface and the bottom where the veil is.
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Carbon veil Gel surface

Figure 2-33: Confocal images of both carbon veil and gel surface . The top left shows live So,
top right shows white field image, bottom left shows dead bacteria and bottom right shows
the mixture of all three.

The images show a mixture of both live and dead bacteria present in both cases.
These images were analysed by Image J to quantify themiber of live and dead

bacteria (Figure 2-34).
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Number of cells

100 T .
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Figure 2-34: Bar chart of number live and dead bacteria present on cond uctive gel
The bar chart indicates that the amount of gold in GelAuNP is not very toxic 8o

and that it is able to grow in the presence of it.

2.10 Conclusions and future work

Amine functionalisation (MAgarose) of agarose was attempted but the presence of
nitrogen was not detected by NMR, IR or by CHN analysis. A Fluorometric assay
seemed to provide a qualitative comparison for nitrogen detection. Viscometry
provided suitable evidence in viscosity average molecular weight that agarose and

MAgarose were diffeent. The structure of MAgarose was elucidated with control
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experiments to be partially hydrolysed agarose with some amine incorporation
proving that the presence of water during synthesis to be a crucial factor. MAgarose
was found to be capable of suppontig gold nanoparticle formation and forming

GelAuNP which was ~ 1400 times more conductive than the respective control.

A simple toxicity test of gold nanoparticles to So was performed and it was found
that the relation between an increase in gold concenttaon and the number of dead
cells varied. GelAuNP was used as electrode in three electrode electrochemical cell
containing So as the catalyst. On comparison of similar surface areas an
enhancement of ~ 29 times was observed compared to commercially avdile
carbon veil. The influence on current generated, over long period of time was

investigated and the presence of gel in GelAuNP seem to be a crucial factor.

Confocal imaging of the GelAuNP has shown promising results of a higher number
of live So than ded, indicating that gold nanoparticles in the gel have relatively low

toxicity.

The operation of the electrochemical cell for longer than 3 days must be
investigated. At the end of the londerm operation, the stability of the GelAuNP and
the toxicity of the GelAuNP to So needs to be studied. The gold content in GelAuNP
after the long term experiment must be analysed by IGRIS. This is to understand if
any gold has leached into the cell because of MAgarose degradation by So. In
conclusion, even though a auent enhancement of ~ 29 times was observed, on long

term operation this enhancement could change and this has to be investigated.

The other investigation to undertake is the scale up of the electrochemical cell and

how the current enhancement changes bewise of the scale up.
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3 Introduction

In Chapter-2, the incorporation of GelAuNP as an anode in a ba&ectrochemical
system has led to an increase in currergeneration and an improvement in electron
transfer from So to the anode compared to the respective control (plain veil). To
improve this further, incorporation of gold nanowires in gels as an alternative to
gold nanoparticles was considered. Metal nanowas361z363 conducting polymer
nanowires 364366 conductive adhesives with metal nanowire37z369 and biologically
produced bacterial nanowire€60.370.371 have shown promise in electron transfer.

Gold nanowires are capable of forming continuous electron transfer pathways.

The incorporation of gold nanowires into hydrogels should create a conductive
hydrogel capable of improving electron transfer from So tanode, the nanowires in
the gel should bridge the gel structure using their onglimensional structure.
Nanowires require a lower metal content than nanoparticles, reducing the use of
noble metal and increasing the economic viability?2 A similar result to Chapter 2
was expected, where the presence of nanowires increases the current produced
when incorporated in a bioelectrochemical cell. To date, there has not been an
example reported in the literature where gold nanowires incoporated into

hydrogels have been used as an anode in a ktectrochemical system.

The literature was reviewed to understand if gold nanowires can be incorporated
into hydrogels to increase conductance. If these nanowire gels can be synthesised
with relati ve ease, are biocompatible for use in bielectrochemical systems and

have economic viability, they would prove to be quite applicable.

3.1 Synthesis of gold nanowires in gels

There are two ways of incorporating nanostructures in gels as introduced in Chapter

1 section1.5.3 one is by the synthesis of nanostructures using the gel itself as a
reducing agent or by diffusing a solution of prdormed gold nanostructures irto the
gel334EA 1 AOOAO 1 AOET A EAO A AOAxAAAE ET O
smAl 1 AO OEAT OEA CAIlI 06 bl OA220EUA O DOAOA
With nanowires, there are multiple approaches in the literature for their
incorporation in gels. Templatebased synthesis was used predominantly where

structures with linear nanosized poresare used as the support for nanowire

103



Chapter 3: Gold nanowires in hydrogels

formation. The template is usually removed to leave just the nanowires while some
use the combination together for applications such as photovoltaic ce¥® and
sensory device$’> In template-based syntheses, materials such as anodised
aluminium oxide (AAO)37¢ silica gels3’” track- etched templates, carbon nanotubes,
polycarbonate films and biological templates such as DNA were us&@z380 In most
template-based syrtheses electrodeposition, ultrasound, dielectrophoretic
assembly and hydrothermal vessels are used as the method of preparati$/f.381z383
Nanoparticles can also be selissembled into nanowires using nortemplate
methods 384385 A |ot of research has also been conducted for the growth ofystals

in gels with gels being silica, polyacrylamide, gelatin, agar and cl&yg

Paunov et al.382 have synthesised silver nanowires in agarose gels using a
dielectrophoretic assembly. Their method involved the addition of silver nanowires

to a hot agarose solution and their dispersion through ultrasound. Arliguot of this
dispersion is suspended in between four electrodes of a custom made cell with
temperature control and an AC field is applied. This aligns the nanowires to form a
connection with the electrodes to form microwires, the temperature of the celis

dropped to room temperature for the formation of agarose gel. This gel formation

fixes the nanowires in position and the AC field is removed=(gure 3-1). This was

OAOI AA AO A OT1T OA1 1 AGET A8 OET AA DPOAOGET O¢

alignment on removal of the AC field in solution.

104



Chapter 3:

Gold nanowires in hydrogels
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Figure 3-1: Schematic showing the incorporation of silver nanowires in agarose solution (A)
and their alignment using a four electrode custom set up (B). Adapted from ref 382

Agarose gels at 0.5% w/v were used throughout as thiprovided the best

concentration for dielectrophoretic assembly of wire and a range of 50, 100 and 200

nm diameter silver wires of length 4050 um were investigated. The cell consisted

of two copper electrodes with a 4 mm gap in between them. The voltagpied for

microwire formation was found to be dependent on the wire diameter with the 50
nm requiring 250-300 V cmi, 100 nm requiring 500600 V cm! and 200 nm
requiring 350-400 V cm?.

105



Chapter 3: Gold nanowires in hydrogels

Figure 3-2: TEM images of microwire formation in agarose gels at 0.5% w/v with (A) 50 nm,
scale bar 200 pm (B) 100 nm, scale bar 1 mm and (C) 200 nm, scale bar 100 um. Adapted
from ref 382

In the case of 50 and 200 nm diameter wires, bincreasing the AC field application
time, branching of the wires within the gel was observed by optical microscopy
(Figure 3-2). The TEM images also show a generaigament of wires through the
gel parallel to the electrode position. The four electrode set up was also used to
record the resistance of the wires parallel and perpendicular to their growth in gels.
There was no relationship found between the diameter of e wire and the
resistance of the gel, but the resistance of the gel with wire was lower than the gel

with no wires (Table 3-1).

Table 3-1: Resistance values measured using four electrode custom set up of different
diameter silver nanowires in agarose at 0.5% w/v.

Diameter of wire/nm  Volume ofgel/pl 2 AOEOOAT A-A

0 (Control) 200 1000
50 200 3.55.8
100 200 0.9-1.4
200 200 2.8-3.5

The absence of the relationship between resistance and wire diameter was
attributed to the formation of wires from aggregated nanowire dispersion than
individual nanowires. The limitation of this method is that on continued application

of an AC field, thegel becomes dry (solvent evaporation) and cracks leading to
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collapse of the gel structure and the wires. This work is a good example to prove that

the presence of nanowires in agarose gels can increase the conductance of a gel
compared to a gel with no naowires.

There was one other example in th literature where Thagt al386 have synthesised

T AT T xEOA AADAAEOT 00 xEEAAVnG /s Oldctrodep@itedl. A A
The entire Au@) z MnQ;is encapsulated in a poly (methyl methacrylate) PMMA gel
electrolyte. The capacitor was able to cycle reversible for 200,000 ced and retain

its charge transferring capability at 95 %. The enhanced reversibility was attributed

to the encapsulation of the wires in the gel electrolyte. This is another example
where the presence of a gel increases the stability of the nanowires toroosion and

dissolution.

3.2 Proposed idea

The synthesis of gold nanowires in agarose gel will be investigated using a
combination of methods described above. The stability of the incorporated wires in
gel and the conductivity of these nanowire gels (GelAuNWill be analysed. If the
gels are stable, their incorporation into a bieelectrochemical cell will be

investigated.

3.3 Synthesis of gold nanowires in agarose

A simple method of using an agarose network as the host matrix with aspartic acid
as a reducing aget was utilised for this purpose. The method involved the addition
of gold chloride solution to a preformed agarose gel cube at 0.2% w/v concentration,

followed by the addition of aspartic acid solution to reduce Att to AuO.
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Scheme3-1: Schematic showing the procedure for the in situ incorporation of gold
nanoribbons and nanowires in agarose gel at 0.2% w/v concentration

The concentrations and equivalence of gold chloride to aspartic acid was as per
literature instructions, in solution, these equivalences produce gold nanoribbor#§?
The gels were characterised by UVis spectroscopy that showed a surface plasmon

resonance peak at ~550 nm indicative of nanoribbonsHigure 3-3). 387,388
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Figure 3-3: UV-Vis spectrum of gold nanoribbons in agarose using aspartic acid

The gels were also analysed by HREM to investigate if the incorporation was
successful and if the nanoribbons were distributed thoughout the agarose gel. The
HR-TEM images proved the reaction to be successful as the nanoribbons were
distributed through the agarose gel network Figure 3-4). The ranoribbons look

similar to the ones produced in solution, reported in literature 387
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Figure 3-4: HR-TEM images of gold nanoribbons in agarose gels

Most of the nanoribbas seem to be twisted in on themselves, they are not very well
spread out along the gel fibers. The images also show a lot of nanopatrticles rather
than nanoribbons; indicating that not all of them have aged to ribbons. To improve
the ratio of nanowires or nanoribbons to nanoparticles and also to get a better
distribution of nanowires or ribbons through the gel, an alternative approach was

pursued.

3.3.1 Synthesis of gold nanowires in hexane

Gold nanowires were synthesised in hexane using a literature method inwahg the
addition of triisopropylsilane to a mixture of gold chloride and oleylamine §cheme
3-2). The resulting mixture was incubated at 30 °C for four hours undisturbed, to
obtain oleylamine protected gold nanowires in a black solutiod%# In this reaction,
triisopropylsilane acts as a reducing agent while oleylamine stabilises nanowire
formation as well as acting as a template for its directional growtkThe gold
nanowires were used with no further purification as per literature.204

CH-),CHI.Si-H
[(CH3)2CHI5Si Ultrathin

Gold nanowires

HAuCl,4.3H,0 + HyN-CygH35
Hexane, RT, 4 hours

Scheme3-2: Schematic showing the synthesis of gold nanowires in hexane . Adapted from
ref204

The gold nanowires were stable in solution without any aggregation for ~ 4 months
and were used immediately after synthesis. The gold nanowires in solution were
characterised by UWVis Spectroscopy tdind the a plasmon resonance shoulder at

~ 500 nm indicative of nanowires (Figure 3-5). 389:390,391
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Figure 3-5: UV-Vis spectrum of gold nanowires in hexane

The as prepared gold nanowiresvere also characterised by HRFTEM to observe
their dimensions in terms of diameter and length Figure 3-6). The HRTEM images
look similar to the literature used for their synthesis, showing very long and very
thin wires of ca. < 2nm in diameteR% It was not possible to measure the diameter
accurately due to the wiresbeing very thin, but manual measurements of wires were

recorded to get an average value. The wires in solution showed a good distribution

along with some nanoparticles that have still to form wires.

Figure 3-6: HR-TEM image of gold nanowires in hexane. Scale bar 200 and 50 nm
respectively.

The bundling of the nanowires to form parallel aligned networks was similar to the

behaviour observed by Fenget al.204
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3.3.2 Incorporation of nanowires in agarose gels
An agarose gel in water at 2 %v/v concentration was prepared using a custom made
OAT 00T i1 1 AOGO OAIiBI A OEAI G j OAAOCET T@gwas 1 1T AA

removed to get the bottom off and the gel cylinder was remove®theme2-8).

The ‘bottom’

of the sample Sample vial
vial that has

been sliced off

and is held in W Agarose at 2% w/v
place by heat ‘\Eg\‘
shrink tubing Heat shrink tubing
Scheme3-3: Schematic showingthA AOOOT I [ AAA o2AT 00T 11 A0GO OAI PI A

represents the heat shrink tubing; the grey band represents the agarose gel cylinder.

The resultant gel cylinder had solvent (water) consecutively replaced for 2 hours
each with increasingly nonpolar solvents such as ethanol, acetone, chloroform,
toluene and hexane $cheme3-4). As the solvents get increasingly nopolar the gel

cylinder gets progressively transparent, this could be due to the refractive index of

the gel fibres getting closer to the respective solvents.

- - -
2 hours 2 hours 2 hours
" water | l "~ Ethanol — " Acetone | l  Chloroform
Solvent Solvent Solvent
D, replacement __ W) replacement | D replacement L )
Agarose gel Agarose gel Agarose gel Agarose gel
cylinder at 2% w/v cylinder at 2% w/v cylinder at 2% w/v cylinder at 2% w/v

Solvent 2 hours
replacement
. ™

2 hours
Hexane | Toluene |
Solvent
replacement
L )

/ A l J

Agarose gel Agarose gel
cylinder at 2% w/v cylinder at 2% w/v

Scheme3-4: Incorporation of nanowires in hexane solution from section ~ 3.3.1 into agarose
gels

The agarose gels in water and after solvent replacement in hexane were
characterised using SEMFKigure 3-7). The images show a distinct difference in gel
structure hydrated by water and by hexane, the gel fibres hydrated by water had

well defined pores and a porous fibre network with well defined fibre diameters.
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The gel in hexane was quite rough in structure and had very little pores or porous
fibre network, it also looked to be folding in on itself which could be because of the

volatility of hexane compared to water.

Figure 3-7: SEM images of (A) Agarose in water, scale bar 100 nm in both cases. (B) Agarose
in hexane, scale bar 1um (left) and 100 nm (right)

Once the solvent in the gel waseplaced by hexane, the gel cylinder was placed
overnight in gold nanowire solution prepared in section3.3.1to obtain a black
coloured gel cylinder (GelAuNW) §cheme3-5).

Gold
Overnight nanowires
I in hexane I -
Agarose gel
with gold nanowires (GelAuNW)

Agarose gel Agarose gel
cylinder at 2% w/v cylinder at 2% w/v

Scheme3-5: Schematic of gold hanowire incorporation in agarose gel with hexane

The resultant gel with gdd nanowires (GelAuNW) were stable in the nanowire
solution (sect 3.3.1) for ~ 6 months, but if removed from solution and exposed to
air, the gel dries out very qickly leading to a collapsed structure. The gel cylinders
with nanowires were also analysed by HRTEM to see if the incorporation was

successful Figure 3-8). The images show gold nanowires similar t&igure 3-6, with
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long and thin nanowires with some gold naoparticles and similar bundling of

nanowires.

Figure 3-8: HR-TEM images of wires in gels (GelAuNW). Scale bar 100 nm in both cases.

Since these nanowires are incorporated in agarose gels with hexane asavent,
they are unsuitable for use in biological systems. To improve their suitability, for
biological applications, another solvent replacement back to more polar solvents
was attempted. To achieve this, GelAuNW was soaked in increasingly polar solvents
such as chloroform, ethyl acetate, ethanol and water for 2 h eacBdheme3-6). As
soon as the GelAuNW was placed in chloroform the GelAuNW started leaching the
black nanowire solution and this continued until acetone was used in the solvent
replacement procedure. Once GelAuNW was soaked in acetone a much darker band
in the middle of the GelAuUNW was observed which stayed even on complete solvent
replacement to water.The GelAuNW cylinder seemed to lose their black colour and

become increasingly opaque, except for the dark band.

\ TN e N ~
2 hours 2 hours 2 hours 2 hours
Hexane - Ethyl acetat . Acetone l
Solvent Solvent Solvent Solvent
replacement replacement | replacement — replacement —
v
GelAuNw GelAuNW GelAuNW GelAuNW GelAuNW

Scheme3-6: Schematic showing the solvent replacement in GelAuNW in hexane.

The dark band inthe middle and the opaque areas of the GelAuNW were analysed
by HRTEM to see which nanostructures were giving rise to the colour changes and
to understand if the wires were still stable inside the GelAuUNW even on solvent
replacement (Figure 3-9) and (Figure 3-10). The opaque part of the gels seemed to

have gold nanoparticles withfew broken nanowires whereas the dark band seemed
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to have a larger proportion of broken nanowires than nanoparticles, this could be

the reason for the darker colour in the band than the opaque sections of the gel.

a7 4

Figure 3-9: HR-TEM images of GelAuNW in ethyl acetate (left) and the opaque area of
GelAuNW in water (right). Scale bar 100 and 50 nm respectively.

Scale bar 200 nm in both cases.

To prevent the AuUNWSs in GelAuNW breaking into gold nanoparticles, a milder
solvent replacement procedure was attempted. The solvent was replaced in
increasing polarity over 5 different solvents as shown inFigure 3-11, on using

ethanol as the solvent a red band in the middle of the GelAuNW was observed.
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Ve ~ Yo o ™~ I
2 hours 2 hours 2 hours 12 hours
Hexane l ‘ Ethyl acetate
Solvent Solvent 50"’9'“ Solvent
T replacement replacement replacement replacement
GelAuNW GelAuNW GeIAuNW GelAuNW GeIAuNW

lZ hours

Y r N

2 hours

Ethanol ' Acetone

Solvent

? replacement ? )

GelAuNW GelAuNW

Figure 3-11: Schematic showing the milder solvent replacement procedure in GelAuNW in
hexane

The red band was analysed by HREM to identify if the colour was due to nanowires
or nanoparticles (Figure 3-12). The HRTEM images show only gold nanoparticles,
no nanowires were observed, proving that the red colour in the gel cylinder was due
to nanoparticles. These images also prove that the nanowires aretrgtable in gel
cylinders once the solvent has been replaced to polar solvents. The nanoparticles

continue to leach out of the gel, till an opaque gel with no colour was obtained.

Figure 3-12: HR-TEM images of red band in GelAuNW on solvent replacement to ethanol
using a milder solvent replacement procedure. Scale bar 50 and 100 nm respectively.

This was unfortunate as the requirement was for nanowire incorporation into
agarose gels. The conductivity of thesgels was tested to see if the presence of either
the nanowires (GelAuNW) or the nanoparticles had any influence on how

conductive the gels were compared to their absence.

3.3.2.1 Conductivity testing of GelAUNW
I OAOOOT I 1T AAAS8 AAOGECIT hitA bldcksd BitachéditaCa glasE E A /
slide was used to measure the conductivity of these GelAuNWigure 3-13). The gel
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cube was placed on top of the graphite blocks and the conductance measurement

was recorded using a conductivity meter.

Dimensions

Conductivity
Meter 0.018 m

Q;\?.OOS m
= to010m

Glass slide

Graphite blocks 0.158 m

“«—>

0.005 m

Figure 3-13: The specially designed and arranged equipment for conductivity measurement
and its dimensions. The inset is the area of the graphite block that is in contact with the gel
mold.

The conductance measurements were converted to conductivity using the length
between the electrodes and the cross sectional area of the gel cube in contact with
the graphite block. The dimensions used to convert conductance into conductivity

are detailed below Figure 3-13).

Conductance and conductivity are related by the equation below

0o - (17)

' EO AT 1 AOAOAT AA T 3H, Afs thE OrosdAdedtidnd AGE OE O
perpendicular to the direction of the current / m2, | is the length in between the

electrodes / m.

The cross sectional area was calculated using dimensions shown ischeme3-7.
Since the area of the gel in conta with the graphite was part of a circle, a

combination of equations was used to calculate the value Af
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A B D

| 0005 m
+—>
0.010 m

C | o.010 r% ‘ '»0.0025 m

Scheme3-7: (A) Schematic showing the position of the gel cylinder in respect to the graphite
blocks, (B) Dimensions of the gel cylinder (C) Dimensions of the gel cylinder in contact with
the graphite block (D) Area of the yellow sector is removed from the area of the blue triangle
to get the area of the gel in contact (segment) with the graphite b lock.

A combination of below equations was used; area of a triangle and area of a sector.
01 B QOOEQN & &€ B—"1i (18)
In equation (2),r is the radius of the circle.

P R N g | ,
01 'Gadi Qooos&u—(pn TITL CHCPT A

61 @O 1 QOETANM -BQ (19)
In equation (3), b is the breadth of the triangle andhis the height respectively.
01 @axdo i 'Q(I)é"(%‘ﬁfitnﬁ Cq® wp T & X& op M a

"YQESKEN B A0 &1 QO FVWMHQ N E O OO QX op T
p& LPp T &
61 @M QQE QDO BN Qo di GBI QHE Q& Q
01l GBI Q Q4G Qe cp p8 vp T PP X P T A&

"Y'QEGI B AL E Q4 'BEMT INE 6 d ‘ROpP X p T
C®TpTm a
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Using equation (17), conductance measurements were converted to conductivity.
O «
0

'O m8t p @
COTpT G

All the controls (no nanowires or nanoparticles) and samples were measured at

minimum of 3 times and an average value was used for analysis.
Black inner part was analvggd ___» Grey opaque parts were removed

Scheme 3-8: Schematic showing the parts of GelAUNW in water that were analysed for
conductivity

For GelAuNW in water, the gel cylinders were cut to remove the opaque parts and
only the darkly coloured middle portion of the GelAUNW was analysed for
conductivity (Scheme3-8).

Table 3-2: Conductivity measurements of controls and GelAuNW in hexane and in water

o Gelator
Conductivity / Volume of .
Name concentration / %
Sml gel/ ml
wiv
Agarose in
5.39 107 0.30 2
water
Agarose in
1.69 107 0.30 2
hexane
GelAuNW in
1.11 10° 0.30 2
hexane
GelAuNW in
1.34 104 0.30 2
water

The conductivity increases as you go dowhable 3-2, GelAuNW in water and hexane
have higher conductivity than all the other gels. GelAuNW in water has a relatively

higher conductivity ~ 120 times more than GelAuNW in hexane. This could be
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because the GelAuNW in hexane dries out very quickly making very little contact
with the graphite block, whereas GelAuNW in water stays hydrated for longer

making a good contact with the graphite block.

This proves the hypothesis that incorporation of nanostructures in gels make gels

more conductive than the respective control. However, the instability of nanowires

in the GelAuNW and their subsequent continual leaching makes them unsuitable for

use in a bieelectrochemical system.

To improve the gold nanowire stability and to stop them leaching out of the gel,
agarose gel structure can be modified to incorporate thiol groups as they are known

to form Au-S bonds to stabilise gold nanostructure#81.392,393

3.3.3 Gold nanowires in thiolated agarose gels

A simple reaction was carried out in DMF using agarose, potassium carbonate and
epithiochlorohydrin ( Scheme3-9).394 The hydroxyl group of agarose wasactivated
using potassium carbonate and reacted wittepithiochlorohydrin for 12 hours at
85°C The obtained product was dialysed for three days and lyophilised to obtain a

dried yellow gel.

Dialysis /-
R R OH
KyCOs ) ‘ R 0

(0] o 0
DMF (anhydrous) R = [¢]
=+ S where (0]
SH S
OH p\/m o 0 o OH
R 7 HO
R o]

I M

H

R

Scheme3-9: Functionalisation of agarose with thiol groups

The dried gel obtained above was characterised by FTIR spectroscopy to identify the
peak corresponding to a thiol group Figure 3-14). FTIR spectrum of agarose
compares well with literature values displaying the characteristic peaks for ™
stretch of the hydroxyl groups present within agarose, & stretches for CH and CH
groups present within agarose3l” The GO stretches were identified for the
glycosidic linkage of the galactose units. The stretch at ~1659 chwas observed in
the literature and also in the FTIR spectra provided by Sigma for unmodified
agarose,the stretch is also observed for thiolated agarose and in both cases was
attributed to bound water.314 The gels vere analysed in a freeze dried state so water

should be minimal, but there could be residual water within the structure.
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Figure 3-14: FTIR spectrum of thiolated agarose (blue) and agarose (black)

As both agarose andthiolated agaroseare similar in structure, in their respective
FTIR spectrumsthe peak positions and splitting patternsare almost identical, this
could be because of very little thiol incorporation in agarose leading to undetectable
peaks.This could be confirmed by elemental analysis of both agarose and thiolated
agarose {Table 3-3). The elemental analysis confirms the percentage of sulphur
incorporation into agarose, it equates to 1 sulphur group per 4 repeat units of

agarose.

Table 3-3: Showing the expected (exp) and observed (Obs) values of elemental analysis for

agarose and thiolated agarose

Name C% H % S % Rest %
Exp Obs Exp Obs Exp Obs Exp Obs
Agarose 47.06 46.86 5.92 6.06 - - 47.01 47.09
Thiolated

45.45 44.20 6.10 6.09 8.09 2.31 40.36 49.72
agarose

The Tqel values of agarose and thiolated agarose were also recorded to understand
if on thiolation the properties of the gel have changed compared to agarose. The gels

were tested for their Tgel, using a temperature controlled oil bath Table 3-4).
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Table 3-4: Tqel values of agarose and thiolated agarose

Gel concentration

Name Gel volume / ml Temperature / °C
% (wiv)
Agarose 2.88 0.3 97.8-100.1
Thiolated
2.88 0.3 81.2782.0
agarose

The Tgelvalue indicates the temperature at which a gel reverts to being a liquid. The
TgelOf the thiolated agarose was- 18 °Clower than agarose, indicating that thiolated
agarose has physicaproperties different to agarose, further confirming that thiol
incorporation was successful. In summary, elemental analysis and gel

characterisations have confirmed the incorporation of thiol groups into agarose.

3.3.3.1 Gold nanowire incorporation into thiolated agarose

Gold nanowires were incorporated into thiolated agarose at a 2 %w/v
concentration using a similar method as in sectior8.3.2 where thiolated agarose
(20mg) was heated to dissolve in water (1ml). However, on solvent replacement to
more polar solvents such as acetone and water, the nanowires disintegrated into
nanoparticles leading to the same coloured band in the middle of the gel cylinder
and leaching of tke colour into solvent. A single HRFEM of the thiolated gels with

gold nanowires was recorded in ethanol Figure 3-15).
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’

T —

Figure 3-15: HR-TEM image of gold nanoparticles in thiolated gel with gold nanowires in
ethanol. Scale bar 50 nm.

These thiolated gels with gold nanowires were not investigated further as on leaving
the gels with nanowires in polar solvents for longerimescales, the gel completely
lost colour. This was assumed to be due to the loss of nanowires. This lead to the

conclusion that the method of incorporation of gold nanowires had to be to changed.

Electrodeposition can also be used to incorporate gold nawires in agarose, this
would ensure a direct incorporation of wires into the gel structure without the need

for solvent replacement before or after nanowire incorporation. Using this method,

a high concentration of gold nanoparticles could be incorporatethto agarose at a
relatively short time without the use of external reducing agents and purification
process. It can also give a measure of the change in gels conductivity, as the quantity
of gold nanoparticle incorporation increases because of the macrsctures that

are formed on electrodeposition of gold. These are discussed in detail below.
3.4 Electrodeposition of gold nanowires in agarose gels

3.4.1 Gold nanowires in gels

George and Vaidya#9539 have investigated the growth of silver dendrites and
crystals in silica gel with particular emphasis on how the growt parameters effect
the type of structures formed in gels using an electrolytic mechanism. Chakravorty
et al.3%97 have grown copper in silica gel using etgrodeposition and have found that
the applied voltage plays a major role in determining the type of structures formed

and in their case lead to fractal growth of copper. Zoet al.3% have electrodeposited
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a thin layer of zinc dendrites of different morphologies in agar gel medium and have

found that the gel medium plays a significant role in the type of morphology formed.

A similar method based on the above literature was chosen to electrodeposit gold
nanostructures in an agarose gel medium. A three electrode electrochemical design
with a reference electrode of silver / silver chloride, a working electrode of carbon
veil cross linked by polyester and a counter electrode of a platinum mesh were used.
By using a reference electrode, the potential of the working electrode can be
maintained at a fixed value and would also allow for variation of potential if

required. 347

The idea was to use design that would utilise the concentration gradient formed
because of diffusion of the gold solution in an agarose gel, to preferentially
electrodeposit gold nanowires in the direction of the gradient giving aligned fibers
inside the agarose gel netwdt (Scheme3-10). The carbon veil was insulated using

a two-part epoxy resin to prevent electrodeposition on the exposed part of the veil.

Reference electrode
Ag/AgCl
Working electrode

Counter electrode « ~7 Carbon veil

Platinum mesh ;
1, Insulation of

carbon veil

Concentration
gradient
decreases

. HAuCl,and
Sodium acetate

Agarose gel with
carbon veil
A/ incorporated

o

Scheme 3-10: Schematic of three electrodes electrochemical design used to electrodeposit
gold nanowires in agarose gel network

Gold nanowires « }£~ /<

3.4.2 Gold nanowires in agarose and thiolated gel

To increase the mechanical stability of the gel at high gold moentration and also to

Ei pOT OA OEA CAI 60 AAPAAEI EOU O 0OO0DPDPI 00
containing a mixture of agarose and thiolated agarose(3.3) was used. An agarose

and thiolated agarose gel at 0.5%v/v was prepared and poured on top of the partly
insulated working electrode placed inside a sample vial and allowed to set at room

temperature. An electrolyte containing chloroauric acid (~30 mM)and sodium
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acetate trihydrate (100 mM) was added on top of the set gel and was diffused
through this gel to generate a state of equilibrium within the interfaces,the
reference and counter electrodes were placed in the electrolyte just on top of the
gel. The electrodes were connected to a potentiostat to perform
chronoamperometric measurements at a potential where Al is reduced to AG,
depending on the gold species present in solution, the reduction potential applied
had to be varied. The reduction potenals of gold in chloroauric acid quoted vs
SHE3

06000 0Q 2006 10a O p8inn® (1)

In electrochemical experiments, mass transport, double layer capacitance,
resistance and over potential influence the rate of deposition and also the sttures

formed during deposition 400

In general, the reduction potential of the netal is applied at an electrode but due to
the factors mentioned above, a more negative (over potential) potential than the
Nernst equilibrium or more positive (under potential) potential is applied. The
applied potential controls the nucleation of the medl particles and their growth into

2D or 3D structures.40!

The chronoamperometric experiment was run at a pH of-@ until a constant current

was produced and a graph of current vs time was obtainedrigure 3-16).
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Figure 3-16: Current vs time graph of electrodeposition in agarose and thiol gel at 0.5% wi/v
concentration

The shape of the curve looks sitfar to the literature, where potentiostatic current-

time plots of different growth models was considered358.401,402

By eye the growth of macrostructures can be seen growing outwards from the veil

and into the gel reaching the meniscus of the geFigure 3-17).
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