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Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

“‘Data! Data! Data!” he cried impatiently. “I can’t make bricks without
clay.”
Sherlock Holmes (Arthur Conan Doyle: The Adventure of the

Copper Beeches)

“Equipped with his five senses, man explores the universe around
him and calls the adventure Science.”

Edwin Powell Hubble

“We are mirrors whose brightness is wholly derived from the sun
that shines upon us.”

C.S Lewis
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Abstract

Polymer synthesis offers a plethora of methods and techniques to
develop diverse and functional materials for a variety of applications.
Reversible Deactivation Radical Polymerisation (RDRP) methods are the
most versatile methods of which, Atom Transfer Radical Polymerisation
(ATRP) and Reversible Addition Fragmentation chain-Transfer (RAFT)
are highly promising for applications which require control over polymer
structure, whilst sustaining mild reaction conditions. In the emerging
areas of bioenergy harvesting and self-healing systems, methods to
generate engineered living materials (ELM)s and hybrid synthetic/natural
superstructures are being considered. These might have applications in
microbial fuel cells (MFC), biological sensing, bioreactors,
bioremediation, or as implantable synthetic microbiomes.

Cell mediated polymerisation reactions have been carried out to
generate these hybrid superstructures, but most require conditions which
affect cell metabolism, and the methods of biological redox initiation are
not well understood. The research carried out in this thesis aims to utilise
bacterial extracellular electron transfer (EET) systems to create novel
hybrid bio-polymerisations, and to investigate the mechanisms by which
they operate. The first chapter of this thesis examines ATRP and RAFT
technigues that could be utilised for such experiments, and bacterial
EET, quorum sensing (QS) and MFCs are discussed to provide context

for the study. Prior literature surrounding biocatalysts and living materials
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are reviewed and a proposal for each results chapter in this thesis is
given.

In the second chapter of this thesis a novel Fe ATRP polymerisation
technique initiated by living bacteria is presented. The method can be
carried out whilst maintaining bacterial viability under biological
conditions (room temperature (RT), 37 °C, phosphate buffered saline
(PBS)), to produce polymers, whereas chemically killed bacteria are
unable to initiate the polymerisation. Different parameters including
bacteria concentration, catalyst concentration, bacteria type, initiator
type, degree of polymerisation (DP) and monomer type are explored. The
livingness’ of the bacterial initiated Fe ATRP methods are shown to be
somewhat compromised, likely due to biological interference with the Fe
catalyst which is essential for maintaining polymerisation control.
Although difficulty in molecular weight (Mn) control of the resulting
polymers is displayed, the findings point towards a future platform
technology for the manipulation of cells via a synthetic extracellular
matrix (ECM) environment.

The third chapter of this thesis offers an alternative novel Fenton
Glucose Oxidase - RAFT (FG-RAFT) technique that could be carried out
in the presence of air without the need for prior degassing. This bacterial
initiated polymerisation method introduces a less time-consuming and
more economically viable technique than that of bacterial initiated Fe
ATRP. Furthermore, the resulting polymers of FG-RAFT display lower
dispersities (D ~ 1.12) with somewhat predictable Mxs. The initial radical

flux in these reactions is explored by altering component concentrations
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(Glucose, GOx, FeCls), revealing that the catalyst concentration (FeCls)
can be tailored to generate polymers with lower Bs in the case of N-
acryloylmorpholine (NAM), but in turn the M, control is slightly
compromised. The polymerisations can be carried out maintaining
bacterial viability, whilst heat killed bacteria is shown to be unable to
initiate the polymerisations, indicating the necessity of bacterial
metabolism to the redox initiation. The quality of the resulting polymers
are shown to differ depending on monomer type, with dimethylacrylamide
(DMA) producing the most well-defined polymers, even with Fe
concentrations as low as 7 pM.

The fourth chapter of this thesis investigates the Cytochrome C (C-
Cyt) protein NapC of E. coli as an EET component in the reduction of
Fe3* by bacteria. Cloning techniques are used to upregulate the protein
in E. coli of which the inducible promoter Psap is successful. Sodium
dodecyl sulphate — polyacrylamide gel electrophoresis (SDS-PAGE)
reveals greater NapC production for higher induced cultures. These are
subsequently utilised in Fe ATRP polymerisations, showing higher
reaction rates than those initiated by wild type cultures. Linear sweep
voltammetry (LSV) is finally used to probe the Fe reduction capabilities
of the clones, and although further research is necessary, the results
suggest that Fe reduction is upregulated by the bacteria in times of
environmental stress.

Overall, the development of 2 new synthetic polymerisation methods
utilising bacterial redox chemistry as an initiation stimulus are presented,

and cloning methods are used to investigate the involvement of NapC in
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bacterial EET. The methods presented contribute to advances in the
fields of hybrid biosynthetic technologies, improved EET knowledge and

innovations to sustainable polymerisation chemistry.
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Abbreviations

Abbreviation

Description

3-0x0-C12-
AHL

AC
ACAC
AMPS
ARGET/AGET
AscA
ATP
ATRP
BCA
b-FG-RAFT
Bpy

BSA

C. met

C. spor
CCT
C-Cyt

CE

CFU

Cm

CNT

COE
CRP
CSLM
CTA

CTX

CVv

DG

DGA
DHBP
DIRB
DMA
DMAEMA
DMRB
DNA

DP

DPBS
DSSN+

E. coli
EC

N-(3-Oxododecanoyl)-I-homoserine

Articular chondrocyte

Acetylacetonate
2-Acrylamido-2-methyl-1-propanesulfonic
Activator (regenerated) electron transfer
Ascorbic acid

Adenosine triphosphate

Atom transfer radical polymerisation
Bicinchoninic acid

Bacterial initiated FG-RAFT

2, 2 — Bipyridine

Bovine serum albumin

Cupriavidus metallidurans

Clostridium sporogenes

Catalytic chain transfer

Cytochrome C

Counter electrode

Colony forming unit

Chloramphenicol

Carbon nanotube

Conjugated oligo-electrolyte

Controlled radical polymerisation
Confocal scanning laser microscopy
Chain transfer agent

Cholera toxin

Cyclic voltammetry

D-glucose

D-glucanolactate

2,3-dihydroxypropyl 2-bromo-2-methylpropanoate
Dissimilatory Iron reducing bacteria
Dimethylacrylamide
N,N-dimethylaminoethyl methacrylate
Dissimilatory metal reducing bacteria
Deoxyribonucleic acid

Degree of Polymerisation

Dulbecco’s phosphate buffer saline

4,4’ — bis (4’ - (N,N-bis(6’-(N,N,N-trimethylammonium)
- hexyl) amino) -styryl) stilbene tetraiodide
Escherichia coli

Endothelial cells
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ECM
EDGMA
EDTA
EET
ELM
EPM
EPS

ET

FG
FG-RAFT
FRP
GOx
HEA
HEBIB

HEMA
HPMA
HRP

IPA
KATRP
LAM

LB

LSV

LTV

MA

MAA
MAM
MCS
MesTREN
MesTREN
MEDSA

MES
MFC
MIC
MIP
MMA
MPC
MWCO
NAM
NHEA
NIP
NIPAM
NMP
NMR

NMR
NVIm

Extracellular matrix

Ethylene glycol dimethylacrylate
Ethylenediaminetetraacetic acid
Extracellular electron transfer
Engineered living material
Extracellular polymer matrix
Extracellular Polymeric substances
Electron transfer

Fenton Glucose Oxidase (GOXx)
Fenton GOx-RAFT

Free radical polymerisation
Glucose Oxidase

Hydroxyethyl acrylate
2-hydroxyethyl 2-bromoisobutyrate

Hydroxyethyl methacrylate
2-hydroxypropyl methacrylate
Horseradish peroxidase

Isopropyl alcohol

ATRP equilibrium constant

Less activated monomer
Lysogeny broth

Linear sweep voltammetry
Laccase from Trametes versicolor
Methacrylates

Methacrylamides

More activated monomer

Multiple cloning site
Tris(N-methyl-2-aminoethyl)amine
Tris(2-dimethylaminoethyl)amine
2-(Methacryloyloxy) ethyl dimethyl-(3-sulfopropyl)
ammonium hydroxide

Microbial Electrochemical system
Microbial fuel cell

Minimum inhibitory concentration
Molecularly imprinted polymer
Methyl methacrylate
2-methacryloyloxyethyl phosphorylcholine
Molecular weight cut off
N-acryloylmorpholine
N-Hydroxyethyl acrylamide
Non-imprinted polymer
N-isopropylacrylamide

Nitroxide mediated polymerisation
Nuclear magenetic resonance

Nuclear magenetic resonance
N-vinylimidazole
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ODeoo
OEOMA
OMRP
PBaD
PBS
PCR
PDm
PEG
PEGA
PEGMA

PEM
PET

PI

PISA

PMF

PnNat

PNVIm

Ppy

PRE
PSBEDOT
Py

QS

RAFT
RDRP

RE

RI

ROS

RS

RT
SDS-PAGE

SEC
S
SMA
STP
TAE
TDA-1
THS
tPMET
TPP
uv
VF
WE
WTP

Optical density (600 nm)

Oligo(ethylene oxide) methyl ether methacrylate
Organometallic mediated radical polymerisation
Arabinose-inducible promoter

Phosphate buffered saline

Polymerase chain reaction

Polydopamine

Polyethylene glycol

Polyethylene glycol acrylate

Poly(ethylene glycol) methyl ether methacrylate

Proton exchange membrane
Photo-induced electron

Propidium iodide

Polymerisation induced self-assembly
Poly(MPC-co-VF)

Native promoter

Poly(NVIm)

Polypyrrole

Persistent radical effect
Poly(sulfobetaine-3,4-ethylenedioxythiophene)
Pyrrole

Quorum sensing

Reversible activation chain transfer
Reversible deactivation radical polymerisation
Restriction enzyme

Refractive index

Reactive oxygen species

Restriction site

Room temperature

Sodium dodecyl sulphate — polyacrylamide gel
electrophoresis

Size exclusion chromatography

Surface initiated

Sodium methacrylate

Strongly templated polymers

Tris acetate EDTA
Tris[2-(2-methoxyethoxy)ethyllamine
Thermosome

Trans plasma membrane electron transport
Triphenylphosphine

Ultraviolet

Vinyl ferrocene

Working electrode

Weakly templated polymers
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Introduction

The combination of synthetic polymer chemistries with biological
components offers possibilities to make new bio-catalysts,*3 hybrid
‘living materials’,* cell surface modifiers,® cell binding agents,® 7 and
opportunities to contribute better to probiotics,® engineered metabolic
products,® microbial fuel cells (MFC)s,' 11 and conducting materials.'?
13 Atom Transfer Radical Polymerisation (ATRP) and Reversible
Addition-Fragmentation Chain Transfer (RAFT) polymerisations provide
tools for creating a range of synthetic materials whilst controlling their
architecture, composition, chemical and physical properties, making
them highly attractive for a range of applications.'4® Combining such
techniques with biological processes may enable new biomedical
materials to be prepared, and also to help understand more regarding

important electron transfer processes in biology.

Various groups have sought to develop engineered living
materials (ELM)s as hybrid ‘bio-machines’,* and the use of whole living
cells to initiate polymer synthesis via electron transfer has recently been
reported.'® 1721 However, the complex bio-electrochemical processes
that exist in biology vary widely across different organisms and the way
that these systems interact with abiotic chemistries is not fully
understood. The purpose of this thesis is to explore reversible
deactivation radical polymerisation (RDRP) reactions and how they might
interface with bacterial redox systems. The generation of synthetic

polymer materials via bacterial redox chemistries is largely novel and so
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the work in this thesis explores various optimisation processes for
bacterial-mediated polymer synthesis. Overall, this work aims to expand
the scope of RDRP chemistries with a range of microorganisms and to

explore the biological mechanisms underlying the polymerisations.
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Polymer Synthesis

Polymeric materials and the diverse range of applications they may
deliver are crucially important for the development and sustainability of
today’s world.?? Polymers are appealing for use in many academic and
industrial sectors due to the range of synthetic methods available, the
wide variety of possible structures and ability to alter the functionalities
of the resulting materials.?® 24 Controlled radical polymerisation (CRP) or
Reversible Deactivation Radical Polymerisation (RDRP) is one of the
most used polymer synthesis techniques in academic laboratories due to
its ability to create well defined polymers of complex architectures and
functionalities.?®> These polymerisation methods have facilitated the
preparation of complex materials for use in areas such as drug delivery,
regenerative medicine, diagnostic sensors and anti-infectives.?6: 27

RDRP is a widespread method for the regulation of radical
polymerisation reactions, providing well defined polymers (Dispersity
Index (P) <1.2) of targeted molecular weights (My).?83° Such RDRP
methods include ATRP, RAFT polymerisation and Nitroxide Mediated
Polymerisation (NMP). The success of RDRP methods can be attributed
to the fast and dynamic equilibrium present between reactive
propagating polymer species and dormant species, in which a shift

towards the latter prevents termination reactions.??
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1.1.1 Atom Transfer Radical Polymerisation (ATRP)

The reaction now described as ATRP was first reported in 1995,3!
and can be applied to a wide variety of monomers. ATRP is tolerant to
many functional groups and can be performed both in polar and aqueous
solvents.?% 3233 This versatility provides the means to carry out reactions
under a range of conditions, with tailored polymer properties or
functionalities and makes ATRP a great contender towards a variety of
applications, particularly drug delivery, tissue engineering and
diagnostics.® 34 35 ATRP relies on the persistent radical effect (PRE) to
generate growing polymer chains (P*) in a controlled and effective
manner.3® In this way, the total concentration of P* ([P*]) is minimised by
abstracting a halogen (X) from a metal catalyst (Mt-X) to become
temporarily dormant species (P-X). By lowering the [P*] present at one
time, this process reduces the rate of radical termination (Rt) which is
proportional to [P*]2. ATRP has become one of the most effective and
widely used RDRPs, with commercially available initiators and a variety
of accessible catalysts.

The redox chemistry of the transition metal catalyst (commonly Cu,
Ru, Fe, Mo, Os) is exploited in a halide exchange reaction to form an
equilibrium between active and dormant polymer chains (Figure 1. 1).2>
28, 34 |nitiation takes place by the reaction between an active alkyl halide
initiator (R-X) and the catalyst in its’ lower oxidation state (Figure 1. 2, i)
The radicals formed can attack monomer units (Figure 1. 2, ii) to become
propagating radical species (P*). These continue to grow into polymer

chains (Figure 1. 2, iii) with a rate of propagation (kp) dependent on
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deactivation efficiency (kdeac) of the metal catalyst and the position of the
ATRP equilibrium (Katrp). The radical reaction is controlled by this fast
and dynamic equilibrium between a low concentration of growing radical
species (P*) and a large concentration of dormant species (Pn-X) which
are temporarily deactivated by halide X (Figure 1. 1).

Katrp can be influenced by various components, including ligand
type, solvent, monomer, and metal.?” It is defined as the rate of activation
(Kact) divided by kdeact Of growing polymer chains (Figure 1. 1). For a
polymerisation to remain ‘controlled,” radicals must be efficiently
deactivated by the higher oxidation state metal (X-Mt"*%/L), with kdeact >>
Kact. This influences Katrp to shift to the left (Katrp <<1), minimising the
propagating radical species in the system and thereby reducing the rate
of radical-radical termination or side reactions. Radical termination
events irreversibly stop the growth of a polymer chain which is referred
to as ‘dead’. Examples include termination by radical coupling (Figure 1.
2, iv) and termination by the simultaneous reduction and oxidation of two

radicals, disproportionation (Figure 1. 2, v).

R-X+M+

ki llnitiation
kt 4 Termination

Figure 1. 1 Conventional ATRP Equilibrium Reaction Between Dormant Halogen

Capped Polymer Species (Left) and Propagating Radical Species (Right).
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Initiation .
RX+M"'L — R +Mt"/L-X

* Initiation * M
R+M ——~ P
ii

Propagation
I iii
P, +P, Term.lnatlon PP

iv

pn* +P, Termination P,+Pq,

Figure 1. 2 Mechanisms of ATRP. Initiation (i and ii); Propagation (ii); Termination by

Radical Coupling (iv) and Termination by Disproportionation (v).

1.1.1.1 Aqueous ATRP

Aqueous environments are crucial in most biomedical applications, 3>
37 making ATRP in aqueous solvents a requirement to explore for our
biological systems. Challenges arise in aqueous solvent systems
because Katrp increases with the polarity of the solvent, leading to an
increase in activated propagating radicals and an increased likelihood of
termination events.?® 3 During which, the speed of the polymerisation
(kact) is increased, causing the concentration of deactivated polymer
chains (X-Mt"1/L) to be lowered due to the equilibrium shift, which results
in a less controlled reaction.?> 2% These systems may also suffer from; i)
partial dissociation of the halide from the deactivator complex (X-Mt"*1/L)
and subsequent replacement with water ligands, causing further loss of
control,® ii) binding of hydrophilic monomer and polymer groups to the
catalyst, leading to inefficient deactivation of propagating radical chains
(Pn*) and increased radical-radical termination events,%® 41 i)

disproportionation of the metal, resulting in catalyst dissociation.?®
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The addition of excess halide salts in agueous ATRP environments
have been shown to increase the degree of control by suppressing the
loss of halide ligand from the deactivator, X-Mt"*%/L.3° Another important
feature of ATRP is that the reagent mixture should be homogeneous to
maintain the availability of reactive centres.?® This means that when
conducting agueous ATRP reagents with sufficient water solubility must
be used for optimum results, and reactions should be carried out with

continuous stirring.

1.1.1.2 Iron Catalysed ATRP

The activity of most commonly used Cu catalysts in ATRP has been
enhanced considerably due to the discovery of complexes with extremely
high Katrp.#> However, Cu catalysts are difficult to remove from reactions
and concerns still arise surrounding the toxicity residual copper
especially when used in biomedical applications.34 4345 Fe is an attractive
alternative to Cu due to its abundance in the earth’s crust, low cost and
ease of removal from reactions.*® Like, Cu, Fe is a cofactor in many
metalloproteins that catalyse biological functions, making it an interesting
and important contender as an ATRP catalyst, particularly towards
biomedical applications.*" 48

Research surrounding Fe ATRP has become of interest and
numerous literature exists for organic solvent synthesis, including ATRP
with ligands based on nitrogen, phosphines, carbonyl complexes, onium
salts, solvents and porphyrins.4¢ 4%-51 For example, Gibson and O’Reilly

et al showed that the donor capacity of tridentate nitrogen donor ligands
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in 5 coordinate Fe catalyst complexes correlated with the corresponding
redox potentials.>? They showed that modifying the ligand can have a
dramatic effect on the redox potential and the ATRP reaction kinetics.
The mechanistic paths of ATRP have also been explored, for
example, Shaver et al studied the mechanistic interplay between catalytic
chain transfer (CCT) organometallic radical polymerisation (OMRP) and
ATRP (Figure 1.3). The polymers resulting from CCT are vinyl products
and so a CCT mechanism can be easily inferred from *H NMR analysis
of the resulting polymers.> The reaction mechanisms of ATRP or OMP
seem to be more difficult to decipher in a polymerisation because the
resulting polymers have the same structures. It is likely that these exist
in parallel as theoretical models suggest the mechanism is influenced by

solvent, pressure and the spin state of the catalyst (Figure 1.4).54

P, -Mt"/L —  p* + Mt"L

! CCTP L
| P+ HMt™IL —— P, + Mt"L+H-P, :
Cationic

P,-X+M"WL —~—— P," + X-Mt"L

Figure 1. 3 Various pathways for Fe catalysed polymerisations.
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R-X + Mt"
Initiation l

R* + X-Mt"
Initiation
Propagation

l (Monomery)
|

Deactivation

Figure 1. 4 Organometallic radical polymerisation (OMRP) and Atom transfer radical

polymerisation (ATRP) mechanism pathways.

An ideal ATRP catalyst would facilitate the formation of polymers with
low Ds of targeted molecular weights, and good chain end fidelity. These
well controlled reactions are often catalysed by metals with low standard
redox potentials and high halidophilicity.>> Coordinated ligands are
employed to solubilise the metal, but also directly affect the catalyst
activity due to withdrawal or donation of electron density. The activity of
the catalyst strongly influences the position of the equilibrium and can be
correlated to the standard reduction potential (E12).2°> The more negative
the Eip, for the higher oxidation state catalyst, the more reducing the
complex, increasing Katre.

In general, a more reducing complex will be more active for ATRP as
the electron density is concentrated largely on the metal, and so the
donation of an electron (kact) is easier. For example, several 1,4,8,11-
tetraazacyclotetradecane (Meacylam) derivatives were shown to give
highly negative redox potentials and fast polymerisation reactions,
however, poor control was obtained due to insufficient deactivation by

the Cu(l)X2/MesCylam complex.®®6 This indicates that whilst high
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activation is necessary, a balance is required for control to be maintained
in the reaction.

Most Fe ATRP catalysts are only well studied in organic solvents and
for limited monomers (styrene (St) and methyl methacrylate (MMA)).
Indeed, during photo-initiated Fe ATRP of MMA in anisole, Anastasaki et
al revealed that the Fe catalyst concentration had a direct effect on the
dispersity of resulting polymers.>” However, most of the ligands studied
in such organic solvents (e.g. carbenes) are incompatible with water and
so they cannot be applied to agueous environments. Whilst other ligands
require elevated temperatures to overcome high activation barriers,
which is not ideal for biological environments.6: 58 59 Phosphine ligands,
such as triphenylphosphine (TTP) and substituted TPPs,%%-64 have shown
some promise towards Fe ATRP in aqueous conditions.®® These types
of ligands spontaneously reduce Fe?* catalysts to the active Fe?* catalyst
without the presence of additional species.®® The use of phosphine
ligands in our studies would therefore complicate the future bacterial
studies in which Fe®* reduction by bacterial redox mechanisms is to be
inspected. The bacterial reduction of the Fe could be carried out directly
by surface proteins or by mediator molecules released by the bacteria.
For this reason, we have chosen highly complexing, commercially
available nitrogen and oxygen donor ligands which are less likely to

interfere with the Fe reduction.
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1.1.1.3 Activator Regenerated Electron Transfer (ARGET)
ATRP

Conventional ATRP is air sensitive and requires a complex set up to
prevent oxygen contamination or catalyst oxidation.*! To overcome this
problem, the ARGET ATRP method was developed, using a redox
process to produce the active catalyst in situ (Figure 1.5).57 Although
ARGET ATRP was first reported for Cu catalysts which enabled lower
catalyst concentrations to be used, studies have also extended to Fe
catalyst systems. In these reactions, air stable metal Fe3*/L is reduced in
situ, forming the active catalyst Fe2*/L which instigates the initiation of
the system. Newly generated active catalyst Fe?*/L and alkyl halide (R-
X) react to generate the initiating radical species (R*) which can initiate
and grow monomer units (M) into propagating polymer chains (P*). The
ATRP equilibrium proceeds as usual but the reaction is more tolerant to
O2 contamination due to the presence of the reducing agent which acts
as a radical scavenger. Existing literature concerning ARGET ATRP is
limited to hydrophobic monomers like styrene (St) and methyl
methacrylate (MMA), and most reactions are carried out in bulk or
organic solvents.53 6872 To further improve the biocompatibility of Fe
ATRP, several groups have expanded research to ARGET ATRP in
aqueous solutions,”>" but the literature is not extensive. A better
understanding of aqueous Fe ATRP systems with different ligands is

needed.
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kact .
P,-X + - P, +
kdeact
()

Reduction k X =ClI, Br

P
@ Reducing agent

Figure 1. 5 ARGET ATRP of Fe?* and Fe®* Redox Couple.

Additionally, the application of Fe ARGET ATRP to biology, i.e.,
bacterial initiation of the system, requires modification to the standard set
up and reaction conditions. For example, using water as the solvent may
cause an osmotic shock to bacterial cells causing unwanted cell death,
and some ATRP reagents may also be toxic to the cells. Together with
other biological polymerisation systems (Section Reversible Addition
Fragmentation Chain -Transfer (RAFT) Polymerisation), this thesis
strives to enhance the knowledge in the research area towards

synergistic biological-polymer systems.
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1.1.2 Reversible Addition Fragmentation Chain -
Transfer (RAFT) Polymerisation

Reversible  Addition-Fragmentation Chain  transfer (RAFT)
polymerisation was first reported in 1998,7¢ and since then over 8000
RAFT papers have been published.”” RAFT, like ATRP, is a form of
RDRP (or CRP) and is a great tool for creating polymers with predictable
molecular weights, low dispersity and high-end fidelity. RAFT
polymerisation can be used to create polymers of different architectures
including and characteristics including block, star, branched,
hyperbranched, grafted to/from, and stimuli-responsive polymers.”8-€0
The versatility of RAFT has encouraged its use in several medical and
biological applications,'®> 8183 and has inspired us to investigate its
compatibility with bacterial redox systems.

The mechanism by which RAFT polymerisation takes place relies on
degenerative chain transfer.* The initiation of the RAFT process
requires an external radical stimuli, such as thermal, redox or light.85-88
The generated initiating radicals (I-) can then react with monomer
species to form a growing polymer chain (Pn-) with n monomer units
(Figure 1. 6). To control the reaction and prevent termination events, a
chain transfer agent (CTA) or RAFT agent is used - often in the form of
a tri-thiocarbonate group. The growing polymer chain reversibly reacts
with the sulphur group in a pre-equilibrium step, whereby the radical is
stabilised by the CTA and a re-initiating molecule (R-) is formed. This
molecule can react with monomer units to form another growing polymer

chain (Pm-) in the main equilibrium. During this process, polymer chains
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(Pn and Pn) are in equilibrium between active and dormant states,

allowing uniform chain growth.””

Initiation Radical source ——» I’

s SR pP—S SR pP—S s !

P, Y - Y . \‘[/ R

z z z
Re-initiation R+ M — Pm

Termination Il R P, P, ——— > Termination

Figure 1. 6 RAFT Polymerisation schematic mechanism including Initiation, propagation

and termination events.

1.1.2.1 Monomer Types & CTAs

Living polymerisations are achieved by suitably selecting CTAs with
certain Z and R groups according to the monomer (Figure 1. 7). The C=S
bond of the CTA must be more reactive to radical addition than the C=C
bond of the monomer to encourage the RAFT equilibrium to take place.
Monomers are classed as either More Activated Monomers (MAMSs) or
Less Activated Monomers (LAMs) depending on their reactivity which is

defined by their structure and the substituents attached. MAMSs contain a
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vinyl bond joined by a single bond to another double bond, aromatic ring,
a carbonyl group or a nitrile group (e.g., butadiene, St, methacrylates
(MA) and methacrylamides (MAA)). LAMs on the other hand contain a
vinyl bond joined by a single bond to an electron withdrawing group (O,
N, halogen, or S with a lone pair) for example, vinyl acetate, N-

vinylpyrrolidone and vinyl chloride.””: 8

Weak single bond

e
P~ . S S—+R)_—= P,—S SR
\\/ N\ R '/\J T

R must be able to

e R efficiently reinitate

\\
1 ] 1 ] h .
\Z_ Z polymeirsation

i Stabilises Intermediate;
E radical and regulates
{ activity of C=S bond

_____________________

Figure 1. 7 CTA structure showing roles of R and Z groups. Modified from

reference.®

The Z group of the CTA helps to control the reactivity of the C=S
group. MAMs form stabilised propagating radicals (Pn-) due to the
electron withdrawing groups of their substituents that are not very
reactive. This means that the Z group of the CTA will need to stabilise
the radical intermediate (Pn-CTA") to encourage radical addition. In such
cases, trithiocarbonates (Z = S-alkyl) and dithiobenzoates (Z = Ph) are
typically used.”” Conversely, LAMs form reactive propagating radicals
(Pn:) which, once in the (Pn-CTA:) intermediate, makes homolytic
cleavage of the Pn group difficult. In this case, a Z group which
destabilises the C=S bond is required to make the intermediate radical

less stable and encourage fragmentation. Xanthates (Z = O-alkyl) or
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dithiocarbamates (Z = N-alkyl) can destabilise the C=S bond by
delocalisation of the lone pair of O or N respectively.”” It is also important
to mention the R group of the CTA. In the pre-equilibrium stage of the
RAFT polymerisation, a balance must be achieved for the R group to be
a good leaving group but its radical must be unstable enough to re-initiate
monomer chains. Factors such as sterical and electron withdrawing
substituents can influence the radical stability of the R group.8?

The advantage of RAFT polymerisation over other RDRP techniques
is that it does not require high temperatures, like NMP, or catalysts that
can be sensitive to solvents, like ATRP. Indeed, RAFT can be performed
in a variety of solvents, is tolerant to a wide variety of functionalities and
can be used to generate many different architectures, which are
important in various bio-applications (e.g. drug delivery, nucleic acid
delivery, diagnostics, tissue engineering, surface modification).14 15 80-82,
9%, 92 Enzyme mediated RAFT polymerisations are particularly useful
(Section 1.4.1) as they can be conducted in air, overcoming a challenge
to traditional RDRP methods.®? Furthermore, RAFT polymerisation
initiated by the Fenton reaction (Fenton RAFT) provide very fast
polymerisation rates with an inexpensive initiating system to generate
well defined polymers in benign reaction conditions (RT, H20) within
minutes. 39

Glucose Oxidase (GOx) is a commercially available enzyme,
naturally produced by some fungi and insects. It has relatively high
stability and used widely for improving the shelf life of many materials in

the food industry, as well as in glucose biosensors.®® |lwata and co-
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workers showed that a cascade reaction combining GOx catalysis of
glucose, to produce hydrogen peroxide radicals (H202), with Fenton
RAFT polymerisation (Figure 1. 8) was possible at 37°C in the presence
of air (O2) - but in the absence of O2 or Fe?' ions there was no
polymerisation. The lack of stability toward air is a major drawback to
most RDRP methods, so GOx-RAFT is highly attractive, particularly for
biocompatible applications. In fact, this method was applied to balloon
catheters which were used to treat aneurysms in a clinical setting.®’

In recent years Reyhani et al have exploited the use of Fe?* in
haemoglobin (Hb) of Red Blood Cells for Fenton RAFT
polymerisations,®® and others have investigated applications towards
hydrogels and nanogel formation.% % This thesis (Chapter 3) will explore
the use of Fenton GOx RAFT (FG-RAFT) reactions in combination with

cell-redox behaviour for the synthesis of polymers.
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Figure 1. 8 Fenton GOx RAFT reaction scheme modified from literature.® *GOx
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Bacterial Extracellular Electron Transfer

As discussed, both ATRP and RAFT involve electron transfer radical
reactions and can be initiated or controlled by redox processes.%8 101
Redox reactions are highly abundant in nature and control some of life’s
most complex reactions.1%% 19 |n these, metal containing proteins are
often exploited,'%* particularly for respiration and homeostasis, and many
of these proteins contain Fe complexes.%>110 Extracellular electron
transfer (EET) is a process by which microorganisms transport electrons
from the cytosol to an external substrate, or vice versa, harvesting energy
(via ATP) in the process.!'! Mechanisms of EET for anaerobic respiration
in bacteria can be facilitated directly by cytochrome C-type redox
proteins, extracellular polymeric substances or indirectly by chelating
shuttle molecules.t? 113 111,114

The use of these biologically driven reactions in polymer chemistry
might enable faster, more sustainable, dynamic applications whilst
shedding insight into important redox mechanisms of biology as shown
by several authors.'3 115119 Despite some remarkable research, more
insights into the synergy between biotic and abiotic systems are required,
and new techniques are needed to progress the field. Before exploiting
bacterial EET for radical polymerisations, it was first important to
understand bacterial EET mechanisms and to review their significance

towards current applications, such as biosensors and MFCs.
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1.1.3 Exoelectrogenic Bacteria

Exoelectrogenic bacteria are organisms that anaerobically employ
EET to capture, store and release energy in the absence of molecular
oxygen (O2). Bacteria of this type can utilise EET to reduce metals (E.g.
Fe3*, Co3®*, Cr®* Mn#*, U%*) that are often insoluble and would otherwise
be inaccessible.113 120. 121 Metal reduction by microorganisms is coupled
to oxidation of organic compounds (e.g. formate, acetate, volatile fatty
acids) and Hz, and has contributed greatly to biogeochemical cycling in
the environment for millions of years. These dissimilatory metal reducing
bacteria (DMRB) are typically found in aquatic sediments, submerged
oils and the terrestrial subsurface.'?>'?4 DMRB can be both Gram
positive (Thermincola potens, Bacillus subtilis, Enterococcus faecalis,
Listeria monocytogenes)!?>1%® and Gram negative (Shewanella
oneinesis and Geobacter sulffureduens)29 but also extend to archaea.3°
These microorganisms have evolved mechanisms to transport electrons
between the cytoplasmic membrane of the cell and extracellular
minerals, for respiration or redox homeostasis.'®! Exoelectrogens can
connect these intracellular biocatalytic pathways to redox reactions on
an electrode surface, creating a microbial electrochemical system (MES).
Decades of electromicrobiological research contribute to applications
such as MFC bioelectricity generation, bioremediation, microbial
electrosynthesis, biosensing and biocomputing.11? 129,132,133

Although EET mechanisms of DMRB can be complex and difficult to
identify, research shows that outer membrane C-type cytochromes (C-

Cyts) play a vital role in the reduction of metals.t? 134136 These
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cytochromes are a family of heme-containing electron transfer proteins
that often catalyse chemical reactions via EET mechanisms.134 137, 138
The most well characterised EET pathway is the Mtr pathway of S.
oneidenisis MR-1, a type of dissimilatory iron reducing bacteria (DIRB).
The Mtr pathway is a collection of genes encoding cytochromes involved
in extracellular electron transfer (Figure 1.9). DIRB anaerobically
conserve energy for metabolism, respiration, and cell growth, using the
world’s fourth most abundant element, Fe3* (often in the form of
crystalline or amorphous iron oxides). The Mtr pathway consists of
proteins; CymA, Fccs (also known as FccA), STC (small tetrahaem
cytochrome), MtrA-C and OmcA (Figure 1.9).113.136,139 CymA (a member
of the NapC/NirT family) is a membrane bound tetraheme C-Cyt which
oxidizes quinol in the cytoplasmic membrane and releases the electrons
to Fccs and STC.140-142 Electrons are relayed to the protein complex MtrA
MtrB and MtrC where they are shuttled across the outer membrane. On
the surface of the bacteria MtrC and OmcA facilitate the transfer of
electrons to or from the extracellular substrate by a mixture of
mechanisms; i) directly, ii) by flavin mediators and iii) through conductive
pi|i_113, 136, 143-145

Many Gram-negative bacteria express pili which are fibrous polymer
organelles existing on the cell surface that can mediate cell attachment,
DNA exchange, movement, and substrate transport. There are several
types of pili classed by their assembly pathways. Nanowires or ‘e’ pili are
conductive and found in many types of Shewanella and Geobacter

bacteria, but also other organisms.'#>14’ These bacteria have been
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shown to contain outer membrane C-Cyts on the pili extensions and were
first assumed to carry out EET by via multistep hopping or tunnelling (Eg.

Figure 1. 9, iii).}*® Obstacles in relating pili structure to electric
conductivity has, however, caused much debate over the exact
mechanism of EET via pili.148 149 136, 143 Molecular dynamics simulations
have suggested that n-n interactions of electronically functional proteins
on the pili may be more likely than C-Cyts, but much more research is

needed for full elucidation.1®0

ii) Mediated

i) Direct Fe(ll) Fe(lll)

iii) Electron transfer via pili

Fe(ll) Fe(lll)

Outer

Periplasm

(]
c
- © H H
3 . (Omrciomea
= ®Cytochromes

Figure 1. 9. Representation from gathered references of the Mtr pathway of Shewanella
Oneidensis involving EET to electron acceptor Fe(lll) via i) direct Cyt contact, ii)

Mediated transport and iii) pili assisted transport,136. 142,145
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As well as these proposed mechanisms there may be many other
ways by which bacteria use metals for respiration. Furthermore, all
bacteria utilise metal homeostasis to prevent toxicity or to accumulate
essential metals for storage or energy production, e.g. siderophores.1%°
Although many mechanisms may exist in parallel, it was hypothesised in
this thesis that a variety of bacteria types should be able to catalyse the
reduction of Fe catalysts in Fe ATRP reactions or FG-RAFT reactions to
initiate polymerisations.

Combining bacterial EET redox systems with these polymerisation
techniques could expose new capabilities towards bacterial instructed
polymerisations (discussed later) for molecularly imprinted polymers
(MIP)s, MFCs, cell manipulation and tissue regeneration. For example,
MIPs have been utilised for chemical and biological sensing and they
mimic the ‘key and lock’ system in nature for molecular recognition.
Bacterial mediated polymer synthesis might enable an in vivo approach
to MIPs, whereby MIPs formed around bacteria could be used for
bacterial diagnostics, or for anode materials to improve MFC efficiency

through better adsorption of the bacteria to an anode and faster EET.®

151 7
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1.1.4 Bacterial Biofilms and Quorum Sensing

Bacteria often aggregate into complex and dynamic biofilms
containing extracellular polymeric substances (EPS) vital for intracellular
interactions, resource capture, gene exchange and antimicrobial
tolerance.'® The EPS matrix comprises proteins, glycoproteins and
extracellular DNA.'®® These organised electroactive microbial
communities contribute to EET, sometimes aided by pili entangled in the
biofilms.14° A biofilm also protects microorganisms from UV radiation,
extreme temperatures or pH, pressure/force and antibiotics.*>* Research
concerning biofilm formation applies to a variety of applications,®®
including areas of food safety,'%6 medical safety (e.g. catheters),5” anti-
biofouling,58-16° bioremediation, fermentation, wastewater treatment6!
and MFCs. 1% 129.132,162 Eor this reason there have been extensive studies
surrounding biofilm development, of which findings show that biofilm
composition, organism type(s) and the surrounding environment greatly
influence the resulting properties, integrity and survival of the biofilm.6%
163, 164

Changes in cell density, species composition, or nutrient availability
in a biofilm are closely monitored by quorum sensing (QS). QS is a
process in which bacteria extracellularly release QS molecules,
sometimes known as auto-inducers. Thereafter, the bacteria monitor QS

molecule accumulation during specific stages of growth or environmental
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changes to regulate the expression of genes and synchronise the
behaviour of the whole bacterial population.'%®> These QS mechanisms
can control processes such as bioluminescence, sporulation, antibiotic
resistance, biofilm formation and virulence.'% 166 Bijofilm formation
causes huge challenges to treating infectious diseases, particularly since
the emergence of antibiotic resistance.'®” As opposed to an individual
planktonic state, bacteria in a biofilm show increased tolerance to the
antibiotics in the maturation stage, which can arise due to incomplete
diffusion of antibiotics to the inner layers of the biofilm, and the release
of antibiotic-neutralising enzymes in the biofilm.68 169 To interfere with
bacterial adhesion and prevent unwanted biofilm formation and
subsequent infection, polymer materials have been used to induce
antifouling or antimicrobial properties, bacterial sequestration, or to
disrupt QS signals.12- 158 160, 170-174

Antifouling polymers can be hydrophilic (e.g., Polyethylene glycol
(PEG) derivatives) or zwitterionic (e.g., Betaine derivatives), which resist
adsorption of biomolecules, cells, and microorganisms. When these
polymers are exposed to an aqueous solution a hydration layer forms on
the surface, where the water molecules strongly interact with hydrophilic
or zwitterionic polymers, via hydrogen bonding or ionic bonds,
respectively.1’”> This hydration layer prevents interactions between
biomolecules and the polymer surface, reducing fouling for various
engineering and biomedical applications.'? 160. 171 175 Antifouling
polymers used in healthcare applications are extremely important as

biomedical devices are inherently exposed to in vivo environments and
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are likely to malfunction or cause bacterial infection if biofilm
accumulation occurs on implanted devices.'®® The prevention of fouling
for glucose sensors, for example, was investigated by Wu et al.
Zwitterionic betaine polymer, poly(sulfobetaine-3,4-
ethylenedioxythiophene) (PSBEDOT) polymers were synthesised in the
presence of GOx enzyme to create an antifouling, conductive glucose
biosensor. Strong hydration of the zwitterionic side chains were effective
at stabilising the entrapped GOXx, but in the presence of blood, these
were able to repel biological entities. The group were able to create a
highly sensitive biosensor using the conductive polymer with good
stability shown after 14 days stored in the blood (90%) due to the
antifouling nature of the polymer.176

Although antifouling coatings can be extremely effective at preventing
biofilm formation, they may have a short lifetime or become ineffective
under high loadings of in vivo material. A way to challenge this is to use
QS inhibitors to quench QS, block QS signals and prevent biofilm
maturation.'’” Preventing these QS signals was shown to improve the
susceptibility of bacteria to antibiotics and may provide a better way to
fight infections of this sort.!”® For example, Pseudomonas aeruginosa
(P. aeruginosa) biofilm formation is regulated by QS molecules such as
N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12-AHL). Ma et al
were able to develop MIPs by ultraviolet (UV) polymerisation of
hydroxyethyl methacrylate (HEMA) monomers in the presence of 3-oxo-
C12-AHL.'"* During the polymerisation crosslinking with ethylene glycol

dimethylacrylate (EDGMA) was used to fix HEMA monomers around the
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3-o0x0-C12-AHL template. When washed, 3-oxo-C12-AHL recognition
site cavities were left in the MIPs. These recognition sites were able to
absorb 3-0x0-C12-AHL molecules and prevent QS in the presence of P.
aeruginosa cultures which significantly reduced biofilm formation by 62%
compared to non-imprinted polymers (NIP)s.

Other groups have similarly investigated the use of polymers as an
alternative to antibiotic resistance to prevent QS and reduce colonisation
by sequestering bacteria away from the infected site. 173 179, 180 For
example, Perez et al showed that a cationic polymer with tertiary amine
groups (poly(N-[3-(dimethylamino)propyl] methacrylamide)) could bind to
the negative surface of Vibrio cholera bacteria causing clustering. In the
presence of Caco-2 cells and zebrafish, colonisation by the polymer-
sequestered-V. cholerae was greatly reduced compared to colonisation
by planktonic-V. cholera. A key virulence factor, cholera toxin (CTX) was
also shown to be reduced in the presence of clustered bacteria, lowing
the toxicity towards Caco-2 cells.1"?

This thesis explores bacterial initiated synthetic polymerisations
which could later be developed into such materials for bacterial clustering
or antibiofilm formation by adapting the monomer type and composition
as previously shown by Magennis et al.® Further to this, possibilities
might also arise where a bacterial extracellular polymer matrix (EPM)
could be manipulated using selected synthetic polymers to influence the

phenotype of the bacteria.> 18!
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1.1.5 Microbial Fuel Cells (MFC)s

Microorganisms (e.g. electrogenic bacteria) in MFCs catalyse
biochemical reactions via EET to convert organic or inorganic
compounds (e.g. wastewater) into electrical energy, simultaneously
cleaning the environment and generating renewable bioelectricity. 112 182
For example, bacteria anaerobically decompose organic matter (e.g.

starch, cellulose, organic acids, phenols) to CO2 (Figure 1. 10).183-185

Anode U
0,
Organic | ~ H+\
Matter > Substrate H,0 ==
Cathode

Figure 1. 10. Representation of a typical microbial fuel cell where the substrate from
the organic matter is oxidised by bacteria, releasing CO2 and H*. The electrons are
transferred by EET to the anode and through the electrical circuit to the cathode. H*
migrates through the PEM and combines with Oz and the electrons to give water. This
whole process generates electricity output which can be harnessed and used as

renewable energy.
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During oxidation of the electron donor, electrons are transferred from
the bacterial respiratory system to the anode, where they flow through
the external circuit to reach the cathode. Combining this to an appropriate
cathodic reaction, such as Oz reduction, completes the circuit. This
involves the migration of protons, released in the wastewater of the
anodic chamber, through a proton exchange membrane (PEM)
(preventing O2 contamination of the anaerobic anodic chamber) to the
cathodic chamber where they can combine with Oz to form H20.182 186

Similarly, microbial electrosynthesis can also be used to convert
organic matter into important valuable chemicals or fuels by the addition
of an external current.’®? Electrogens, therefore, offer sustainable
solutions to various environmentally damaging issues, such as pollution,
fossil fuels, and harsh chemical synthesis, however, EET rates often limit
MES efficiency and its large scale usage.'®” Anode material
modifications have been explored in efforts to improve EET rates, as well
as the inspection of the bacterial mechanistic pathways, but these are
extremely complex and there is still much more to be discovered.8’

MFCs connect to other bacteria cells and electrodes through an
electrically conductive biofilm containing extracellular substances that
contribute to ET to the anode.'® Therefore understanding the biofilm
composition may be important in improving electron transfer efficiency.
To probe the function of the bacterial biofilm attached to the anode
surface, confocal scanning laser microscopy (CSLM) and protein
measurements were carried out by Reguera et al. It was found that

current production increased linearly with the amount of biomass on the
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anode as the G.sulfurreducens biofilm developed. Cells at a distance
from the anode were found to be viable and metabolically active during
biofilm formation and are thought to contribute to EET to the anode by
pili-pili interaction.'®®  The effectiveness of electron transfer from
organism to the anode is limited by the natural metabolic rate of the
organism and EET rates. These pose challenges towards maximising
MFC fuel output and increasing its potential for large scale industrial use,
and so new ways to increase the current density at the anode are
necessary.® To tackle challenges surrounding bacterial attachment and
poor electron transfer rates, several improvements including anode
modification and genetic or chemical modification of organisms have

been attempted.182 185

1.1.5.1 Anode Modification

The choice of anode material of a MFC is important for ensuring
effective adherence of cells. Graphite is commonly used due to its non-
toxic, inexpensive and chemically stable properties, however, several
metals (Au, Ag, Cu, Ni) have also shown to be promising anode materials
due to their increased conductivity.1®® Many investigations into anode
modifications have been carried out,’® including the use of carbon
nanotube (CNT),19% 192 metal oxides,'®® and conductive polymers.194 195
Heavy metal ion addition to media has also been found to increase
energy output by enhancing electron shuttle mediators (Ribo-flavins) and

increasing anodic bacterial attachment.19
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1.1.5.2 Genetic Modification

Genetic modifications of bacteria have also been utilised to improve
fuel cell efficiency. For example, the overexpression of the electron
shuttle synthesis pathway (methyltransferase encoding gene) of P.
aeruginosa enhanced the energy output of a MFC by 4 times than that
of the unmodified organism.1®” Overexpression of both flavin and metal
reducing biosynthesis gene clusters in S. oneidenesis were also able to
enhance EET capacity in MFCs and showed that a synergy between

mediated and direct electron transport is likely to exist.1%®

1.1.5.3 Chemical Modification

The cell membrane and cell wall(s) of bacteria are insulators,
hindering electron transfer to the electrode. Chemical modification of the
cell membrane has therefore been explored to enable better conductivity.
For example, an improved power output of MFCs was achieved by
chemically perforating the pores and channels in the cell membranes of
several types of bacteria such as P. aeruginosa,'®® and Tolumonas
osonensis.?% This chemical treatment facilitated the diffusion of electron
transfer mediators through the channels and pores but also increased
cell surface roughness, which enhanced cell adherence to the anode.8®
Interestingly, conjugated oligo-electrolytes (COEs) have been found to
improve current generation in both yeast and E. coli cells by incorporation
into the biological membrane.?%t: 202 COE molecule, 4,4’ — bis (4’ - (N,N-
bis(6’-(N,N,N-trimethylammonium) - hexyl) amino) -styryl) stilbene
tetraiodide (DSSN+) (Figure 1. 11) was inserted into the membranes of

S. oneidenesis MR1 bacteria and found to increase electrode
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colonisation, cytochrome based EET and flavin mediated electron
transfer. Although the exact mechanism is not known, it is suggested that
the contact of the COEs with membrane bound proteins may facilitate

the direct electron transfer and result in the rise in redox current that is

seen.203
_ +
IMe;N
+ —
NMe3|
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Figure 1. 11 Structure of COE, 4,4’ — bis (4’ - (N,N-bis(6’-(N,N,N-trimethylammonium) -

hexyl) amino) -styryl) stilbene tetraiodide (DSSN+).

1.1.5.4 Polymer Mediators

A variety of conductive or redox active polymers have been
developed to aid EET efficiency between microbes and an electrode.
One class of these, Type 1 mediators, facilitate electron hopping
between the bacteria and the electrode by forming a 3D polymer matrix
around the cells.?% For example, polypyrrole (discussed later),0: 13, 17,205
osmium-containing polymers,?5 195, 206 and ferrocene-containing
polymers. In comparison, type 2 mediators are polymers that can diffuse
through a cell membrane to intracellularly extract electrons and shuttle
them to the anode. For example, Nishio et al created phospholipid
polymers containing 2-methacryloyloxyethyl phosphorylcholine (MPC)

and vinyl ferrocene (VF) chains, poly(MPC-co-VF) (PMF). The MPC unit
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allows diffusion through the bacterial membrane whilst he VF unit

facilitates electron transfer due to its redox properties (Figure 1. 12).
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Figure 1. 12 Phospholipid polymer structure (left) containing 2-methacryloyloxyethyl
phosphorylcholine (MPC) and vinyl ferrocene (VF) chains, poly(MPC-co-VF) (PMF). And
the application of PMF to assist (extracellular electron transfer) EET in bacteria by

shuttling intracellular electrons to the anode. Modified from reference.?%*

Incubation of PMF with Gram negative (E. coli) and Gram positive
(Lactobacillus plantarum) cultures showed an increase in the anodic
current compared to cultures in absence of PMF. The viability of the cells
was maintained in both cases, showing that PMF membrane diffusion did
not cause cytotoxic effects whilst effectively shuttling electrons.?°” The
design of PMF polymers was shown to regulate EET which changed

when altering the molecular weights and copolymer ratios.?%® The design
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of redox-active polymers can therefore easily be tailored to change the
desired properties for potential applications, like metabolism regulation
and intracellular redox sensing.2%4 209,210 This design could be applicable
to Fe ATRP or FG RAFT RDRP methods designed in this thesis. The
formation of redox active polymers in response to EET might enable
sensing of bacterial metabolism or combination with MIPs towards signal
detection upon binding of redox active MIPs to a specific bacteria type.
These polymers may also provide great potential for increasing fuel cell
efficiency by aiding EET rates. Furthermore, encapsulation of bacteria
with synthetic ECMs formed via Fe ATRP or FG RAFT methods might
aid the preservation of bacterial metabolism and in turn increase the

efficiency of MFCs.

1.1.6 Iron Reduction by C. metallidurans and E. coli

Inorganic matter can also be metabolised by bacteria to produce
energy and for bioremediation (e.g. of toxic metals).?? 211 Cupriadivus
metallidurans (C. met) are extremophiles, highly adapted to metal-
contaminated environments, with resistance to many toxic metals.?12 213
C. met have the ability to reduce toxic gold (Au®*) complexes forming
extremely pure gold biomineralised precipitates.?* 215 Au/Cu resistance
has shown to be induced synergistically by pre-incubation with Cu-ions
via periplasmic oxidoreductases.?'% 217 Anaerobic Au reduction by C. met
was also shown to result in pili structures, often used by Gram negative
bacteria to transfer electrons to electron acceptors.?4 Although C. met is

less well studied than the organisms discussed above and the exact
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modes of metal reduction are debated, several modes of metal
homeostasis/resistance may work in parallel, including EET and metal
efflux systems. This facultative anaerobe was used in our studies for
anaerobic Fe ATRP polymerisation studies (Chapter 2) due to its metal
resistance, ability to reduce various metals, tolerance to deoxygenated
environments and its fast growing nature. After success in Chapter 2 with
C. met, the bacteria were also used in Chapter 3 towards Fenton GOXx
RAFT polymeirsations.

E. coli were previously used as a means of Cu?* reduction for ATRP
polymerisation synthesis,® and are also facultative anaerobes, making
them a reasoned candidate for our bacteria initiated Fe ATRP
polymerisations. E. coli can reduce Fe/metals via excretion of flavin
molecules,?'® extracellular enzymes or siderophores for Fe
homeostasis.'® 21° Other studies suggest Fe reduction can be used for
anaerobic respiration in E. coli.??° E. coli contains C-Cyts such as NapC
which are homologues of Fe reducing CymA of Shewanella
oneidensis,??* and other ferric reductases also exist in E. coli.'% It is likely
that there are several synergistic Fe reducing processes involved in
assimilatory and dissimilatory respiration, and further research is
essential to understand the exact mechanisms.'% The cloning of E. coli
was carried out in the 4" Chapter of this thesis as a means to evaluate

the role of NapC in Fe reduction.
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Biocatalysts and Living Materials

1.1.7 Enzyme Catalysed Polymerisations

Enzymes are complex proteins that exist in all living things and
catalyse life’s most vital reactions including respiration and DNA
synthesis.19% 222 They offer a sustainable alternative to industrial
catalysts, particularly for ‘green chemistry’ as they are derived from
natural resources, highly selective, biodegradable, non-toxic and work
under mild reaction conditions.® 223 Biocatalysts and enzyme-mimics
have been used for a variety of RDRP reactions including NMP, ATRP

and RAFT.92 223-226

1.1.7.1 ATRPases and BioATRP

Enzymes that contain metal ion centres offer biologically friendly
alternatives to ATRP catalysts, for example, cytochromes and
oxidoreductases. Such enzymes, typically Fe and Cu centred-proteins,
have been implemented in a variety of ATRP reactions, known as
ATRPases. 16 227-229 Nico Bruns et al and di Lena et al showed that ATRP
could be driven by the catalytic activity of horseradish peroxidase (HRP),
haemoglobin (Hb), Hb in red blood cells, catalases and laccases.”® 115
230-233 After establishing biorelevant conditions for grafting polymers from
proteins,?3* Matyjaszewski et al also created synthetic analogues of Fe
containing enzymes based on hematin (Figure 1. 13).%” These contained
PEG chains to make them more water soluble and were found to be
effective in both organic and aqueous media making them suitable

protein alternatives.
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R = -O(CH,CH,0)4,CH3
Mesohemin - (MPEGs;s),

Hematin

Figure 1. 13 Structures of (A) Hematin and (B) Mesohemin — (MPEGsso)2 - water soluble,

Br bearing derivative of hematin.*’

Polymersomes, protein cages and inorganic structures can be used
to create nanoreactors and microreactors and have been exploited for
enzyme-initiated polymerisations.> 23523 Such structures allow the
components of a reaction to be held in a closed compartment, speeding
up the reaction rates and reducing side reactions from contaminants.
They are also useful mimics for cell compartmentalisation which support
the integrity of organelles, cell signalling and enzyme cascades for vital
processes (e.g. homeostasis, respiration, digestion, repair and
function).'%® Bruns et al demonstrated that HRP bound nanoreactors
could be used to polymerise polyethylene glycol acrylate (PEGA), by
enzyme initiated ARGET ATRP.238 Modified HRP was covalently bound
to the cavities of modified thermosome (THS) protein cages and
incubated with ATRP reagents. Polymers formed by the nanoreactors

were found to be lower molecular weights and narrower dispersities (Mn
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= 4400, D = 1.08) than for analogous solution-based polymerisations
(Mn= 43700, b = 1.23). Advances in permeable polymersomes have
allowed successful cascade reactions of enzymes which may in the

future be applied to polymerisation reactions.?3

1.1.7.2 BioRAFT

HRP was able to facilitate a BioRAFT polymerisation by catalysing
acetylacetonate (ACAC) radical generation using H202 for the RAFT
initiation step (Figure 1. 14).240 241, 242 The ACAC radical could then
effectively react with monomers to create a propagating radical chain to
begin the RAFT polymerisation.?*®> HRP has also been exploited for
agueous RAFT dispersion polymerisation, resulting in polymerisation
induced self-assembly (PISA).”8 240 Zhang et al reported the formation of
AB Block copolymer nano-objects mediated by a PEG based macro-CTA
by HRP initiated PISA RAFT of HPMA monomers. Near quantitative
conversion (>99% in 20 minutes) was achieved in water under mild
reaction conditions which also allowed the loading of SiO2 nanoparticles

and BSA biomolecules into the vesicles.
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Figure 1. 14 BioRAFT mechanism using catalysis of ACAC by horseradish peroxidase
with H202 to generate ACAC radicals for initiation of a RAFT polymerisation.??3*HRP

protein structure from PDB ID: 1GWU.A 24

1.1.7.3 Oxygen Tolerance

Oxygen contamination in RDRP can be detrimental to many
polymerisations by acting as a radical scavenger, radical inhibitor or
deactivating ATRP catalysts.?*> Methods to limit oxygen sensitivity during
RDRP would enable an easier reaction set up and improve the control of
the resulting polymerisations.86: 245 246 The GOx-HRP enzyme cascade
has been utilised to initiated RAFT reactions in the presence of oxygen
for; a variety of copolymers and conditions,> 8 in PISA dispersion
RAFT,”® and in conjunction with red blood cells.®® During the cascade
reaction, GOx oxidises glucose using oxygen which generates H20:2.

(Figure 1. 15). H20:2 is a substrate for HRP and is used to generate
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ACAC radicals which can initiate a RAFT polymerisation in the presence

of the correct reagents (Monomer and CTA).!

~ ' DG = D-Glucose :
' DGA = D-Glucanolactate '
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Figure 1. 15 GOx - HRP enzymatic catalysis in air forming active radicals for RAFT
polymerisation of various monomers.’*GOx protein structure from PBD ID: 3QVP.A.100

*HRP protein structure from PDB ID: 1GWU.A.2*

These reactions are not just limited to RAFT polymerisations. Indeed,
such enzyme cascades have been implemented into ATRP methods, to
impart oxygen tolerance, in which the ACAC radical generated reacts
with the monomer to begin the polymeriation.”® 247 Matyjaszewski et al
discovered the ability of GOX/HRP ATRP reactions to be turned on and
off using an aerobic/anaerobic switch and were also able to form DNA-
Polymer bioconjugates using this technique.?*” The utilisation of these
cascades are likely to transform applications that require oxgen presence

and widely broaden the scope of RDRP methods in function.
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1.1.7.4 Progress in Enzyme RDRP

Although proteins cause some limitations in reaction conditions, and
poor control, they offer progress towards ‘green chemistry’ and have the
potential to widen the perspective on biotechnological applications.
‘Green Chemistry’ is defined as a method of fabricating chemical
products and processes that can reduce or eliminate the use or
generation of hazardous substances. Green chemistry is applicable
throughout a products’ life cycle concerning its design, manufacture, use
and disposal.?*® Catalysts are an important part of green chemistry as
they improve the efficiency of chemical reactions by lowering the
activation energy and therefore reducing the required energy input.
Biocatalysts such as enzymes often have improved selectivity than
conventional catalysts, increasing the yields of desired products and
decreasing waste. Biocatalysts are also sourced naturally and can
provide solutions to chemical challenges that might otherwise require
harsh conditions. Enzymes are therefore a promising tool to support
sustainability for green sourcing, manufacturing, and reducing waste.*
237

An example is given for the case of chemically challenging N-
vinylimidazole (NVIm), which is an extremely difficult monomer to
polymerise in a controlled manner using conventional RDRP methods.
249 This difficulty arises due to the absence of resonance stabilisation of
the propagating radical and because the polymer P(NVIm) strongly
complexes Cu ions, depleting the catalyst concentration in the

solution.??®> To overcome this, the multi-copper-containing
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oxidoreductase, laccase from Trametes versicolor (LTV) was effectively
used to catalyse NVIm polymerisation under aqueous conditions,
achieving B as low at 1.07 (Figure 1. 16).2%3 These results show promise
for providing cationic PNVIm polymers capable of drug and gene
delivery, as uniform polymers with predictable properties are highly

desirable for these applications.?>°

n
\'L Laccase Trametes versicolor *\ﬁ/
> N
n \ / Sodium L-ascorbate
N 2-hydroxyethyl-2-bromoisobutyrate \ /

Acetate buffer solution (pH 4.0, 100 mM) N
NVIm

Poly(NVIm)

Figure 1. 16 Polymerisation of N-vinylimidazole (NVIm) using laccase from Trametes

versicolor in mild conditions.?® *Laccase structure from PDB ID: 1GYC.A.?%1

Other examples where enzymes are useful as catalysts include, the
utilisation of GOx for RAFT polymerisations of hydroxy ethyl acrylate
(HEA) in a variety of solvents including, beer, wine, various liquors and
fermentation broth.?%? In nearly all cases polymers were formed in high
conversion, attained good control and narrow molecular weight
dispersities. This example highlights the robustness of enzyme mediated
polymerisations and the tolerance of GOx to impurities.

Biocatalysts also offer interesting biosensing and diagnostics tools,
for example, enzyme-MIPs made for identifying infectious bacterial
species. In this example, electrochemically mediated ATRP (eATRP)
catalysed by Hb was used to generate Hb-MIPs on the surface of a gold

electrode (Figure 1. 17).25® Hb acted as both the template and the
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catalyst which, once removed, provided a MIP-modified electrode for Hb
detection. Sun et al also used this technique to prepare MIPs on 3D
nano-dendrites to increase the number of imprinting receptors and
enhancing electrode surface area which gave a Hb detection limit of 7.8
x 10 11 mg/ml.?%* Another interesting example of enzymatic catalysis are
BSA hybrid inorganic nano flowers. BSA-Cu3z(P0Oa4)2.3H20 biocatalysts
were found to display enhanced activity and stability, able to catalyse
RAFT polymerisation of DMAEMA and PEMGAs00.2%° This hybrid catalyst
was much easier to remove from the resulting polymers (centrifugation)
than traditional free enzymes which often to adhere to the polymers,

making them easier to reuse and generate purer polymers.
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Figure 1. 17 Electrochemically mediated ATRP (eATRP) catalysed by Hb-Fe. Hb-Fe acted

as both catalyst and template for MIPs. The MIPs on the anode surface could then be

used as a biosensor for Hb. Modified from reference.?53
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1.1.8 Whole Cells as Biocatalysts and Living

Materials

Although examples of catalysis using whole blood cells have been
discussed, more complicated cells for polymerisation catalysis exist in
literature. Drawbacks associated with using enzymes, such as high cost,
enzyme isolation and purification can be overcome by using whole living
cells as biomolecular machines. Cell-bound enzymes are protected by
the cells’ natural defences making them less sensitive to environmental
pressures or contaminants. Although the membrane barrier can cause
poor diffusion of substrates, reagents and products and side reactions
may occur.?*® Research has been implemented to develop and improve
whole cell - polymer hybrids for cell manipulation, biosensors and fuel

cells.

1.1.8.1 Conducting Polymers

As discussed previously, EET in organisms can be harnessed by
electrodes in MFCs to produce electricity. MFC efficiency is however,
limited by the poor attachment of bacteria to the anode, biofilm build up,
and cell death, but modification with conducting materials might facilitate
ET rates. Conducting polymers such as polyaniline, polydopamine and
polypyrrole (PPy) exhibit good conductivity, biocompatibility and stability,
making them suitable materials for biosensors or MFCs.118 257-259
Ramanavicius et al sought to increase the conductivity of electrons

through yeast (Saccharomyces cerevisiae) cells by the synthesis of
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PPy.?50 The proposed mechanism of this polymerisation is by the
oxidation of the mediator complex, [Fe(CN)s]*, via oxidoreductases in
the yeast cell membrane to [Fe(CNs)]** which reacts with Py to begin the
reaction, and subsequently form conductive polymer chains. The
localisation of the resulting PPy was tracked using '°N isotope labelling
of the Py monomer, revealing that PPy was evenly distributed across the
cells which did not change in size after the polymerisation.?6! Further to
this, fluorescent mannose binding molecules were used to evaluate the
surface binding affinity of unmodified yeast cells compared to those
‘modified’ with PPy, showing similar fluorescence intensities in both
cases. These findings suggest that PPy is likely to be localised in the cell
wall rather than encapsulated around the cell surface.

Other groups have utlised similar approaches to coat
microorganisms with PPy for use in MFCs.10: 205 262 5 oneidensis MR-1,
E. coli, Ochrobacterium anthropic and Streptococcus thermophilus, were
modified with PPy showing an enhanced conductivity in all cases. S.
oneidensis coated PPy was effectively used as an anode in an MFC,
generating an increased EET, increased cell viability, and 14.1-fold
increase in power output compared to the native bacteria.'°

Trans plasma membrane electron transport (tPMET) systems, which
are equatable to bacterial periplasmic membrane proteins (C-Cyts), have
also been of interest for their involvement in Fe homeostasis and
oncogenic Fe reduction.?63 264 |ndeed, it was hypothesised that tPMETs
in cancer cell lines might be capable of Py oxidisation polymerisation.t’

However, in these experiments the mammalian cells were shown to be
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extremely sensitive to the reagents, particularly Py, causing instead a
ROS induced polymerisation. Although these findings might be useful
towards biosensors that detect and signal cell damage via polymer
formation. The complexity of living cells remains a challenge in the
identification and prediction of redox mechanisms that drive
polymerisations. This necessitates the need for continued studies into
the scope of what can be achieved in order to both push boundaries and
ellucidate the mechanistic pathways involved. This thesis soughts to
build novel polymer synthesis techniques and shed light on the possible

bacterial mechanisms involved.

1.1.8.2 Bacterial Instructed - RDRP

Increasing the selectivity of cell binding agents (MIPs) for diagnostic
pathogen detection might be advantageous for identifying specific types
of bacteria, particularly within mixed cultures. To this cause Magennis et
al exploited bacterial homeostasis to initiate Cu-ATRP, producing
polymers that displayed cell binding and entrapped bacteria in a synthetic
ECM.® The mechanism was suggested to be driven by EET of C-Cyts or
oxidoreductases in a redox reaction with the Cu ATRP catalyst. Polymers
that were formed in solution (weakly templated polymers (WTPSs)) were
shown to be structurally different from polymers grown at the bacterial
surface (strongly templated polymers (STPs)). The STPs had higher
specificity to the bacteria that they had grown around, causing an
increased clustering which could be used for specific bacterial

identification or sequestration of bacteria away from an infected site.
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Bacterial-instructed Cu catalysed ‘click chemistry’ (b-click) was
further utilised to demonstrate the diagnostic potential of the method.
Bacterial cells remained in a dispersed suspension in the presence of a
pro-fluorescent marker, whilst the addition of a bacterial binding cationic
polymer (STP) with a terminal-alkyne chain caused bacterial clustering
(Figure 1. 18). The clustering could be fluorescently imaged due to the
b-click reaction between the azide group of the fluorescent marker and
the alkyne functionalised polymer, which was demonstrated for several
types of Dbacteria: E. coli, Clostridium difficile, Yersinia
pseudotuberculosis, Helicobacter pylori and Campylobacter jejuni. As
well as this ability to combine synthetic methods with biological flux, b-
ATRP was found to provide good control over the polymerisation kinetics

and an extremely low amount of Cu catalyst was needed (4.42 ng/mL).

1. Polymer coating of bacteria 2. Cu reduction

g E.coli MG1655

3. b-Click

000

/o

+ NMeJ

Figure 1. 18 Polymerisation induced by E. coli, leading to the coating of bacteria by
alkyne terminated polymer (1). Cu?* reduction to Cu'* (2), which catalyses b-click

chemistry of azide molecule resulting in fluorescently labelled bacteria (3).°

Building from these studies, Luo and Haddleton et al used sugar

containing monomers to form glycopolymers by E. coli facilitated Cu
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AGET ATRP.!8 Similar results to Magennis et al were seen, polymers
obtained in solution (WTPs) and bound to the bacterial surface (STPs).
The STPs were found to specifically cluster the bacteria that templated
them, even when mixtures of templated and non-templated bacteria were
present. STPs were found to inhibit infection of endothelial cells (ECS) in
the presence of bacteria compared to WTPs and no polymer. It was
suspected that STPs prevented bacterial adherence to the ECs by
occupying the binding sites on the bacteria surface. Similarly, in the
presence of a gold surface competition between bacteria and ECs for
adherence was reduced in the presence of STPs. These results show
promise towards reducing bacterial adhesion which often leads to
infection, particularly with medical implants and devices.

Another example of bacteria-induced polymerisations was shown by
Fan et al who carried out b-ATRP initiated by S. oneidensis MR-1. Low
levels of Cu catalyst (0.2 puM) were required to form OEOMAse and
NIPAM polymers with narrow dispersities and good control over the
molecular weights.?'® The mechanism of catalyst activation by bacteria
was investigated by testing the supernatant of viable S. oneidensis in b-
ATRP, revealing minimal polymerisation. This suggested that the
polymerisations shown were unlikely to be caused by the release of
secreted reducing agents, suggesting that C-Cyts were involved in the
S. oneidensis initiated b-ATRP.

Interestingly, E. coli was found to be ineffective at initiating these
polymerisations when viable, but when lysed both E. coli and MR-1

activated the b-ATRP. Fan et al hypothesised that this was due to the
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release of redox molecules by lysed E. coli, like glutathione and flavins,
causing ATRP initiation rather than direct reduction of the catalyst by C-
Cyts. Whilst, when both bacterial strains were metabolically inactivated
no polymerisation activity occurred, suggesting that metabolism was a
key factor in the initiation pathway. Fenton — associated catalysis from
cell lysis/stress was ruled out by experiments with S. oneidensis MR-1 in
the presence of Cu?* (5 puM), which revealed only minimal grown
inhibition. A variety of carbon sources were also added to assist the
metabolism of S. oneidensis MR-1 in the study, which increased the
polymerisation rate compared to starved cells. However, the lack of
control experiments with carbon sources omitting bacteria, suggest these
observations may be due to direct interaction between the carbon source
and Cu complex (e.g. redox or ligand displacement reactions).?%° Lastly,
studies involving mutant strains of S. oneidensis MR-1 which lacked
AmtrC and AomcA genes showed decreased polymerisation activity,
suggesting that C-Cyt proteins contributed to the initiation of the
polymerisation.

Since the data in the second chapter of this thesis was published,?¢
more groups have incorporated bacterial EET into redox initiated
polymerisations.?! A Bac-RAFT polymerisation was achieved by Qiao et
al, showing that E. coli and Salmonella enterica were able to facilitate
radical generation by EET redox interactions with a aryldiazonium salt,
generating polymers in a controlled manner (£=1.3). This research area
concerned with exploiting whole cells for polymerisation methods,

although in its infancy, is rapidly growing and further studies will help to
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expand the mechanistic reasoning of bacterial redox behaviour

concerning materials synthesis.

1.1.8.3 Cell Modification and Manipulation

Engineering the surface of cells can be a useful tool to modify
adhesion and cell-cell interactions which are abundant in bacterial
infections. Furthermore, cell surface modification could be useful for the
development of whole-cell biosensors, biocatalysts, cell therapy and
towards modulating cell stability, viability and chemical activity.2%: 155 267-
273 Due to the dynamic and complex nature of the cells’
microenvironment, modification can be extremely challenging or
detrimental to the viability of the modified cells.?’* Despite these
challenges, polymer-cell hybrid materials have been generated by Kim
et al, exploiting aqueous surface initiated (SI) ARGET ATRP.2’® Yeast
cells were coated with polydopamine macroinitiators (PDm) before Si
ARGET ATRP of sodium methacrylate (SMA) monomer was performed
with ascorbic acid to activate the Cu catalyst. The PDm layer acted as a
radical scavenger, effectively protecting the yeast cells from any ROS
generated during the reaction. The yeast cells retained 66.7 % viability
after the polymerisation was complete, whereas the non-PDm coated
yeast cells only retained 31.7 % viability. Native yeast cells aggregate
rapidly in the presence of bacteria due to the strong mannose binding
sites on the bacteria cell surface. However, yeast cells coated with
Poly(SMA) effectively blocked these binding sites and anti-agglutination

was observed in the presence of bacteria, showing affective manipulation
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of the cells. Furthermore, ascorbic acid regenerated inactivated Cu (I1)
catalyst in the polymerisation, allowing some level of oxygen tolerance
without affecting the reaction rate.

Further to this, Hawker et al. demonstrated photo-induced electron
transfer (PET) RAFT to implement polymer grafting from the surface of
yeast and Jurkat cells.> A RAFT initiator (CTA) was covalently attached
to yeast cell surfaces by initial amidation of the cell surface and azide
alkyne cycloaddition chemistry, followed by SI RAFT polymerisation. The
viability of the resulting polymer-cell hybrids was retained (>90%) as
measured by flow cytometry. Jurkat mammalian cells were also modified
by the same method, but poor viability was observed due to their
increased sensitivity compared to yeast. To overcome this sensitivity, a
CTA-lipid analogue was created and non-covalently anchored into the
cell membrane of Jurkat cells, where subsequent SI RAFT
polymerisation was carried out. The resulting polymer-modified-Jurkat
cells showed 90 % viability by flow cytometry.

The above examples show successes in grafting to or from a cell
surface, however, Bradley et al investigated the modification of cells from
the inside.® Natural polymers, such as polyphosphates, polyesters and
polysaccharides, are synthesized by cells and are important in mediating
cellular functions such as storage and stress responses.?’6278 To
investigate how synthetic polymers affect cellular functions and to create
a means for long term tracking, intracellular photo-initiated free radical
polymerisation was carried out inside living HelLa cells. Mixtures of photo-

initiator (Irgacure 2959) and monomer (HPMA) were incubated with cells
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in medium for 4 hours before the cells were washed and irradiated with
light (365 nm). Cell lysis allowed the polymerisation conversion (68 %) to
be calculated based on the remaining HPMA concentration in cells after
illumination, whilst no HPMA consumption was detected in either cells
that were not exposed to illumination or in the absence of photo-initiator.
Monitoring the cells after the polymerisation by flow cytometry showed
no significant DNA damage and no increase in apoptosis. It was
discovered that the intracellular polymerisation could manipulate cell
migration by altering monomer and initiator ratios. F-actin staining
revealed that polymerised Hela cells altered cytoskeleton organisation
and phenotype which could be useful for wound healing applications.
They also demonstrated that a variety of intracellular fluorescent
polymers could be used to track cells that retained high fluorescence
after several passages. This is particularly important for regenerative
medicine applications as a non-invasive, long lived method to monitor
tissue regeneration, however limitations still exist for larger imaging
depths.?79

Surface functionalisation has also been used to alter adhesion,
wettability, antifouling and biocompatibility of abiotic-biotic interfaces,
towards applications such a tissue regeneration, modulation of cell
behaviour and anti-bacterial activity.?®° Benetti et al demonstrated the
growth of polymer brushes from a surface modified with an ATRP-initiator
using SI-ATRP in organic solvents, aqueous solvents and cell media.?8?
In these polymerisations an Fe® coated plate acted both as a

biocompatible catalyst and reducing agent whilst deoxygenating the
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system by generating FexOx species. These species diffused through the
solution to form an ATRP catalyst couple Fe?*/Fe**. The addition of
deactivating species (FeCls/Ligand or FeBrs/ligand) was found to speed
up the reaction and increase grafting thickness by comproportionation
(Reaction 1) with Fe® to generate active Fe2*/L catalyst. This addition of
deactivator also inhibited radical recombination termination reactions of
propagating grafting chains, but beyond 10 mM slowed down the grafting
process due to a high level of deactivated chains.
Fe® + 2Fe3* - 3Fe?* (Reaction 1)
Switching from organic solvents to aqueous solvents resulted in faster
polymer growth and increased grafting thickness due to the large Katrp
associated with aqueous conditions. However large concentrations (3 M)
of monomer can be harmful to cells, therefore the concentration of 2-
methacryloyloxyethyl phosphorylcholine (MPC) was decreased to 0.3 M,
resulting in a decrease in reaction rate. Controlled growth of Poly(MPC)
brushes was achieved from initiator bearing surfaces in the presence of
primary articular chondrocyte (AC) cells. These ACs were cultured on the
surface before polymerisation and their settlement was altered by the in-
situ formation of polymer grafts whilst maintaining reasonable viability.
This oxygen tolerant, biocompatible SI-ATRP system can be used to
modify the physicochemical properties of cells without altering their
viability which could be used in tissue engineering for manipulating the
biological affinity of scaffolds towards a particular cell type. These
methods also provide applications towards living materials, where-by an

entanglement of polymer grafted brushes and cultured cells on a surface
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could be influenced depending on the material, functionalities,
environment, and cell type.

Engineered living material (ELM)s encompass biological engineering
and material synthesis to create biohybrid devices or systems towards
self-healing, bio responsive, self-growing or dynamic materials.*
Examples include, living hydrogels loaded with engineered curli
nanofibers which were able to grow and self-renew for applications
towards gastrointestinal tissue repair.'1® Biological engineering of E. coli
was also used to sense cobalt and Nickel contamination based on
cellular uptake by triggering metal sequestering biofilm formation.28?
Many biological mechanisms are complex and still unknown which is a
challenge for ELM development. Research into these mechanisms is
therefore extremely important for advancing these technologies. In this
thesis hypotheses are explored to evaluate the use of whole bacterial
cells in polymer synthesis towards a variety of ELM applications. This
thesis will explore possible mechanisms behind these and evaluate the

challenges still present.
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Conclusions and Motivations for Thesis

RDRP is an extremely useful tool for synthesizing complex materials
for various applications in diagnostics, biosensors, antifouling, drug
delivery and more. ATRP and RAFT are the most widely used methods
and exploring the use of biological entities in these polymerisations may
open a variety of applications towards biotic-abiotic interfaces like MIPS,
cell surface modification, MFCs, ELMs etc. Various groups have used
enzymes to catalyse polymerisation reactions in biologically benign
conditions. As enzymes can be expensive and difficult to extract, whole
cells might be a more convenient way to progress the field. Several
examples have shown that cells are capable of metal reduction to
catalyse ATRP and RAFT reactions.

The main aim of this thesis is to:
‘Explore the application of bacterial redox processes to RDRP
systems’
The thesis is comprised of 3 results chapters - Chapters 2, 3 and 4:
Chapter 2: Iron Catalysed Radical Polymerisation by Living Bacteria

Iron is a necessary nutrient of bacteria, present in many enzymes and
displays relatively low toxicity to cells compared to other metals. Few
studies have been conducted with Fe ATRP in biological conditions,
necessitating the need for further development. After which, it would then
be possible to test bacterial redox processes with Fe catalysts to drive a
polymerisation, and to probe the parameters of the bacteria-instructed

polymerisation. The aims of this chapter are therefore to:
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e Develop a novel strategy to synthesise polymers using Fe
catalysed ATRP under biological conditions
e Test Bacteria for Fe ATRP initiation

e Probe the parameters of bacterial-instructed Fe ATRP

Chapter 3: Bacterial Driven Fenton - GOx - RAFT Polymerisations
Where anoxic conditions are not available, commercial enzyme, GOx
is also proven to tolerate air sensitive reactions. The combination of GOx
and whole cells to drive Fenton RAFT polymerisations might enable
polymer formation and a basis for future diagnostics in air. The aims of
this chapter are to:
e Develop methods to conduct Fenton GOx RAFT
polymerisations under biological conditions

e Apply bacteria to initiate Fenton GOx RAFT polymerisations

Chapter 4: Up-Regulation of Cytochrome-C Protein, NapC, in E.
coli
The bacterium Shewanella contains an essential gene (cymA) an

analogue of napC in E. coli. The purpose of this chapter was to observe
whether napC could be cloned into vectors and if the corresponding
protein NapC could be upregulated for further studies into NapC Fe
reduction. The aims of this chapter are to:

e Clone napC into vectors and observe sequencing data

e Up-regulate NapC in E. coli and examine protein expression

¢ Analyse how upregulation of NapC effects Fe Reduction
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Chapter 2. Iron Catalysed Radical

Polymerisation by Living Bacteria
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Abstract

The ability to harness cellular redox processes for abiotic synthesis
might allow the preparation of engineered hybrid living systems. Towards
this goal, a new bacterial-mediated Iron-catalysed Reversible
Deactivation Radical Polymerisation (RDRP) is presented, with a range
of metal-chelating agents and monomers that can be used under ambient
conditions with a bacterial redox initiation step to generate polymers.
Species of bacteria; Cupriavidus metallidurans, Escherichia coli and
Clostridium sporogenes were chosen for their redox enzyme systems
and evaluated for their ability to induce polymer formation. Parameters
including cell and catalyst concentration, initiator species and monomer
type were investigated. Water-soluble synthetic polymers were produced
in the presence of the bacteria with full preservation of cell viability. This
methodology provides a means by which bacterial redox systems can be
exploited to generate ‘unnatural’ polymers in the presence of ‘host’ cells,
thus setting up the possibility of making natural-synthetic hybrid

structures and conjugates.

This chapter is expanded from a paper published 02.01.20:

Bennett, M. R., Gurnani, P., Hill, P. J., Alexander, C., & Rawson, F. J.
(2020). Iron-Catalysed Radical Polymerisation by Living Bacteria.
Angewandte Chemie (International ed. in English), 59(12), 4750-4755.

https://doi.org/10.1002/anie.201915084
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Introduction

Nature has evolved a plethora of complex macromolecular materials
to generate, sustain and propagate life. However, the rich diversity of
biopolymers is derived from a surprisingly small set of monomers, which
are combined and repurposed in myriad ways. In recent years,
biomimetic polymer synthesis has developed rapidly, with significant
advances in methods to generate complex sequence controlled
materials.® These new classes of synthetic polymers offer
unprecedented possibilities in applications ranging from information
storage and processing!®!? through to biomedical sensing'® and
therapeutic delivery.'# The combination therefore of cellular systems with
synthetic, or biosynthesized hybrid polymers is now allowing the
formation of engineered living materials (ELMs), in which the advantages
of natural and artificial systems are combined to generate a whole new
domain of ‘programmable matter’.® 15 16

Prokaryotic organisms offer many possibilities for the generation of
biohybrid materials, and many bacterial strains are being applied as
components of fuel cells,’’?° bioremediation systems,?! as well as
chasses for synthetic biology.???> Bacteria can synthesise a variety of
polymers which generate extracellular matrices (ECM)s, encasing and
supporting the cellular communities which produce them. It is possible to
alter the ECM biopolymers which bacteria synthesise by genetic
engineering, but it would be highly advantageous to expand the range of

ECM materials into those available by ‘abiotic’ chemistry. In particular,
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the coupling of bacterial cells to a matrix of synthetic polymers might
facilitate electron transfer in fuel cells or aid the application of bacterial
cells in bioremediation or fermentation under conditions that would
normally degrade or denature natural ECM components.

Many research groups have been interested in utilising cells for
polymerisation reactions to possibly extend extracellular matrices
beyond the existing types of biopolymers.?5 27 A key goal has been to
generate polymers in situ at, or near, bio-interfaces such that the cells
‘select’” which monomers to form materials in their immediate
environments.?® 28 Growing synthetic polymers in the presence of
bacteria might provide not only novel ECM mimics,?° but also bacteria-
specific sequestrants and sensors.® The data shown in this chapter
describes (Figure 2. 1) the initial steps in bacterial-mediated synthesis of
wholly synthetic polymers under ‘bio-benign’ conditions.

To date, there have been several examples of cell-mediated
polymerisations,® 27 28 38136 pyt most have required catalysts or
conditions which are toxic to biology or difficult to control. These include
the production of polypyrrole that led to increased charge transfer from
fungi.3” 3 The attention of this chapter was focused on whether cellular-
Fe mediated atom transfer radical polymerization (ATRP) might be
possible, as Fe is ubiquitous in nature and essential to many bacterial
strains, for example, Cupriavidus metallidurans (C. met). Furthermore,
focus on membrane redox systems capable of modulating the oxidation
states of Fe and other metals have been of great interest.?> 3941 As

discussed in the first chapter of this thesis, ATRP is a commonly used
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RDRP method, which employs a metal catalyst to control an equilibrium
reaction between activated and deactivated growing polymer chains.
ATRP has been utilised for a variety of biomedical applications and can
be used to synthesise polymers of complex architectures, block
copolymers and it is tolerant to many functionalities.*?*® It was sought to
combine the use of bacterial reducing EET with Fe ATRP to drive a
polymerisation. However, whilst Fe-mediated ATRP has been previously
used to form polymers in organic solvents,*® °0 there had been little work
on Fe-catalysed ATRP under biologically benign conditions before the
work published in this chapter.>?

The results presented include the use of Fe-reducing systems in three
different bacteria types to initiate ATRP-type reactions (Figure 2. 1A) of
a variety of monomers (Figure 2. 1B), to generate abiotic polymers under
conditions which allowed retention of bacterial viability for up to 24 hours.
Live cells were essential to the polymerisation, indicating that viable
cellular processes were required for polymer-forming reactions to take
place.

Aim: To use bacterial EET to initiate Fe-ATRP polymerisations under
biological conditions and to probe the limitations of the method.
Objectives:

() Design and develop a biocompatible Fe ATRP system

(I Explore the use of bacteria as initiating species for these

systems

(1) Identify how the viability of the bacteria is affected

(IV)  Explore the limitations of bacteria mediated Fe ATRP
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Results and Discussion

2.1.1 Establishing Biological Conditions for Fe ATRP

Conventional ATRP, as discussed in chapter 1, requires an active
metal catalyst which is sensitive to air and must be handled with care,
meaning that oxygen contamination is detrimental and complicates the
reaction set up. Activators generated by electron transfer (AGET) ATRP
on the other hand allows the use of an inactive catalyst which is reduced
in situ by a reducing agent to form the active metal complex.>? Ascorbic
acid (AscA) is commonly used as a reducing agent and can also
scavenge small amounts of Oz in the reaction, making the reaction less
sensitive to air and easier to set up. For the system to be successful with
cells, this work first begins with the design and development of a
biocompatible Fe ATRP system. Preliminary studies were carried out
using AscA as a reducing agent in place of bacteria for ease of better
understanding of the Fe catalysed AGET ATRP system during
optimisation. The final aims of the project require an environment suitable
for sufficient growth and viability of bacteria cells that will also allow for
ample ATRP to be possible. Phosphate-Buffered Saline (PBS),
containing various salts, was therefore considered as a more suitable
solvent than water.>® The halide salts present in PBS have been shown
to prevent dissociation of the catalyst in aqueous Cu ATRP reactions,
which might promote control in the polymerisations.44 54

An Fe-catalysed AGET ATRP of the water-soluble biocompatible

monomer poly(ethylene glycol methyl ether methacrylate) (PEGMA, Mn
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= 300 g mol?)®® was carried out with the ligand tris(2-
dimethylaminoethyl)amine (MesTREN, Figure 2. 1C) and AscA for Fe3*
reduction. Although phosphine species are particularly effective ligands
for Fe ATRP,%® they are not suitable in this study as they can reduce the
Fe catalyst to the active form. This would prevent us from distinguishing
between polymer formation as a result of ligand or bacterial activation of
the active catalyst (Fe?*). Nitrogen-containing ligands are less likely to
display these characteristics and so highly active MesTREN was chosen
to maximize the rates of reaction at low temperatures. The temperature
was set to 37 °C, the optimum temperature at which most biological
organisms grow, and commercially available water-soluble initiator 2-
hydroxyethyl 2-bromoisobutyrate (HEBIB) was used. An inert
atmosphere was maintained (purging with nitrogen gas) to prevent the
termination of radicals by oxygen, a well-known radical scavenger.®’
After 5 hours the reaction reached 79% monomer conversion (Table 2.1,
Figure 2. 2) and spectroscopy revealed the expected polymer structure
(Figure 2. 3 and Figure S2. 1). SEC data (Figure 2. 4, Table 2. 1)
indicated a broad molar mass distribution (b = 1.6), likely due to low

initiation efficiency.*4 58
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6.00 5.00 4.00 3.00 2.00 1.00
Chemical shift (ppm)

Figure 2. 2 'H NMR (400 MHz, D20) spectra revealing an increase in polymer

formation in Fe ATRP (PPEGMA, MesTREN, AscA at 37 °C, PBS, HEBIB), with time.

b
o e c
HD\’/\D nBr
o Yo
bré@a

AU M
—7r r r 1 r 1 ©r 1
6.00 5.00 4.00 3.00 2.00 1.00
Chemical shift (ppm)

Figure 2. 3 'H NMR (400 MHz, CDCIs) of purified PPEGMA. Polymer resulting from Fe
ATRP initiated by Asc acid using MesTREN as a ligand at 37 °C in PBS with HEBIB

initiator.
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As discussed previously, phosphine ligands have been shown to
reduce Fe®" in situ. To ensure that activation of the Fe3* catalyst could
not be caused by MesTREN reduction, a control experiment omitting
AscA (Table S2. 2) was carried out, revealing inhibition of polymer
growth, and confirming that MesTREN is suitable for these investigations.
To examine retention of chain end functionality (Br), the polymer was
chain extended utilizing similar conditions, (MesTREN, PBS 37 °C,
Figure S2. 3, Figure S2. 4, Figure S2. 5). An increase in My (109 kDa
mol?, Figure 2. 4) was observed, but also a decrease in control of

polymer dispersity (B=2.0).

m—  (PEGMA),,
——  (PEGMA)-b-(PEGMA}; 40
M, increase

109 kDa
b=2

22.5 kDa
D=1.6

— T T T T T T
8 9 10 1 12 13 14 15 16
Run Time (mins)
Figure 2. 4 SEC (DMF) graph of Fe ATRP synthesized PPEGMA (Black) and chain
extended PPEGMA (Red) carried out with conditions: AscA at 37 °C, PBS, HEBIB,

MesTREN.
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2.1.2 Biologically Benign Fe ATRP with Different
Ligands

Experiments were carried out to explore the use of different ligands
in the system. Ligands are required to solubilise Fe3* ions, but also affect
the redox potential of the resulting catalyst complex and subsequently
the ATRP reactivity. The apparent rate constant (kapp) represents an
estimate of the ATRP equilibrium constant (Katrp) and is calculated by
Kact/Kdeact (Scheme 2.1). kapp can be extracted using the gradient of the
plot In([M]o/[M]) against time (where [M]o= monomer concentration at the

start of reaction and [M] = monomer concentration at a specific time).

o P,-Y
Y,"'kt

kact
P,-X (Fe?*/Ligand) —— P,* X-Fe3*/Ligand
kdeact Q)
X, K ;
' X=CLBr i, _ t )

1
'Y* = Radical: | *P Monomer

[
[
----------- LR R RS e——— |

Scheme 2. 1 Fe ATRP equilibrium showing halogen capped polymer chain (PnX), active

catalyst (Fe?"), deactivated catalyst (Fe3*) and propagating radical chain (Pn*).

Kinetic plots using a range of chelating ligands (Table 2. 1, Figure 2.
5) were explored. Firstly, the ligand tris[2-(2-methoxyethoxy)ethyl]amine
(TDA-1, Figure 2. 1B), used in prior literature to demonstrated activity
with FeCls and water at 90 °C, was unsuccessful in mediating the
polymerisation at low temperatures (37 °C) in PBS.®° In contrast,

bidentate ligand 2, 2 — Bipyridine (Bpy) induced fast polymerisation (Kapp
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Table 2. 1: Iron AGET ATRP of PEGMA with AscA at 37 °C in PBS using different ligands,

Ratio [PEGMA]: [FeCls]:[Ligand]: [HEBIB]: [AscA] = [30]:[1]:[X]:[1]:[1].

m .
S . Time b } Mnth MnSEC

5 ngand[a] (h) ConV.[ ] Kapp (S 1)[C] (kDa)[d] (kDa)[e] D[e]
1 MesTREN 5 79% 0.0037 7.2 22.5 1.6
2 TDA-1 24 0% - - - -

3 Bpyfl 2.15 93% 0.036 8.6 17.8 1.6
4  MesTREN 4.5 36 % 0.0021 3.3 32.7 15

[a] All ligand to metal ratios 3:1 (X=3) except Bpy (1:6; X=6). [b] Estimated using of *H NMR from
comparison of monomer: polymer integrals [c] Calculated using gradient of plot Ln[Mo]/[M] vs time
from estimated conversions. [d] Ma" = (9.0 * conversion) + 0.211 (kDa). [e] Calculated using SEC
(DMF). [f] Bpy was dissolved in 100 pL DMSO before mixing with FeCls.6H20.

~ 0.036 s1), likely due to a less constrained coordination structure at the
Fe center and a fast, efficient, halogen exchange to the metal (high Kact).

However, in the reduced form, the transition of Br to the polymer
chains (kdeact) may be more difficult, making the reaction less controlled
(B=1.6). Ligand or halogen dissociation also affect the control of all
agueous ATRP reactions due to substitution of water or hydroxide ions,

intensified by monomer coordination to the catalyst.>®
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251 —— Bpy
. —— MegTREN
" ——  Me3TREN
2.0- J
— ] Kapp = 0.036 s
2 151 w
= 7] Kapp = 0.0037 s™
s
£ 1.01
0.54 *
: Kapp = 0.0021 s
0.0 .
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0 50 100 150 200 250 300 350
Time (mins)
Figure 2. 5 First order kinetics (Ln[Mo]/[M] vs time) comparing different ligands of Fe

catalysts for Fe AGET ATRP polymerisations of PEGMA (AscA, 37 °C, PBS, HEBIB). Bpy

(black), MesTREN (Blue) and MesTREN (Red) (Table 2. 1).

The Fe catalyst complexed to MesTREN ligand gave rise to a Kapp
(~0.0037 s?) value 10 times slower than for Bpy (~0.036 s), but the
dispersity control was comparable (both D ~1.6). Although polymers
resulting from Fe/MesTREN catalysed ATRP provided lower dispersity
control (P = 1.5), the molecular weight control proved to be inefficient
with Mn values 10 times higher than predicted. Furthermore, the lower
kapp (~0.0021 s) value reflected the reduced catalytic activity of
Fe/MesTREN complexes and the curved kinetic graph (Figure 2. 5, red)
indicated significant termination, deviating from linear kinetics after 1
hour. The bpy ligand seemed the most efficient for Fe ATRP in these
initial studies, however, they have a high associated toxicity so may not
be advantageous when moving to biological experiments,®® therefore

MesTREN was used in the remainder of the polymerisations.
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2.1.3 Biologically Benign Fe ATRP with Different

Monomers

It is an advantage to be able to create polymers of different chain

lengths and different monomer materials for versatility in future

applications. To explore these features, the degree of polymerisation

(DP) was first increased to 100 and 200 (Table 2. 2, entry 2 and 3). Both

polymerisations resulted in polymers with similar dispersities, however,

the reaction targeting DP200 was slower and M»SE€ results were closer

to theoretical values (Mn") for the reaction targeting DP100. The faster

rate of reaction for lower DPs can be rationalized by equation 2.1.6*

Table 2. 2. Fe AGET ATRP of PEGMA with ascorbic acid at 37 °C in PBS. Ratio: [Monomer]:
[FeCls]:[Ligand]: [Initiator]: [AscA] = [X]:[1]:[3]:[1]:[1] unless stated.

Monomer

Time

th

SEC

Entry Monomer (DXF; (mmol) o Conv. @ (kMBa) (ana)[b] pivl
1 PEGMA 30 1 5 78% 7.2 225 1.6
2 PEGMA 100! 1 4 78% 23.6 25.4 14
3 PEGMA 200t 1 55 57% 34.4 33.9 1.5
4 HEMA 50 0.97 5 50% 35 12.5 1.2
5 NHEA 50 0.96 17 54% 3.3 16.5 14
6 AMPS-Na  30* 0.93 4.5 36% 6.4 25.2 1.7
7 MEDSA 30* 1 5 33% 3.0 2.8 2.4
8 MEDSA 30* 1 24 >99% 8.6 7.5 2.0M1

[a] Estimated using of *H NMR from comparison of monomer: polymer integrals [b] Calculated using
[MesTREN]:
[X]:[4.65]:[13.95]:[1]:[2.3]. THF SEC - dn/dc = 0.0527 L/g (Figure S2. 7). *Aqueous SEC; [d]; dn/dc =
0.1405 L/g; [e]; dn/dc = 0.1433 L/g; [f]; dn/dc = 0.1381 L/g (Figure S2. 6).

SEC (DMF unless stated))

[c]:

[Monomer]: [FeCls]

[HEBIB]

[AscA] =
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[RX][Fe?*tL]
[Fe3*]

R, = kyKarrp [M] (Equation 2.1)*

*Where Rp= Rate of propagation, kp= propagation rate constant, Katre = ATRP
equilibrium rate constant, [RX] = Initiator (RX) concentration, [M] = monomer

concentration.

A polymerisation with a lower targeted DP (DP= [M]/[RX]) would have
a higher concentration of initiator ([RX]). According to equation 2.1, a
higher initiator concentration ([RX]) leads to a greater Rp, and therefore
increases the reaction rate.

Several monomers were then tested for compatibility with this new
biocompatible Fe AGET ATRP technique. Polymerisations (Table 2. 2)
were established with monomers including, hydroxyethyl methacrylate
(HEMA), N-Hydroxyethyl acrylamide (NHEA), 2-Acrylamido-2-methyl-1-
propanesulfonic sodium (AMPS-Na) and 2-(Methacryloyloxy) ethyl
dimethyl-(3-sulfopropyl) ammonium hydroxide (MEDSA) (Figure 2.1B).
Of these, the original monomer PEGMA resulted in the fastest
polymerisation (~78% conversion in 5 hours for DP30 and ~78% in 4
hours for DP100). The polymerisation with PEGMA targeting DP100 had
the best molecular weight control, close to theoretical values. Whilst the
polymerisation with HEMA showed the highest dispersity control (B =
1.2). The results show that this method can be applied to a variety of
monomers and targeted DPs, expanding the scope for future

applications.
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2.1.4 Biologically Benign Fe ATRP - Catalyst
Complexes

All biological reactions occur in aqueous media, however, Fe ATRP
reactions are mostly reported in organic solvents. As discussed, side
reactions can be detrimental to the My, control or  control in an ATRP
polymerisation, and these are more common under aqueous media
conditions. The stability of the halide bond to the deactivator (Fe-X, for
Fe3*(L)nX) is reduced significantly in protic media which often leads to
insufficient deactivation and fast, uncontrolled reactions.? Adding halide
salts or increasing catalyst concentration can help to prevent halide
dissociation.> Matyjaszewski et al also discovered that a mixed halide
system of alkyl-bromide initiator (R-Br) and Metal-chloride catalyst were
most efficient at controlling the polymerisations for Cu based ATRP.%3
Although other reports suggest that differing systems might be necessary
to improve the control of particular monomers or specific reaction
conditions.®? There is, however, no known analogous research for Fe
catalysed systems. To investigate the effect of altering the catalyst
halide, different Fe salts were employed.

Fe ATRP in biologically benign conditions, catalysed by FeCls and
FeBrs catalysts was carried out and the kinetics were compared (Figure
2. 6). The kinetic plots of the polymerisations are both linear but reactions
catalysed by FeBrs had a faster rate of reaction (kapp = 0.007s1). This is
likely due to the less stable Fe-Br deactivator catalyst bond compared to
Fe-Cl, in which Br can dissociate more readily, causing loss of

deactivator species. This causes an increase in the rate of activation
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(kact) In the ATRP equilibrium according to Le Chatelier's principle,
resulting in a much faster but less controlled reaction. As seen in Table
2. 3, molecular weights and dispersities were much higher and broader,
respectively, than for polymerisations catalysed by FeCls. This is
reflective of the ATRP equilibrium shift towards uncapped radicals which
can cause more side reactions. Catalyst complexes for aqueous Fe

ATRP systems are therefore more controlled with chloride-based

catalysts.
2.5
|l —— FeBrs Kapp=0.007 s™*
20_- —— FeC|3
S 1.5
= .
3 .
= 1.0—_
- _ -1
054 Kapp=0.003 s
0.0ﬁ L] L] I L] L] I L] L] I L] L] I
0 100 200 300 400
Time (mins)

Figure 2. 6 First order kinetics (Ln[MO]/[M] vs time) comparing different FeCls (Black)
and FeBrs (Red) catalysts with MesTREN ligand for biologically benign Fe AGET ATRP
polymerisations of PEGMA (AscA, 37 °C, PBS, MesTREN, HEBIB).

Table 2. 3 Fe ATRP under biological conditions (37 °C, PBS) with ligand MesTREN.
Initiated by HEBIB and activated by AscA.

Catalyst
_ Conv.@ Kapp ()P Math (kDa)le! My SEC (kDa)!! il
Halide
FeCls 56% 0.003 5.3 22 1.68
FeBrs 84% 0.007 9.4 31 3.00

[a] Estimated from *H NMR monomer: polymer integrals. [b] Calculated using gradient of plot
from Figure 2.6 [c] Mt = (300 * DP* conversion) + 211 Da. [d] From SEC (THF).
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The first aim (I) set out at the beginning of this chapter to ‘Design and
develop a biocompatible Fe ATRP system’ had been met. At this stage,
the goal was to only indicate that Fe AGET ATRP was possible under
ambient conditions, and so attempts to optimize the cell-free
polymerization reactions were not pursued further. Beyond the scope of
this thesis, there is however room for improvement and further studies
into improving control will hugely benefit the progression of Fe ATRP in

biological conditions.

© Mechelle Rebecca Bennett 103



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

2.1.5 Bacteria Driven Iron-Catalysed Radical

Polymerisation

2.1.5.1 Fe ATRP Activated by Cupriavidus metallidurans

Bacterial redox mechanisms were next employed to activate the Fe3*
catalyst in Fe ATRP systems. The incubation of PEGMA (0.2 M) with C.
met bacteria, Fe®*/MesTREN and HEBIB under anoxic conditions,
successfully generated polymers (Section 2.6.7, Figure 2. 7). Although
the molecular weight control (Mn= 650 kDa) was poor, likely due to poor
initiation efficiency, the dispersity (B = 1.4) was relatively low considering
the polymerisation conditions (aqueous Fe ATRP).

To investigate whether a true ‘ATRP’ type polymerisation reaction
had occurred, typical control reactions; omitting the bacteria, Fe catalyst,
ATRP initiator or utilising lysed bacteria were performed. These
experiments revealed that i) bacteria were solely responsible for the
activation of FeCls catalyst and ii) the catalyst had a significant role in the
ATRP polymerization (Figure 2. 7 and Figure 2. 8). It was anticipated that
metallic proteins, such as ferritin,®* acted as catalysts for the small 28%

conversion seen in 24 hours (Bottom, Red Figure 2. 7).
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Figure 2. 7. *H NMR (400 MHz, D20) at T = 6 h of the following reactions: C. met
initiated Fe ATRP of PEGMA (Blue, top). Controls shown without bacteria (Black, middle)
and without FeCls catalyst (Red, bottom). All carried out at 37 °C in PBS using Me6TREN

as aligand and HEBIB as an initiator.
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Figure 2. 8. 'H NMR spectra (400 MHz, D20) at T=24 h for the following reactions:
Reaction A (top, blue) Fe ATRP of PEGMA initiated by C. met. Reaction B (middle, black)

Fe ATRP of PEGMA without bacteria and Reaction A* (bottom, red) Fe ATRP of PEGMA
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with inactivated bacteria. All carried out at 37 °C in PBS using Me6TREN as a ligand and

HEBIB as an initiator.

Figure 2. 9. Live/Dead image corresponding to live bacteria instructed Fe ATRP of
PEGMA using ligand MesTREN in PBS at 37 °C in PBS with HEBIB as an initiator

(Reaction A).

When no ATRP initiator (Figure S2. 12) or when killed bacteria
(Figure 2. 8) were present, negligible monomer conversion was observed
indicating that live bacteria and ATRP halide initiators are essential to
promote polymerisation. Importantly this also suggests that no external
radicals, such as ROS, produced through cell stress initiated the
polymerisation observed. Live/dead staining (Figure 2. 9) and colony
forming units (CFU)s counts were performed immediately after the
polymerization (Table 2. 4). Approximately 85% of C. met bacteria
remained metabolically active (Live/Dead assay) after polymerization, a
value that matched that of the control culture (80%) not exposed to the
polymerisation. The overall reduced viability for both the experimental

conditions was a function of performing the polymerisations in an
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aqueous buffer without typical amino acids and other growth

supplements used for C. met cultures.

Table 2. 4. Results of live/ dead study and bacterial growth assays. Live bacterai (A) and
killed bacteria (A*) were exposed to Fe ATRP reagents (PEGMA, FeCls, MesTREN and
HEBIB in PBS at 37°C) afterwhich the viability was assessed against live (C1) and dead

(C2) control cutures that were not exposed to ATRP reagents .

Sample % Live* CFU (mL™)
A (ATRP Live Bacteria) 85 1.4x 10°
A* (ATRP Dead Bacteria) <1 0

C1 (Live control) 81 2.4 x10°
C2 (Dead Control) 13 0

* Determined using Live/Dead calibration curve asymmetric least squares fitting (Sl)

The next experiments evaluated the effects of the ATRP components
on the growth efficiency of bacterial strains intended to catalyse the
polymerisations, to expand its uses in future applications. Growth
inhibition experiments (Section 2.6.6; Figure S2. 8, Figure S2. 9, Figure
S2.10 and Table S2. 3) were performed using bacterial species of known
metal reducing capability, i.e., C. met.®> Minimum inhibitory concentration
(MIC) measurements indicated that bacteria were able to tolerate
concentrations of ~14 mM for the water-soluble monomers, while Bpy
was toxic from low levels (0.25 mM) as anticipated. MesTREN and
MesTREN caused no adverse effects at 2.5 mM but due to the slow
reactions with MesTREN, we adopted MesTREN for all subsequent

biological ATRP studies.
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When using a lower monomer concentration (14 mM) polymerization
occurred, but again, SEC analysis (Table 2. 5, entry 1) revealed a
significantly higher MnSE¢ (200 kDa) than Mn™" (9.4 kDa) due to a
continued low initiator efficiency and relatively poor control (B = 2.1). The
reduced molecular weight control implies that the initiator may be lost in
the reaction, possibly due to bacteria consumption of the small molecule,
or poor availability of initiator molecules diffused into the ECM. The poor
dispersity control indicates inefficient halogen exchange between the
catalyst and the growing polymer chains, as well as an increased halide
dissociation resulting from the low reagent concentrations in aqueous
media. Differences observed compared to cell-free ATRP, which had
better molecular weight control, could also be explained for bacteria
catalysed ATRP by; i) catalyst site obstruction by bacteria cell ECM
polymeric components,®® or ii) bacterial uptake of the active catalyst
which would disturb the equilibrium.67: 68

Despite the poor molar mass distribution control, the data reported
demonstrates that bacterial — mediated Fe-catalysed ATRP could take
place under ambient conditions.3® Therefore the chapter aims; (Il)
‘Explore the use of Bacteria as initiating species for these systems’ and
(1) ‘Identify how the viability of the bacteria is affected’ had been

achieved.
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2.1.5.2 Escherichia coli and Clostridium sporogenes
Catalysed Fe ATRP

To fulfill the next aim (iv) of this thesis (‘Explore the limitations of
bacteria mediated polymerisations with an Fe ATRP system’), different
bacteria were applied to the initiation system (Table 2. 5, entries 2 and
3). Escherichia coli (E. coli) top 10 and Clostridium sporogenes (C. spor)
were used in these experiments. The Gram-negative facultative
anaerobes, E. coli and C. met induced a similar polymer yield, whereas
the Gram-positive, obligate anaerobe C. spor initiated a much slower
polymerisation (34% yield). These observations suggest that the
reducing capability of bacteria for FeCls is dependent on bacteria type.
Fe reducing bacteria are known to use membrane bound proteins, for
example, the cytochrome C (C-Cyts) family, for redox activity.5? It is
suspected that these ferrireductase membrane enzymes might utilise

EET mechanisms to reduce the Fe catalyst in the bacterial initiated Fe

Table 2. 5. Fe AGET ATRP of PEGMA (FeCls, MesTREN, HEBIB, in PBS) with different bacteria

as reducing agents.

Entry Bacteria ~ ODgoonm DP El'rigne (Co}g)nv'[a] ?{l(rﬁt)ha)[b] ?ﬁrg:):[c] il
1 C. met 11 50 24 61 9.4 200 2.1
2 E. coli 11 50 24 78 11.9 369 2.0
3 C. spor 11 50 24 34 5.3 102 2.2

[a] Estimated from *H NMR monomer: polymer integrals [b] (DP 50); Ma™ = (300 * DP* conversion)
+ 211 Da. [c] From SEC (THF) dn/dc=0.0527 L/g.

ATRP polymerisations described in this chapter.3* 70 E. coli contain C-
Cyts such as NapC which are homologues of Fe reducing CymA of
Shewanella oneidensis,*® and other ferric reductases also exist in E.

coli.” Some groups have however suggested that E. coli may reduce Fe
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via excretion of flavin molecules,3¢ extracellular enzymes or siderophores
for Fe homeostasis.”? 73 It is therefore likely that several synergistic Fe
reducing processes are involved in assimilatory and dissimilatory
respiration, and additional research is essential to understand these
mechanisms further but is beyond the scope of this chapter.’*

Control reactions (Figure S2. 16, Figure S2. 17 and Table S2. 4)
showed that without bacteria no polymer formation occurs, therefore
bacteria are essential to the polymerisations. Secondly, Fe was shown
to be necessary to the reaction, although a small amount of
polymerisation can be seen for E. coli or C. met instructed reactions
without Fe catalyst. This observation is likely to be due to exogenously

released Fe containing bacterial proteins mentioned previously. 8
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2.1.6 Exploring Parameters of Bacterial Catalysed Fe

ATRP

2.1.6.1 Bacteria Concentration

Experiments thereafter were conducted to investigate several
important parameters that can affect the bacterial driven polymerisation.
These were performed to explore the efficiency and control of the
polymerisation, which is of importance for future exploitation of this
technology. Increasing the bacterial concentration effectively increased
the rate of reaction (Figure 2. 10, Table 2. 6) whilst decreasing M,,SEC
(Figure 2. 11) slightly closer to M. An extremely high molecular weight
was observed when a low concentration of bacteria was used to catalyse
the reaction, with exceptionally low vyields. This is characteristic of
radical-radical termination reactions which may be caused by slow
regeneration of Fe?* catalyst causing a slow kdeact and increasing the

presence of Pn* species, enhancing termination events.

Table 2. 6 Results of bacteria catalysed Fe ATRP (PEGMA, FeCls, MesTREN and HEBIB in

PBS at 37°C) using different C. met concentrations.

Mnth MnSEC
Reaction  Cell Count (CFU mLY)" Conversion® plel
(kDa)!  (kDa)!e
1 Low 1x10° 1% 0.2 1200 1.2
2 Medium 6.5 x 10° 13% 0.4 116 4.0
3 High 1.35 x 1010 61% 9.4 110 2.4

*In final reaction volume [a] Estimated from *H NMR monomer: polymer integrals. [b] Mq® =
(300 * DP* conversion) + 211 Da. [c] From SEC (THF).
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Figure 2. 10 'H NMR (400 MHz, D20) kinetic graph of bacteria catalysed Fe ATRP
(PEGMA, FeCls, MesTREN and HEBIB in PBS at 37°C) using different bacterial

concentrations.
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Figure 2. 11 SEC (THF) overlay of polymers bacteria catalysed Fe ATRP (PEGMA,

FeCls, MesTREN and HEBIB in PBS at 37°C) using different bacterial concentrations.

Bacterial populations contain an ECM which protects the bacteria

and contains various proteins and glycopolymers. Indeed, bacterial
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polymer or protein substances (10* kDa, B ~ 1.05) were identified by
SEC of the bacteria solution alone (Figure S2. 21A). Substances in the
ECM could interfere with the polymerisation due to polymer chain
entanglement, hindering halogen exchange at the polymer chain ends
(halide-capped or radical form). This may interfere with the ATRP
equilibrium and broaden the dispersity of the polymerisation as
demonstrated for the bacterial driven Fe ATRP reactions.

An increase in reaction rate is observed for the high concentration
bacteria driven Fe ATRP reactions. For this reason, these conditions
were used to investigate other parameters of the reaction. To prove that
the initiator is required for the reaction and ensure that bacteria ROS
were not contributing to the polymerisation, a control was carried out
omitting initiator species (Figure S2. 20) for 24 hours. No polymer
formation was observed, highlighting the requirement of the ATRP

initiator.

2.1.6.2 Catalyst Concentration

The concentration of Fe catalyst in recent literature for photo-initiated
Fe ATRP was shown to affect the resulting polymers,’* and so the Fe
concentration for bacterial initiated Fe ATRP was therefore explored in
this section. An increase in reaction rate, better M, control and more
linear kinetics (Figure 2. 12, Table 2. 7) were observed upon increasing
the concentration of catalyst. This could be attributed to the excess
catalyst which prevents halide dissociation, as discussed in previous

sections. The SEC chromatogram (Figure 2. 13) reveals 2 polymer
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distributions for reactions catalysed by 6.8 mM Fe which is characteristic
of a high amount of combination termination events. However, at the
highest catalyst concentration only one polymer species is apparent with
lower molecular weights, indicating better initiation efficiency. The small
peak in the graphs arising at ~10* kDa corresponds to residual bacterial
proteins (See S2.21A) mentioned previously.

Various bacterial pathways can control internal Fe regulation for
homeostasis, such as extracellularly released siderophores, in E. coli
these are known as Fur-regulated genes.” The faster and more linear
kinetics observed for Reaction 5 could be attributed to; i) a genetic
response of the bacteria to an overload of catalyst increasing the rate of
Fe3* reduction and Fe?* regeneration, affecting the polymerisation
equilibrium rates, and/or ii) more available catalyst, reducing potential
problems of bacterial Fe uptake for homeostasis or monomer/solvent

complexation to the catalyst.

Table 2. 7 Results obtained whilst changing the catalyst concentrations (FeClas/MesTREN)

for bacterial instructed Fe - ATRP of PEGMA in PBS at 37°C.

Reaction* Conversion@  Ma™" (kDa)! MnSE€ (kDa)lcl Pl
1 (Lowest) 16% 2.6 417.9 18
2 17% 2.8 399.6 1.8
3 39% 6.1 140.6 2.9
4 81% 12.4 130.6 3.3
5 (Highest) 84% 12.8 103.2 1.7

*See Table 2S.9 for concentration details [a] Estimated from *H NMR monomer:
polymer integrals. [b] Ma™ = (300 * DP* conversion) + 211 Da. [c] From SEC (THF).
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Catalyst Concentraton
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Figure 2. 12. 'H NMR (400 MHz, D20) kinetic graph of b-ATRP of PEGMA in PBS at 37 °C
using different concentrations of FeClsMesTREN catalyst from reactions (R)s 1-5 shown

in Table 2. 7.

Catalyst Concentraton
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Figure 2. 13 SEC (THF) results of polymers produced during C. met initiated Fe ATRP of
PEGMA (HEBIB in PBS at 37°C) using different concentrations of FeCls/MesTREN catalyst

from reactions (R)s 1-5, Table 2. 7.

© Mechelle Rebecca Bennett 115



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

2.1.6.3 Degrees of Polymerisation (DP) and Initiator Type
Different degrees of polymerisation (DP) were targeted, DP 50, 25 and
10, to observe any effect on the control of the system (Figure 2. 14),
whilst the ratio of initiator to catalyst (FeCls and MesTREN) was kept
constant. The rate of reaction was found to increase for polymerisations
targeting DP10 which can be rationalised by equation 2.1, whereby the
increased initiator concentration results in a faster Rp. Little effect,

however, was seen in M, or D (Table 2. 8, Figure S2. 21A).

Decreasing DP

2.8
i —— DP10
241 — DpP2s
2094 —— DP50
= 16+
'5‘ -
= 1.2-
c -
0.8
0.4
0.0 I | | b
0 100 200 300
Time(mins)

Figure 2. 14 'H NMR (400 MHz, D20) kinetic graph of b-ATRP (PEGMA in PBS at 37 °C)
using different DPs; 10, 25 and 50.

Table 2. 8 Results obtained from bacterial initiated Fe ATRP polymerisations of PEGMA
whilst varying DP; 10, 25 and 50.

Reaction DP Conv.@ My (kDa)P!  MnSEC (kDa)! plel

50 30% 4.7 179 2.5
25 27% 2.2 145.6 2.3
10 78% 2.5 151.6 2.6

[a] Estimated from *H NMR monomer: polymer integrals. [b] Ma™" = (300 * DP*
conversion) + 211 Da. [c] From SEC (THF).

© Mechelle Rebecca Bennett 116



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

The initiator type was also changed to a more water-soluble initiator,
2,3-dihydroxypropyl 2-bromo-2-methylpropanoate (DHBP) (Figure 2. 15,
Figure S2. 9) in attempts to improve initiation efficiency. Reactions with
this initiator were slower and generated polymers of a lower molar mass
dispersity but the reaction was relatively uncontrolled (Figure S2. 21B).
Poor initiation efficiency and non-linear second order plots in these
studies (Figure S2. 21C) suggests that the initiator may have been
partially absorbed/up-taken by the bacteria, or caught in the bacterial
ECM, causing an imbalance in catalyst-initiator ratio and therefore

polymers with larger M, were observed.

Initiator type

—— HEBIB
0.8 —— DHBP

In[MO)/[M]

0 100 200 300 400
Time (mins)

Figure 2. 15; *H NMR (400 MHz, D20) kinetic graph of b-ATRP (PEGMA in PBS at 37 °C)

using different initiator types; HEBIB and DHBP.
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2.1.6.4 Different Monomer Types

To investigate different chemical tolerances, monomers with charged
and hydrophilic sidechains (MEDSA, NHEA, NIPAM and HEMA) were
polymerised in the presence of bacteria (Figures Figure S2. 22, Figure
S2. 23, Figure S2. 24, Figure S2. 25). NIPAM was found to be the fastest
reacting monomer followed by MEDSA and NHEA. The results overall
(Table 2. 9) showed a reduced polydispersity and better molecular weight
control for PMEDSA and suggested that the system was tolerant to a

range of monomer functionalities.

Table 2. 9 Polymerisation results for different monomers using bacterial Fe ATRP

(PEGMA in PBS at 37 °C) initiated by HEBIB.

Monomer  Conv. (%)@ Mnth (kDa) P! M,SEC (kDa) L] plel

MEDSA 80 11.4 42.5 1.8
NHEA 80 4.8 76.6 2.2
NIPAM 90 5.3 317 1.2
HEMA 50 3.5 167.5 21

[l Estimated using of *H NMR from a comparison of monomer: polymer integral.
bl (DP 50); Mn" = (Mrmonomer)* DP* conversion) + 211 Da. [ Calculated using
SEC (Aqueous — PBS, using RI detector only).
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Conclusions

In summary, a new biocompatible Fe AGET ATRP method has been
developed, exploring different ligand-iron combinations and DPs for
optimisation. Of these, MesTREN was found to be efficient for the
polymerisation of the hydrophilic monomer PEGMA. Good control and
predictable molecular weights were achieved for targeted DP values of
100 and 200. The system was compatible with a variety of water-soluble
monomers, demonstrating its potential to create multi-component
materials. Different types of bacteria; C. met, E. coli, and C. spor were
successfully able to initiate the polymerisations, further indicating the
versatility of the polymerisation processes. The viability of C. met cells
was retained throughout the reactions. Changing the Fe catalyst
concentration was shown to alter the conversion and molecular weight
control of the resulting polymers. Although better control of molar mass
dispersity might be required, for example, if polymer-cell conjugates of
highly specific dimensions were an objective, nevertheless, the results to
date suggest a future platform technology that might be used to create a
variety of synthetic-natural hybrid materials in vivo. These could include
bacteria interconnected by redox-active polymers for multiplexed
sensing, artificial ECM-bacteria colonies for bioreactor or bioremediation
applications, or even implantable synthetic microbiomes. Future work will

be directed towards these applications.
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Materials and Methods

Materials

All chemicals were purchased from the supplier and used without
further purification unless stated. Tris[2-(dimethylamino)ethyllamine
(MesTREN) 97%, Tris[2-(methylamino)ethyllamine 97% (MesTREN)
Tris[2-(2-methoxyethoxy)ethyllamine (TDA-1) 95%, 2-2-bipyridine (Bpy)
299%, Ethylenediaminetetraacetic acid (EDTA) 299%, 2-Hydroxyethyl 2-
bromoisobutyrate (HEBIB) 95%, Poly (ethylene gycol) methyl ether
metacrylate (PEGMA-300) Mn average 300 (100 ppm MEHQ and 300
ppm BHT inhibitors), 2-Hydroxyethyl methacrylate (HEMA) >99% (<50
ppm MEHQ), N-Hydroxyethyl acrylamide (NHEA) 97% (1000 ppm
MEHQ), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) 99%, 2-
(Methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide
(MEDSA) 97%, N-Isopropylacrylamide (NIPAM) 99%, and Dulbecco’s
Phosphate Buffer Saline (DPBS) (without CaCl. and MgClz, filtered,
suitable for cell culture) were purchased from Sigma Aldrich.
Iron(ll)chloride hexahydrate (FeCls.6H20) 298% was purchased from
scientific laboratory supplies. Ascorbic acid (AscA) >99% was purchased
from Alfa Aesar. AMPS was converted to AMPS-Na form via the method
detailed in the text. For bacteria growth Lysogeny broth (LB) was used.

Methods

'H and 13C NMR spectra were recorded at room temperature on a
400 MHz (Bruker DPX400 Ultrashield) using deuterated solvents (D20,

CDCls or DMSO). NMR spectra were analysed using MestReNova
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11.0.0-17609 2016 Mestrelab Research S.L. Refractive Index (RI)

measurements were measured using Anton Paar Abbemat 200

refractometer (25° C, PBS solvent (1X)) used to calculate dn/dc values.
Size Exclusion Chromatography (SEC)

DMF Size Exclusion Chromatography (SEC) was performed on
Polymer Laboratories GPC 50 system fitted with refractive index (RI)
detector, Agilent PLgel Mixed-D column and DMF + 1% LiBr eluent.
Molecular weight (Mn) and polydispersity (D) were calculated according
to PMMA narrow standards (1.5-1,000 kDa). Polymer samples were
made by dissolving 3 mg/mL pure polymer in 1 mL DMF + 1% LiBr.

Aqueous SEC was performed on a Shimadzu Prominence UPLC
system fitted with a DGU-20A5 degasser, LC-20AD, CBM-20A LITE
system controller, SIL-20A auto-sampler, CTO-20A oven and RID-10A
refractive index detector. Separations were performed on a series of
Aquagel 30-40-50 (300 x 7.8 mm, 5 mm bead size, Agilent UK) columns
fitted with a matching guard column (50 x 7.8 mm). The mobile phase
was Dulbecco PBS buffer pH 7.4 at a flow rate of 1 mL/min and analysis
was carried out at 35 °C. Column calibration was achieved using
Polyethylene oxide/glycol EasiVials (2 mL) standards (196 Da—498 kDa,
Agilent UK) and Mn and D were calculated by LS or using calibrated RIS
detectors.

THF SEC was performed on Agilent 1260 infinity system fitted with
HPLC with an online vacuum degasser, an Agilent online differential
refractometer (DRI) and a Wyatt Helios Dawn 8 multi-angle light

scattering detector (MALS). Separations were performed on Agilent 3 um
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PLgel Mixed E columns (7.5 x 300 mm) connected in series with an
Agilent PLgel 3 um Guard column (7.5 x 50 mm). Injection volume was
set to 100 uL analysis was carried out at 35 °C using THF (flow rate

1mL/min) at 35 °C. Mpand B were calculated by LS (dn/dc= 0.1850 L/g).

Polymerisations carried out using AscA as a reducing agent were
degassed using high purity nitrogen gas N2 gas. Polymerisations carried
out using bacteria were purged by storing in an anaerobic cabinet where
presence of a small amount of oxygen may exist. Optical density (OD)
measurements were carried out using BioMate 3S UV-Visible

spectrophotometer at 600 nm.

Toxicity experiments

MICs of ATRP reagents were carried out using microplate reader
(Infinite M Nano, TECAN) with 96-Well standard microplates (Costar
3363), measuring the ODsoo nm every 30 minutes for up to 24 hours.

Live/Dead staining and analysis of C. met was carried out using
Live/Dead Backlight bacterial viability kit containing SYTO9
(Excitation™/Emission = 535/617 nm) and Propidium iodide
(Excitation™>/Emission = 483/503 nm) dyes. Live/Dead analysis was
carried out using microplate reader with monochromatic fluorescence.
Microscope images were taken using Nikon microscope (Japan, TIDH)
with optimMOS scMos camera, analysed using NIS elements Advanced

Research 4.00 (red and green filters).
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Experimental and Supplementary

2.1.7 Synthesis of Poly(Poly ethylene glycol methyl
ether methacrylate): AscA Initiated Fe ATRP

Iron(lll)chloride hexahydrate (FeCls.6H20) and (Ligand) in (1:X
ratio) were dissolved in phosphate buffered saline (PBS) (1.5 mL) ina 10
mL reaction vessel with rubber stopper; the solution was degassed for
20 minutes. Meanwhile, ascorbic acid (AscA) was dissolved in PBS (0.5
mL) and degassed separately for 20 minutes before it was transferred
under nitrogen via degassed syringe to the iron and ligand mixture. The
mixture was degassed for a further 20 minutes during Fe (lll) to Fe (ll)
activation.

Simultaneously polyethylene glycol methyl ether methacrylate
(PEGMA) (0.1 mmol) and 2-hydroxyethyl 2-bromoisobutyrate (HEBIB)
were dissolved in 1.5 mL PBS in a 5 mL reaction vessel with rubber
stopper and degassed for 20 minutes. The degassed monomer/initiator
solution was then transferred to the degassed reaction mixture via
degassed syringe and reaction vessel placed in a heating block (37 °C)
and stirred. The reaction progress was monitored by taking *H NMR
samples at various time intervals, until being terminated on exposure to
air. The mixture was then dialysed against de-ionised water with
ethylenediaminetetraacetic acid (EDTA) using dialysis membrane
(MWCO = 3.5 kDa) for two days and subsequently freeze-dried to obtain

polymer. All experiments made to 0.26 M (monomer concentration)
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Conversion calculation. The estimated conversion was calculated

by 'H NMR using the ratio of integrals for monomer: polymer peaks. For

PPEGMA, the first monomer CH from the CH2 acrylate peak (~6.085

ppm) and CHs polymer backbone peak (0.418 — 1.341 ppm) were

compared (Equation 1).

[ Polymer
Conversion = protons %100

[ polymer = [ monomer
protons protons

'cDcl,

(Equation 1)

a

N .
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20
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50 40 30 20 10

Figure S2. 1. 13C NMR (100 MHz, CDClIs) structure of purified PPEGMA resulting from

AscA initiated Fe ATRP (PEGMA, FeCls, MesTREN and HEBIB in PBS at 37°C).
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2.1.8 Control Experiment to show that MesTREN does

not Activate the Polymerisation Reaction

FeCls3.6H20 (9 mg, 0.033 mmol) and MesTREN (26.7 pL, 0.099 mmol,
1:3 ratio) were dissolved in phosphate buffer solution (PBS) (1.5 mL) in
a 10 mL reaction vessel with rubber stopper; the solution was degassed
for 20 minutes. AscA was omitted from the reaction. The mixture
continued to degas for a further 20 minutes. Meanwhile, PEGMA (285.7
pL, 0.1 mmol) and HEBIB (4.81 pL, 0.033 mmol) were dissolved in 2 mL
PBS in a 5 mL reaction vessel with stopper and degassed for 20 minutes.
The degassed Monomer/initiator solution was then transferred to the
degassed reaction mixture via syringe, and reaction vessel placed in a
heating block (37 °C) for 5.5 hours. *H NMR samples were taken at time

0 and after 5.5 hours to monitor the reaction.

' | | | W -

‘L__,/ \J L b\ JMM ]

Wl

i i i ; ; i
3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure S2. 2. Control Fe ATRP experiment (PEGMA, FeCls, MesTREN and HEBIB in
PBS at 37°C) to show polymerisation inhibition without a reducing agent (AscA). 'H NMR
(400 MHz, D20) overlay at time 0 (bottom) and end, 5.5 hours (top) - absence of broad

polymer backbone peaks ~0.4-1.3 ppm reveal no polymer formation.
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2.1.9 Chain Extension Polymerisation (Targeted DP

100)

The reaction procedure was carried out as described previously for
PPEGMA synthesis, but the chain extension of PPEGMA. Macro-initiator
PPEGMA3o (Table 1, entry 1) was used in place of the initiator.

Reagent ratio:
[Monomer]:[FeCls]:[Ligand]:[macro-initiator]:[AscA] =
[100]:[2]):[4]:[1]:[4]-

The reaction proceeded for 26 hours resulting in <14% conversion.

After purification by dialysis against water (3.5 kDa membrane) polymer

was analysed by SEC and 'H NMR.

Conversion calculation. The estimated conversion was calculated by
H NMR using the ratio of integrals for monomer: polymer peaks. For
PPEGMA, the first monomer CH from the CH2 acrylate peak (~6.085
ppm) and CHs polymer backbone peak (0.418 — 1.341 ppm) were
compared as follows. The polymer integration from the macro-initiator
was then deducted from the calculation of conversion after the chain
extension using equation 1.

Before chain extension: Integration for macro-initiator
Monomer (CH): 1/1 proton = 1; Polymer (CHs): 2.23/3 protons = 0.74
Original macro-initiator backbone peak = (0.74/1.74)*100 = 43%

After chain extension: Integration for chain extended polymer (Figure

S2.3)
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Monomer (CH): 1/1 proton = 1; Polymer (CHz): 3.92/3 protons = 1.31

Conversion + Original macro-initiator peak = (1.31/2.31)*100 = 57%

Conversion =57% - 43% = 14%

) Joodo L/

E)

—

7 3.9
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6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 44 4.2 40 3.8 3.6 3.4 3.2 3.0 2.8 2.6 24 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4
f1 (ppm)

Figure S2. 3. Example 'H NMR (400 MHz, D20) spectra after chain extension of
PPEGMA macro-initiator. Integration comparison of CH from the CH2 monomer acrylate
and CHs polymer backbone peaks shown. Polymer resulting from AscA initiated Fe

ATRP (PEGMA, FeCls, MesTREN and HEBIB in PBS at 37°C).
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Figure S2. 4. 'H NMR (400 MHz, CDClz) spectra of pure chain extended PPEGMA with
assigned structure. Polymer resulting from AscA initiated Fe ATRP (PEGMA, FeCls,

MesTREN and HEBIB in PBS at 37°C).
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Figure S2. 5. 13C NMR (100 MHz, CDCIl3) spectra of pure chain extended PPEGMA
with assigned structure. Polymer resulting from AscA initiated Fe ATRP (PEGMA, FeCls,

MesTREN and HEBIB in PBS at 37°C).

© Mechelle Rebecca Bennett 128



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

2.1.10 AscA initiated Fe ATRP: Differing the
Monomer Types

The reaction procedure was carried out as described previously for
PPEGMA synthesis, substituting different monomers for PEGMA. The
concentration of the reaction (monomer concentration/total volume) was
kept between 0.26 — 0.27 mol dm.

FeCls.6H20 and MesTREN (1:3 ratio) were dissolved in PBS (1.5 mL)
in a 10 mL reaction vessel with rubber stopper; the solution was
degassed for 20 minutes. Meanwhile, AscA was dissolved in PBS (0.5
mL) and degassed separately for 20 minutes before it was transferred
under nitrogen via degassed syringe to the Iron and ligand mixture. The
mixture was degassed for a further 20 minutes during Fe3* to Fe?*
activation.

Simultaneously (Monomer) (~0.1 mmol) and HEBIB (~0.033 mmol)
were dissolved in 1.5 mL PBS in a 5 mL reaction vessel with rubber
stopper and degassed for 20 minutes. The degassed monomer/initiator
solution was then transferred to the degassed reaction mixture via
degassed syringe and reaction vessel placed in a heating block (37 °C).
The reaction progress was monitored by taking *H NMR samples at
various time intervals, until being terminated on exposure to air. The
mixture was then dialysed against de-ionised water with EDTA using
dialysis membrane (MWCO = 3.5 kDa) for two days and subsequently

freeze-dried to obtain polymer.
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2.5.4.1 Determination of dn/dc for aqueous SEC of polymers

Refractive index increment (dn/dc) was calculated for polymers
analysed by aqueous SEC. Several concentrations were measured and
plotted against resulting RI measurement (Figure S26). The gradient of

the line for each polymer was recorded as the dn/dc value (Table S3).

1.337 =

x

(]

©

o

— 1.336 =

()

>

I

]

= —*— PAMPS

(]

o 1.335+
—— PMEDSA (4 h)
—*— PMEDSA (24 h)

1.334 =TT

0.000 0.005 0.010 0.015 0.020

Concentration (g/ mL)

Figure S2. 6. A plot of Rl measurements at different concentrations of polymer (PMEDSA

— 4 h reaction. PMEDSA, - 24 h reaction and PAMPS) in PBS (1X).

Table S2. 1 Refractive index increment (dn/dc) values of different polymers; calculated

using the gradient of Rl measurement against concentrations of polymer (Solvent PBS).

Entry from table 2.2 Polymer Dn/de (mL/g)
6 PAMPS 0.1405
7 PMEDSA — 4 h reaction 0.1433
8 PMEDSA — 25 h reaction 0.1381

2.5.4.2 Determination of dn/dc for PEGMA for THF SEC
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PEGMA
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Figure S2. 7 Plot of Rl measurements at different concentrations of PPEGMA (DP100) in

THF.

Table S2. 2 Refractive index increment (dn/dc) values of PPEGMA; calculated using the

gradient of Rl measurement against concentrations of polymer (Solvent THF).

Polymer Dn/dc (mL/g)

PEGMA 0.0527
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2.1.11 Investigation of Catalyst Type: AscA Initiated

Fe ATRP

FeCl3.6H20 (9 mg, 0.033 mmol) OR FeBrs:.6H20 (9.9 mg, 0.033
mmol) was dissolved in phosphate buffer solution (PBS) (1.5 mL) with
MesTREN (26.7 pL, 0.099 mmol, 1:3 ratio) in a 10 mL reaction vessel
with rubber stopper; the solution was degassed for 20 minutes. After
which a solution of simultaneously degassed AscA (0.5 mL of stock
containing 5.9 mg, 0.033 mmol) was added to the Fe/Ligand solution to
premix for 20 minutes. Meanwhile, PEGMA (285.7 pL, 1 mmol) and
HEBIB (4.81 pL, 0.033 mmol) were dissolved in 1.5 mL PBS ina 5 mL
reaction vessel with stopper and degassed for 20 minutes. The degassed
Monomer/initiator solution was then transferred to the degassed reaction
mixture via syringe, and the reaction vessel placed in a heating block (37

°C) for 5.1 hours. *H NMR samples were taken at time points throughout.
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2.1.12 Minimum Inhibitory Concentrations (MIC)s of

ATRP reagents towards C. met cultures

An overnight culture (18 hours growth from pellet) of C. met was

grown at 30 °C. The culture was adjusted to an ODsoo 0.2 and 100 pL

placed in relevant wells of a 96-well plate. Dilutions of reagents were

made in double concentrate in LB solution. 100 pL of each reagent was

added to a relevant well containing 100 uL bacteria, diluting both bacteria

and reagent by half to the required concentrations. The plate was

covered with a lid and placed in a microplate reader with shaking at 30

°C for 24 hours where the ODeoo Wwas measured continuously. Results for

the maximum concentration without affecting log growth rate are

displayed in table S2.2.

Table S2. 3. MIC concentrations of ATRP reagents at which C. met growth at

exponential phase was not significantly affected.

Reagent

Concentration

(mM)

PEGMA
HEMA
NIPAM

MEDSA
NHEA

MesTREN
Bpy
MesTREN
HEBIB
DHBP

FeCls.6H20

14

14

14

50

50

2.5

0.025

2.5

2.5

70
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Monomers
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Figure S2. 8. MIC Experiments of different monomers at different concentrations

with C. met to assay toxicity limits.
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Ligands and Iron
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Figure S2. 9. MIC Experiments of different Ligands, iron sources and ligand/catalyst

mixtures at different concentrations with C. met to assay toxicity limits.

Note: In the case of Bpy, the reagent precipitated out at high

concentrations due to its poor solubility.
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Figure S2. 10. MIC Experiments of different initiators at different concentrations with

C. met to assay toxicity limits.
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2.1.13 Synthesis of Poly(Poly ethylene glycol methyl
ether methacrylate) using C. met — Catalyst

Controls

Bacteria Preparation

C. met were inoculated in 2 x 20 mL LB media and shaken at 30 °C
overnight. In preparation for the polymerisation the bacteria were washed
with PBS (2 x 10 mL) using centrifugation (8000 rpm, 10 mins). In
anaerobic conditions, the pellet was re-suspended in 4 mL PBS solution
of which 1 mL was taken for ODeoo reading. The ODsoo of the original 20
mL solution was taken and recorded to be 1 — 1.2 for each experiment
(~6.5 x 10° CFU/mL in total reaction volume). 1.5 mL of the bacteria in
PBS were used in the polymerisation. The pellet was suspended in 4 mL

PBS solution of which 1 mL was taken for ODsoo reading.

Polymerisation Procedure

Reagents were weighed out in sterile microfuge tubes (Eppendorf) and
placed in the anaerobic cabinet (COz2:H2:N2 = 10:10:80%) for 1 hour
before the reaction to remove oxygen traces. The following reactions

were carried out inside the anaerobic cabinet at 30 °C.

S2.6.7A; Reaction A — with bacteria

FeClz.6H20 (9 mg, 0.033 mmol) and MesTREN (26.7 pL, 0.99 mmol)
were added to a 5 mL microfuge tube with small stir bar and 1 mL PBS
(degassed). 1.5 mL C. met solution was then added to the mixture and
left to stir for 20 minutes. PEGMA (204.8 pL, 0.71 mmol) and HEBIB

(2.04 pL, 0.007 mmol) in 1 mL PBS (degassed) were lastly added to the
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mixture and stirred using a magnetic stir bar and stir plate in an anaerobic
cabinet at 30 °C for 6 hours. Time points were taken for *H NMR analysis;
each sample (50 pL) was centrifuged (5,000 g, 2 min) in a
microcentrifuge tube (Eppendorf), to remove iron and bacteria residue
for clearer spectra, and the supernatant was taken for analysis. The
reaction was terminated by exposure to air and the reaction mixture was
centrifuged to remove iron and bacteria residue. The supernatant was
purified by dialysis (3.5 kDa, MWCO) for two days with EDTA to remove

traces of iron catalyst before freeze drying.

S2.6.7B; Control Reaction B — without bacteria

FeCl3.6H20 and MesTREN were added to a 5 mL microfuge tube and
1 mL PBS (degassed) was added. Bacteria were omitted from the
reaction. PEGMA and HEBIB in 1.75 mL PBS (degassed) were lastly
added to the mixture and stirred in an anaerobic cabinet at 30 °C for 6
hours. Time points were taken for 'H NMR analysis; each sample (50 -
100 pL) was spun in an microcentrifuge tube (4000 rpm, 1 min) and the
supernatant was taken for analysis to remove iron and bacteria residue

for clearer spectra.

S2.6.7C; Control Reaction C — without catalyst

PEGMA and HEBIB were added to a 5 mL microfuge tube with small
stir bar and 2 mL PBS (degassed) was added. 1.5 mL C. met bacteria in
PBS was then added to the mixture and left to stir in an anaerobic cabinet
at 30 °C for 6 hours. Time points were taken for 'TH NMR analysis; each

sample (50 - 100 pL) was spun in a microcentrifuge tube (4000 rpm, 1
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min) and supernatant taken for analysis to remove iron and bacteria

residue for clearer spectra.
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Figure S2. 11. 'H NMR (400 MHz, DMSO) Spectrum of PPEGMA formed via Fe ATRP
polymerisation initiated by C. met (FeCls, MesTREN and HEBIB in PBS at 37°C) with

corresponding structure and assignment.
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2.1.14 C. met initiated Fe ATRP of PEGMA (14 mM)
without HEBIB

An experiment was carried out as written in Section 2.6.7A but without

initiator added to the reaction. After 24 hours, unsubstantial amount of
polymer was formed.
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Figure S2. 12 'H NMR (400 MHz, D20) at T = 24 h for bacterial initiated Fe ATRP

(FeCls/MesTREN) of PEGMA (14 mM) - control polymerisation reaction using C. met without
ATRP initiator, HEBIB.
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2.1.15 Live/dead Viability Assays and Imaging for C.
met

Method for the Calibration curve

C. met cultures (3 biological replicates) were grown from a bead stock
solution in 5 mL LB at 30°C overnight. These were adjusted to ODeoo Of
0.1. These were subsequently centrifuged (5,000 g, 15 mins) and re-
suspended in 1 mL LB. 0.5 mL was added to 10 mL isopropyl alcohol
(IPA) and 0.5 mL added to 10 mL LB. These were left for 1 hour at room
temperature and on ice, respectively. They were then centrifuged (15
mins), washed with 5 mL PBS (10 mins) and re-suspended in 2 mL PBS
each. 1.5 mL of each was added to a further 2.2 mL PBS to dilute to a
bacteria concentration which reflects that of the ATRP reactions.

Mixtures of live and dead bacteria were made to obtain different
percentages of live bacteria (100%, 90%, 70%, 50%, 30%, 10%, 0%).
100 pL of each sample was transferred to a black bottomed 96-well plate
and 100 pL dye mixture added (2 replicas). The dye mixture (ImL:6uL;
distilled water:dye mix (Syto9+Pl)) was made according to manual
(Live/Dead backlight viability assay kit). The plate was incubated for 15
mins before microplate analysis via monochromatic fluorescence. The
TECAN reader was set to excitation and emission ranges of; SYTO 9:
483-503 nm and PI: 535-617 nm. Results were plotted in graphpad prism
and asymmetric line of best fit was plotted (Figure S2.11). Values above

90% live bacteria are less reliable.
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C. metallidurans Calibration Curve
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104 —— Asymmetric non linear regression
p
R?=0.8617
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Figure S2. 13. C. met calibration curve (live/dead) for determining % live bacteria using

fluorescence assay.

C. met instructed ATRP live dead analysis

Method

This method was used for the analysis of samples A, A*, C1, and C2
(Section 2.6.7). 100 uL of each sample was transferred to a black
bottomed 96-well plate and 100 pL dye mixture was added (2 replicas).
The dye mixture (1 mL:6 pL; distilled water.dye mix (Syto9+Pl)) was
made according to the manual (Live/Dead backlight viability assay Kkit).
The plate was incubated for 15 mins before TECAN analysis via
monochromatic fluorescence. The TECAN reader was set to excitation
and emission ranges of; Syto 9: 483-503 nm and PI: 535-617 nm.

Fluorescence measurements were converted to percent live bacteria
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using the above calibration curve (Figure S2.11) via graphpad prism
interpolation analysis.

Fluorescence microscopy imaging for C. met instructed ATRP

Method

This method was used for the analysis of samples A, A*, C1, and C2
(Section 2.6.7). Dye mix (Live/Dead backlight viability assay kit) of
propidium iodide and SYTQO9 (1:1) was made. Distilled water was added
to this mix (ratio 1 mL: 3 pL). To each sample (100 pL), 0.3 pL dye
solution was added and incubated in the dark for 15 minutes. 5 pL of
each sample was pipetted onto a microscope slide and covered with a
cover slip, then imaged using Nikon microscope. Images were analysed
by Image J, and live/dead filtered combined to overlay fluorescence of

SYTO 9 and propidium iodide.

Figure S2. 14 Typical fluorescence microscopy images of A (top left)- ATRP reaction with

live cells; A*(Top right) - ATRP reaction with dead cells; C1 (Bottom left) Control of live
bacteriaincubated in PBSin an anaerobic cabinet; and C2 (Bottom right) - Control of dead

bacteria.
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Colony Forming Unit (CFU) analysis

Method

This method was used for the analysis of samples A, A*, C1, and C2
(Section 2.6.7). 100 pL of each sample was diluted in 900 pL PBS and
vortexed. These serial dilutions were continued appropriately for each
sample. 20 pL of selected dilution factors were plated onto an LB agar
plate and stored at room temperature for 4 days. After which colonies

were counted and cell numbers calculated.

1 1

CFU = colonies *

dilution factor " Volume (mL)

Figure S2. 15. Plates of C. met on LB agar after initiating Fe ATRP of PEGMA (FeCl3,
MesTREN, HEBIB, in PBS at 37 °C). A= live bacteria, A*= pre-killed bacteria. Control
bacteria which were not exposed to polymerisation reagents: C1= Live bacteria, C2: pre-

killed bacteria.
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2.1.16 Synthesis of Poly(Poly ethylene glycol methyl
ether methacrylate) Initiated by C. met., E. coli

and C. spor.

In the following Polymerisations 14 mM monomer concentration was

used to maintain bacterial viability.

Bacteria Preparation

A cryo-stock bead (stored at -80 °C) of C. met CH34, E. coli top 10 or
C. spor* wild type were inoculated in 5 mL LB media and shaken at 30
°C and 37.5 °C, respectively overnight. The culture was then adjusted to
ODe0o0 0.1 in 20 mL LB and grown for a further 16-18 hours until the ODsoo
of the culture reached 1.1 - 1.2 (~6.5 x 10° CFU/mL in final reaction
volume). The culture was centrifuged (5,000 g, 15 mins) and the
supernatant was washed with PBS twice (10 mL for 15 mins, and 5 mL
for 10 mins). The pellet was re-suspended in 4 mL degassed PBS in the
anaerobic cabinet and further deoxygenated for 45 mins.

For each reaction 1.5 mL of bacteria was used (total 40% bacteria
solution): A: Bacteria instructed ATRP reaction; B: No bacteria and C:
No FeCl3.6H20.**

*In the case of C. spor care was taken to eliminate contact of culture
with air; culture was grown in an anaerobic cabinet (37.5 °C) and all
washes took place in anaerobic conditions due to extreme sensitively of
the bacteria to the outside air. Polymerisations of this organism took

place in an anaerobic 37.5 °C cabinet.
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**For C. met just Reaction A was carried out as the previous section
includes similar controls to B and C. Additionally the reaction A* was
carried out to observe the effect of using killed bacteria in the
polymerisation.
2.6.10A; Reaction A

E. coli and C. met

In an anaerobic cabinet (30 °C), FeCl3.6H20 (100 pL of 7.49 mM
stock solution, 2.63x10-2 mmol) and MesTREN (100 uL of 22.2 mM stock
solution, 7.91x102 mmol) were added to a 5 mL microfuge tube with a
small stir bar and 1 mL PBS (degassed) was added. 1.5 mL bacteria
culture was then added to the mixture and left to stir for 20 minutes.
PEGMA (16.2 pL, 0.0567 mmol) and HEBIB (100 pL of 3.22 mM stock
solution, 1.13 x10° mmol) in 1 mL degassed PBS were lastly added to
the mixture and stirred using a magnetic stir bar and stir plate in an
anaerobic cabinet at 30 °C for 24 hours. Time points were taken before
and after the reaction for *H NMR analysis; each sample (50 uL) was
spun in an microcentrifuge tube (5,000 g, 2 min) to remove iron and
bacteria residue for clearer spectra, and the supernatant was taken for
analysis. The reaction was terminated after 24 hours by exposure to air
and the reaction mixture was centrifuged to remove iron and bacteria
residue. The supernatant was purified by dialysis (3.5 kDa, MWCO
membrane) for two days with EDTA to remove traces of iron catalyst

before freeze-drying.
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C. spor

In an anaerobic cabinet (37.5 °C), FeCls.6H20 (100 pL of 7.49 mM
stock solution, 2.63x10-2 mmol) and MesTREN (100 pL of 22.2 mM stock
solution, 7.91x10-3 mmol) were added to a 5 mL microfuge tube with a
small stir bar and 1 mL PBS (degassed) was added. 1.5 mL bacteria
culture was then added to the mixture and left to stir for 20 minutes.
PEGMA (16.2 pL, 0.0567 mmol) and HEBIB (100 pL of 3.22 mM stock
solution, 1.13 x10° mmol) in 1 mL degassed PBS were lastly added to
the mixture and stirred using magnetic stir bar and stir plate in an
anaerobic cabinet at 37.5 °C for 24 hours. Time points were taken before
and after the reaction for 'H NMR analysis; each sample (50 pL) was
spun in a microcentrifuge tube (5,000 g, 2 min) to remove iron and
bacteria residue for clearer spectra, and the supernatant was taken for
analysis. The reaction was terminated after 24 hours by exposure to air
and the reaction mixture was centrifuged to remove iron and bacteria
residue. The supernatant was purified by dialysis (3.5 kDa, MWCO
membrane) for two days with EDTA to remove traces of iron catalyst
before freeze drying.
2.6.10A*; Reaction A* (C.met)

This procedure was carried out as written in 2.6.10 (Reaction A) but
before washing, the C. met pellet was re-suspended in isopropy! alcohol
(IPA) (70%) for 1 hour. The bacteria were washed using centrifugation
(5000 g, 15 mins, PBS (10 mL)) before resuspending in PBS (4 mL),
degassing in an anaerobic cabinet (1 hour) and 1.5 mL was added to the

reaction mixture.
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2.6.10B; Reaction B

The reaction was carried out using the method from Reaction A
(S2.5.10A) but omitting bacteria.

Briefly, FeCls.6H20 and MesTREN were added to a 5 mL microfuge
tube with a small stir bar and 1 mL PBS (degassed) was added. 1.5 mL
PBS was then added to the mixture and left to stir for 20 minutes. PEGMA
and HEBIB in 1 mL degassed PBS were lastly added to the mixture and
stirred using a magnetic stir bar and stir plate in an anaerobic cabinet (30
°C for E. coli and C. met, OR 37.5°C for C.s por) for 24 hours. The
reaction was terminated after 24 hours by exposure to air and the
reaction mixture was centrifuged to remove iron and bacteria residue.
The supernatant was purified by dialysis (3.5 kDa, MWCO membrane)
for two days with EDTA to remove traces of iron catalyst before freeze-
drying.
2.6.10C; Reaction C

The reaction was carried out using the method from Reaction A
(2.6.10A) but omitting catalyst (FeClz and MesTREN).

Briefly, 1.2 mL PBS (degassed) was added to a 5 mL microfuge tube
with a small stir bar. 1.5 mL bacteria were then added to the mixture and
left to stir for 20 minutes. PEGMA and HEBIB in 1 mL degassed PBS
were lastly added to the mixture and stirred using a magnetic stir bar and
stir plate in an anaerobic cabinet (30 °C for E. coliand C. met, OR 37.5°C
for C. spor) for 24 hours. The reaction was terminated after 24 hours by
exposure to air and the reaction mixture was centrifuged to remove iron

and bacteria residue. The supernatant was purified by dialysis (3.5 kDa,
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MWCO membrane) for two days with EDTA to remove traces of iron

catalyst before freeze-drying.

Table S2. 4 Conversions of reactions and controls using E. coli and C. spor to initiate Fe

ATRP of PEGMA (FeCls, MesTREN, HEBIB, 37 °C, in PBS).

Conversion calculated by *H NMR

monomer:polymer integral ratio

E. coli top 10 C. spor.

78% 36%

0% 0%

20% 0%

A

e et N

1.2 1.0 0.8
Jn\ f1 (ppm)
F I

U

; i ; y : : ; ; y
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

cEC
-

Figure S2. 16. 'H NMR Spectra (400 mHz; D20) time 24 hours for E. coli instructed
Polymerisation A (Top green) and controls B (Middle red) and C (Bottom, Blue). Resulting

from Fe ATRP reactions of PEGMA using FeCls/MesTREN and HEBIB at 37 °C, in PBS.
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Figure S2. 17. 'H NMR Spectra (400 MHz; D20) time 24 hours for C. spor instructed
polymerisation A (Top green) and controls B (Middle red) and C (Bottom, Blue). Resulting
from Fe ATRP reactions of PEGMA using FeCls/MesTREN and HEBIB at 30 °C, in PBS.
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Figure S2. 18. 'H NMR (400 MHz, DMSO) Spectra of PPEGMA formed via reduced
concentration ATRP polymerisation, initiated by E. coli with corresponding structure and

assignment.
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Figure S2. 19 'H NMR (400 MHz, DMSO) Spectra of PPEGMA formed via reduced
concentration ATRP polymerisation, initiated by C. spor with corresponding structure and
assignment.

2.1.17 Exploring Bacterial Assisted Fe ATRP

Parameters

2.1.17.1 Synthesis of PPEGMA using different bacteria
concentrations

C. met cultures were grown from cryo-bead stocks (2 x 5mL in LB)
at 30°C overnight. Each were adjusted to ODsoo 0.1 in 20 ml LB and
grown further overnight. They were centrifuged (15 mins, 5,000 g) and
washed with PBS (10 mL and 5 mL) before achieving final pellets. One
pellet was re-suspended in 1.5 mL degassed PBS to be used in high
concentration bacteria ATRP (Reaction 1). The second culture was re-
suspended in 4 mL degassed PBS of which 1.5 mL was used for medium

concentration bacterial ATRP (Reaction 2) and 150 pL used for a low
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concentration bacterial ATRP (Reaction 3). Stock solutions were made
for FeCls.6H20 and HEBIB. Appropriate volume FeCls.6H20 stock and
MesTREN were added to a 5 mL microcentrifuge tube for each reaction
along with stir bar and PBS. In separate tubes Monomer and HEBIB were
dissolved in PBS. These were placed in the anaerobic cabinet for a
minimum 1 hour to degas. Total amount PBS (including bacteria)
equalled 4 mL in each reaction and reagent quantities are given in table
S2.5. After degassing, bacteria were added to FeCls/MesTREN mix and
pre-mixed for 15 minutes before adding monomer/initiator mixture where
the reaction began. The reaction was terminated after 7.5 hours by

exposure to air, with time point taken in between.

Table S2. 5 Reagent ratios for Bacterial assisted Fe ATRP study with different C. met

concentrations.

Reagent Ratio mmol Mass (mg) Vol (uL)
PEGMA 100 0.052 17 16.2
FeClz.6H20 4.65 0.0024 0.65 0.36
MesTREN 13.95 0.0072 1.66 1.9
HEBIB 2 0.0010 0.22 0.15

2.1.17.2 High concentration Bacteria control

The reaction was set up as described previously (2.6.11.1,
Reaction 1) with the highest concentration of bacteria (1.35 x 10'° CFU
ml in final reaction volume), however no initiator was added to the

reaction and it was left for 24 hours.
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Figure S2. 20 *H NMR (400 MHz, CDCl3) of Fe ATRP (PEGMA in PBS at 37 °C)
control polymerisation with no-initiator for high concentration bacteria

reactions: Bottom; Time 0 of the reaction and top; 24 hours after the reaction.

2.1.17.3 Synthesis of PPEGMA using different catalyst
concentrations

C. met cultures were grown from bead cryo-stocks (5 x 5 mL in LB)
at 30°C overnight. These were adjusted to ODeoo 0.1 in 20 ml LB and
grown further overnight. They were centrifuged (15 mins, 5,000 g) and
washed with PBS (10 mL and 5 mL) before achieving final pellets which
were re-suspended in 1.5 mL degassed PBS. 1.5 mL of this was used in
each reaction (1.35 x 101° CFU ml?t in final reaction volume). Stock
solutions were made for FeCls.6H20 and HEBIB. Appropriate volume
FeCls.6H20 stock and MesTREN were added to a 5 mL Microcentrifuge
tube for each reaction along with stir bar and PBS. In separate tubes

Monomer and HEBIB were dissolved in PBS. These were placed in the
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anaerobic cabinet for minimum 1 hour to degas. Total amount PBS
(including bacteria) equalled 4 mL in each reaction, reagent quantities
are given in table S2.5 with FeCls.6H20 and MesTREN values varying for
each reaction as shown in Table S2.6. After degassing, bacteria were
added to FeCls/MesTREN mix and pre-mixed for 15 minutes before
adding monomer/initiator mixture where the reaction began. The reaction
was terminated after 6 hours by exposure to air, with time point taken in

between.

Table S2. 6 Varying amounts of catalyst (FeCls/MesTREN) in moles for bacterial

initiated Fe ATRP polymerisations (PEGMA in PBS at 37 °C).

Concentrations
Sample

FeCls.6H.0O (mg)  MesTREN (uL)

1 0.0068 0.02
2 0.068 0.2
3 0.68 2

4 6.8 20
5 68 200

2.1.17.4 Synthesis of PPEGMA targeting different DPs

C. met cultures were grown from cryo-stock beads (3 x 5 mL in LB)
at 30°C overnight. These were adjusted to ODsoo 0.1 in 20 ml LB and
grown further overnight. They were centrifuged (15 mins, 5,000 g) and
washed with PBS (10 mL and 5 mL) before achieving final pellets which
were re-suspended in 1.5 mL degassed PBS. 1.5 mL of this was used in
each reaction (1.35 x 10%° CFU ml? in final reaction volume). Stock

solutions were made for FeCls.6H20 and HEBIB. Appropriate volume
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FeCls.6H20 stock and MesTREN were added to a 5 mL Microcentrifuge
tube for each reaction along with stir bar and PBS. In separate tubes
appropriate amount of monomer and HEBIB were dissolved in PBS.
These were placed in the anaerobic cabinet for minimum 1 hour to
degas. Total amount PBS (including bacteria) equalled 4 mL in each
reaction, reagent quantities are given in table S2.7. After degassing,
bacteria were added to FeCls/MesTREN mix and pre-mixed for 15
minutes before adding monomer/initiator mixture where the reaction
began. The reaction was terminated after 5 hours by exposure to air, with

time point taken in between.

Table S2. 7 Varying DP of bacterial induced Fe ATRP polymerisations (PEGMA in PBS at

37 °C) by changing initiator:monomer (HEBIB:PEGMA) ratio.

DP 50 25 10
PEGMA (L) 16.1 16.1 16.1
FeCls (mg) 0.65 1.3 3.25
MesTREN (L) 1.9 3.8 9.7
HEBIB (uL) 0.14 0.28 0.7

2.1.17.5 Synthesis of PPEGMA using different initiators

C. met cultures grown from cryo-stock beads (2 x 5 mL in LB) at 30°C
overnight. These adjusted to ODsoo 0.1 in 20 ml LB and grown further
overnight. They were centrifuged (15 mins, 5,000 g) and washed with
PBS (10 mL and 5 mL) before achieving final pellets which were re-
suspended in 1.5 mL degassed PBS. 1.5 mL of this was used in each

reaction (1.35 x 10%° CFU ml? in final reaction volume). Stock solutions
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were made for FeCls.6H20 and HEBIB. Appropriate volume FeCl3.6H20
stock and MesTREN were added to a 5 mL Microcentrifuge tube for each
reaction along with stir bar and PBS. In separate tubes Monomer and
HEBIB were dissolved in PBS. These were placed in the anaerobic
cabinet for minimum 1 hour to degas. Total amount PBS (including
bacteria equalled 4 mL in each reaction), reagent quantities are given in
table S2.5 but initiator type varies as in table S2.8. After degassing,
bacteria were added to FeCls/MesTREN mix and pre-mixed for 15
minutes before adding monomer/initiator mixture where the reaction
began. The reaction was terminated after 5.75 hours by exposure to air,

with time point taken in between.

Table S2. 8 Different initiator types used in bacterial initiated Fe ATRP

polymerisations (PEGMA in PBS at 37 °C).

Initiator Mass/Volume
HEBIB 0.149 pL
DHBP 0.240 mg

Table S2. 9 Results for varying Initiator types used in bacterial initiated Fe ATRP
polymerisations (PEGMA in PBS at 37 °C)

Initiator Conversion Mn (kDa) b
HEBIB 41% 188.8 2.4
DHBP 21% 450 1.9
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2.1.17.6 Additional SEC traces for C.met catalysed Fe ATRP

of PEGMA with altering parameters (DP and initiator

type)
A DP Study B Initiator type
— DP10
— DP25
— DP50 — DHBP
Bacteria alone — HEBIB
103 104 105 106 107 103 104 105 106 107
log{M.W.) log(M.W.)
I - 3.0
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Figure S2. 21. SEC (THF) traces of C. met catalysed Fe ATRP of PEGMA in different
conditions; A - Degree of polymerisation (DP) was altered to 10, 25 and 50, and B -
Different initiators were used, HEBIB (Blue) and DHBP (Black). A second order plot (C) of
MnSEC€ and conversion (*H NMR) is displayed, comparing the characteristics of Fe ATRP

polymerisations with different initiators.

Note: Small peak at 10* Da corresponds to protein component of

bacteria B~1.05 (Overlay seen for comparison in A)
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2.1.17.7 Synthesis of other polymers using high
concentration of bacteria

C. met cultures grown from cryo-stock beads (5 x 5 mL in LB) at 30°C
overnight. These adjusted to ODsoo 0.1 in 20 ml LB (to ~ODsoo 1-1.5) and
grown further overnight. They were centrifuged (15 mins, 5,000 g) and
washed with PBS (10 mL and 5 mL) before achieving final pellets which
were re-suspended in 1.5 mL degassed PBS. 1.5 mL of this was used in
each reaction (1.35 x 10° CFU mltin final reaction volume; 4 mL). Stock
solutions were made for FeCls.6H20 and HEBIB. Appropriate volume
FeCls3.6H20 stock and MesTREN were added to a 5 mL Microcentrifuge
tube for each reaction along with stir bar and PBS. In separate tubes
Monomer and HEBIB were dissolved in PBS. These were placed in the
anaerobic cabinet for minimum 1 hour to degas. Total amount PBS
(including bacteria equalled 4 mL) in each reaction, reagent quantities
are given in table S2.5 with Monomer values varying for each reaction as
shown in Table S2.10. After degassing, bacteria were added to
FeCls/MesTREN mix and pre-mixed for 15 minutes before adding
monomer/initiator mixture where the reaction began. The reaction was

left overnight and terminated by exposure to air.

Table S2. 10 Different monomer types (14 mM) used in Fe ATRP (PEGMA in PBS at

37 °C) initiated by bacteria.

Monomer Mass (mg)
MEDSA 14 mg
NHEA 5.7 mg
NIPAM 5.7 mg
HEMA 6.5 mg
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Figure S2. 22 1H NMR (400 MHz, D20) of polymer resulting from b-ATRP

(FeCls/MesTREN) of MEDSA at 37 °C in PBS. *residual monomer or biological matter.
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Figure S2. 23 'H NMR (400 MHz, D20) of polymer resulting from b-ATRP (FeCls/MesTREN)

of NHEA at 37 °C in PBS. *residual monomer/ FeClsMesTREN or biological matter.
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Figure S2. 24 *H NMR (400 MHz, D20) of polymer resulting from b-ATRP (FeCls/MesTREN)

of NIPAM at 37 °C in PBS. *residual monomer/ FeClsMesTREN or biological matter.
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Figure S2. 25 'H NMR (400 MHz, D20) of polymer resulting from b-ATRP (FeCls/MesTREN)

of HEMA at 37 °C in PBS. *residual monomer/ FeClsMesTREN or biological matter.
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Chapter 3. Bacteria Driven Fenton Glucose
Oxidase-RAFT (FG-RAFT)

Polymerisations
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Abstract

The ability to utilise bacterial redox mechanisms for synthetic
chemistry has grown in interest as a potential means to create new forms
of engineered living materials (ELM),' to manipulate cell properties or
phenotype,*® and to probe the mechanistics of cellular machinery.” 8 It
is also an advantage to be able to perform such experiments in the
presence of air which might expand the scope for future applications and
avoid the need for degassing air sensitive reagents. Enzyme cascade
reactions involving Glucose Oxidase (GOx) were employed in this
research to facilitate an air stable Reversible Addition Fragmentation
chain-Transfer (RAFT) polymerisation driven by the Fenton reaction. An
in situ reducing activation step (Fe3* to Fe?*) was introduced to protect
the air sensitive reagent Fe?*, via a reaction with ascorbic acid (AscA).
These methods were adapted towards biocompatible conditions with a
variety of monomers, and investigations were carried out to inspect how
reagents associated with the initial radical flux (Glucose, GOx, FeCls,
AscA) would affect the reaction. Altering FeCls and AscA concentrations
were found to influence the dispersity (D)s and molecular weight (Mn)
distributions of the resulting polymers. The application of bacterial
(Cupriavidus metallidurans (C. met)) redox catalysis in place of AscA
successfully generated polymers of dimethyl acrylamide (DMA) in a
controlled manner (O ~ 1.12), advancing bacterial mediated
polymerisation techniques compared to previous methods.®

Concentrations of FeCls as low as 7 uM were effective at producing
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polymers in a relatively controlled manner. Heat-killed bacteria were
unable to catalyse the reaction, highlighting the necessity of active
bacterial metabolism to instigate the Fenton GOx (FG) cascade reaction.
Other monomers, N-Hydroxyethyl acrylamide (NHEA) and N-
acryloylmorpholine (NAM) were also polymerised by C. met activated
FG-RAFT, revealing that the D and Mn of the resulting polymers was
monomer dependant. In the case of polymerisation with NAM,
decreasing the concentration of FeCls significantly aided smaller Bs but

at a compromise of slightly poorer My control.
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Introduction

The previous chapter of this thesis explored the use of bacteria to
initiate ATRP. It was shown that an Fe3* catalyst could be activated by
the presence of bacteria to polymerise a range of vinyl monomers, and
various ATRP parameters such as cell and catalyst concentration and
initiator species were investigated. The Fe catalyst played a vital role in
mediating the control of ATRP polymerisations by influencing the
equilibrium between dormant and active growing polymer species. As
discussed previously, there were several unknowns concerning possible
Fe catalyst uptake by the bacteria or entanglement in the bacterial
extracellular matrix (ECM) during these Fe ATRP polymerisations, which
somewhat compromised the molecular weight (M,) control of the
polymers. Secondly, a complex reaction set-up was required as typical
ATRP experiments are conducted under inert conditions to avoid
oxidation of the catalyst and inhibition of the polymerisation process,
which confined the method to anaerobic bacteria and limited future
applications to anoxic conditions.

In contrast, RAFT polymerisations do not rely on the oxidation
state of a metal catalyst to control the equilibrium but are instead
controlled by the reactivities of the chain transfer agent (CTA), monomer
and external radical/electron source (e.g. azoinitiator!® 11, redox
couple,'>14 electricity,’® electromagnetic irradiation®18) . As the RAFT
CTA mediates a conventional radical polymerisation to enable Ms

control, low B, and because RAFT is more compatible with aqueous
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environments,® it was envisioned that RAFT polymerisation might better
facilitate the synthesis of uniform polymers with controllable M» under
biocompatible conditions, compared to Fe ATRP.

Furthermore, the ability to conduct Reversible Deactivation Radical
Polymerisation (RDRP) in air using oxygen tolerant polymerisation
methods, such as Laccase and Glucose Oxidase (GOx) facilitating
reactions,?>?® in low volumes,?® low temperatures,® and in non-
chemistry laboratories,?® has broadened the scope of possible
applications. In contrast, the Fe ATRP experiments described in chapter
2, required deoxygenation procedures and the use of an anaerobic
cabinet. In contrast, enzymes like GOx can be utilised to consume Oz via
catalysis with glucose to form H202, as part of a polymer initiation
process, and in turn protect polymer chains from deactivation. Although
extra additives such as glucose and GOx are required, this far outweighs
the use of anaerobic cabinets to deoxygenate individual reaction
components. Additionally, polymers generated using Fe ATRP had
distributions that were reliant on the equilibrium between dormant and
active Fe ATRP catalysts, which were difficult to control by the bacterial
reduction pathways. It was hypothesised that rather than using a
bacterial initiated Fe ATRP catalyst system, a RAFT polymerisation
method facilitated by a bacterial induced Fe chemistry (Fenton) initiation
system could be more effectively maintained.

An Fe-initiation system based on the Fenton reaction has
previously been implemented into conventional radical and RAFT

polymerisations. During this process, a RAFT polymerisation is initiated
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by hydroxyl radicals produced upon the reaction of Fe?* and H202.3% 22
Such polymerisations were successful under benign reaction conditions
(RT, aqueous solvent) with fast polymerisation kinetics and so it was
hypothesised that this system might be suitable for bacterial mediated
polymerisations. Moreover, Fenton-GOx (FG) cascade reactions have
been employed in air tolerant free radical polymerisations (FRPS)
towards various applications including;3 hydrogels for implantable
scaffold matrices, cellular encapsulation,® immuno-active coatings,3*
and biosensors.3> 36 Indeed, these reactions have been applied to RAFT
polymerisations,3!: 37 such as the incorporation of Haemoglobin (Hb) and
blood as Fe catalysts in biological solvents (bovine, human serum).3®
The biocompatibility, low cost and environmentally benign nature of
FG-RAFT prompted the exploration of its marriage with bacterial redox
systems in this chapter. Additionally, Fe?* is known to be susceptible to
oxidation under oxygenated conditions, which could reduce its
effectiveness as a catalyst and cause difficulties with storage and
handling. As demonstrated in chapter 2, AscA and bacteria can be used
to activate Fe®* to Fe?* in situ and may therefore generate Fenton active
Fe?* in these studies. FG-RAFT may be implemented for i) potential
biosensing applications, and i) to assist bacteria facilitated
polymerisations towards MIPs or ELM applications.
The role of GOx in the proposed polymerisation is to oxidise
glucose to gluconic acid using Oz to form H202. Once activated using
bacteria or AscA, Fe?* may react with H202 to form highly reactive

hydroxyl radicals (OH), which can initiate a polymerisation (Figure 3. 1).
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A biocompatible system in DPBS media was first established with the
selected water-soluble monomer/CTA system and control experiments
were carried out to ensure that i) Fe3* cannot undergo Fenton chemistry
to initiate the polymerisation under the reaction conditions, and ii)
reduction of Fe3* to Fe?* with a reducing agent can initiate the FG-RAFT
induced polymerisation. In consideration of toxicity studies, the monomer
concentration was modified to ensure it would not compromise bacterial
viability in subsequent bacterial experiments, and the effects of tailoring
several reagent concentrations were explored. C. met was then used in
place of AscA to initiate the polymerisation of several monomers. Living
bacteria were essential to the reaction process. Fe concentrations as low
as 7 uM were successful in driving the polymerisation which yielded

polymers with acceptable M, control and Ds.
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No reduction =
no polymerisation

A><l

Fe3*

Fenton
RAFT
Fenton ¢ Feld*
Reaction AscA
CTA + > or
Monomer 'HO T+ "OH
( \ )
Q s SP,, ‘/ P.S s Pm
RAFT
M . . M
Polymerisation
N\ W,

Figure 3. 1. Fenton GOx RAFT process initiated by reducing agents: ascorbic acid (AscA)

or bacteria. D-Glucose (DG) is converted to D-Glucanolactate (DGA) by glucose oxidase

(GOx) which consumes Oz in the process to form H202. Without the presence of reducing

agents, polymerisation should not take place. *GOx protein image from PBD ID: 3QVP.A.3°
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Results and Discussion

3.1.1 Establishing FG-RAFT under biocompatible

conditions

3.1.1.1 Enzyme RAFT

Before attempting bacteria-initiated polymerisations via a modified
FG-RAFT pathway it was first necessary to probe conditions in which i)
FG-RAFT (starting from Fe®*) could effectively take place, and ii) the
polymerisation could take place without affecting bacterial metabolism.
As discussed in Chapter 1, horseradish peroxidase (HRP) catalysed
RAFT, developed by Zhang et al,*° has been well studied and is carried
out in the absence of oxygen. Hence, to test the commercially available,
water soluble chain transfer agent (CTA), (2 - (2 -
carboxyethylsulfanylthiocarbonyl-sulfanyl) propionic acid) for
compatibility in enzyme cascade reactions, oxygen free HRP RAFT was
first employed with a commonly used monomer, N,N-dimethylacrylamide
(DMA), in DPBS at room temperature. Under these conditions
acetylacetonate (ACAC) radicals were effectively produced through HRP
catalysis and the reduction of H202 to form water. These radicals initiated
the RAFT polymerisation which resulted in polymers with an M, close to
the theoretical value and £ ~ 1.10, (Figure S3. 1 and Table S3. 1).

It was then necessary to combine GOx and HRP enzymatic catalysis
to test the efficacy of the biocompatible RAFT polymerization at room
temperature in the presence of oxygen. It is important to note that similar

experiments reported in prior literature require degassing of the solution
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with N2 for 30 minutes prior to the polymerisation reaction open to air.%!
In the experiments reported here external degassing was not required for
the polymerization of DMA in air and good control of the resulting
polymers was achieved (Mqse¢ = 29 kDa, My" = 20 kDa, B ~ 1.10), with
full conversion after 3 hours (Figure S3. 2 and Table S3. 1). The above
reaction was repeated without glucose to prove the necessity of glucose
to the reaction, where no polymer was formed (Figure S3. 3).
3.1.1.2 Fenton-GOx RAFT

A Fenton-GOx (FG) cascade was next implemented into the RAFT
reaction, with reagent ratios modelled on previous reactions carried out
by Reyhani et al.®” Instead of directly initiating the reaction using air
sensitive Fe?*, it was envisioned that more air stable Fe3* could be
activated to Fe?' in situ by ascorbic acid (AscA), the proposed
mechanism is shown in Figure 3. 1. Indeed, the reaction of DMA in the
presence of CTA, GO, Glu, Fe** and AscA resulted in polymer formation
after 20 hours (11%, Table 3. 1, Reaction A, Figure 3. 2, green). The
negative controls C1; omitting AscA and C2; omitting both Fe and AscA
gave no polymerisation (Table 3. 2, Figure S3. 4). Whereas the positive
control C3; with Fe?* and no ascorbic acid produced polymer as expected
(Figure 3. 2, blue). These results confirm that under these conditions i)
Fe?* is Fenton active with H20z, ii) Fe3* is not Fenton active with H20z,
iii) AscA can reduce Fe®* to Fe?* which further reacts with H202 to begin

a RAFT polymerization.
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C4:No Fe source

0.5 umol AscA
Reaction B:
0.5 umol AscA
' Reaction A:
12 umol AscA!
: C3:Initiated :
U ' by Fe?*
o 45 @0 55 0 4 30 s se T is o ie
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Figure 3. 2. *H NMR (400 MHz, D20) of final time point (20 hours) in Fenton-GOx-RAFT (FG
RAFT) reactions of DMA with FeCl3.6H20 of FeCl2.4H20. C3 (Bottom, Blue): Positive control
with Fe?* initiated FG-RAFT without AscA. Reaction A (Green): Fe®* and AscA (2 umol)
initiated FG-RAFT. Reaction B (Purple): Fe3* and AscA initiated FG-RAFT with decreased
AscA (0.5 umol). C4 (Orange): AscA negative control using reagent ratios from reaction B
but with no Fe source. Ratios are as follows: [DMA] : [CTA] : [GOx] : [Glu] : Fe source :
AscA for Reaction A: 200 : 1: 0.000025: 10: 0.07 : 1 and for Reaction B: 200 : 1 : 0.000025
:10:0.07:0.22.

Table 3. 1 FG RAFT reactions of DMA initiated by AscA. Reactions A and B have different

reagent ratios shown below with results of polymer conversions.

Reaction  Ratio: [DMA] : [CTA] : [GOx] : [Glu] : Fe source : AScA Conv .M
A 200:1:0.000025:10:0.07:1 11%
B 200:1:0.000025:10:0.07:0.22 95%

[l Estimated using of 'H NMR from comparison of monomer (CH acrylate): polymer (CH2

backbone) integrals.
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Table 3. 2 Control reactions 1-4 and descriptions of each control element for FG-RAFT

Polymerisations of DMA initiated by AscA.

Reaction  Control elements Ratio Conv. [@
C1 Fe3*, No AscA A 0%
Cc2 No AscA, No Fe source A 0%
C3 Fe2* A 12%
C4 AscA, No Fe source B 64%

[l Estimated using of 'H NMR from a comparison of monomer (CH acrylate):
polymer (CH2 backbone) integrals integral. C1, C2 and C3 had reagent ratios: DMA:
CTA: Glu: GOx: Fe: AscA = 200: 1: 10: 2.5 x 105 : 0.07: 1. C4 Had reagent ratios:
Reagent ratios: DMA: CTA: Glu: GOx: Fe: AscA = 200: 1: 10: 2.5 x 10 : 0.07: 0.22.

It has previously been shown that AscA can interfere with some
enzymatic reactions,*? and can also act as an oxygen scavenger,* so it
was hypothesized that high AscA concentrations might hinder the
polymerisation. Indeed, when the AscA concentration was reduced, a
large increase to 95% polymerisation was observed (Figure 3. 2,
Reaction B, purple). A further control experiment (C4, Table 3. 2) was
carried out to evaluate the effects of AscA on the reaction; where AscA
was present, but Fe was completely omitted. The resulting polymer
formation (64%) was likely due to the oxidisation of AscA by H20:2
(produced by GOx),** forming OH radicals which could initiate DMA
polymerisation. However, there was still a substantial amount of
monomer remaining in the 'H NMR spectra (Figure 3. 2, orange)
compared to that of Reaction B (Figure 3. 2, Reaction B, purple).
Furthermore, the AscA induced polymer formation was not of concern as
future experiments in this study required the use of bacterial redox

chemistry to reduce Fe®* instead of AscA.
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The results presented thus far show that an FG cascade reaction
could be used to drive a RAFT polymerisation. In these experiments Fe3*
and AscA were necessary to generate Fe?* in situ which could
subsequently react with H202 radicals in the Fenton reaction, forming OH
initiating radicals to begin the RAFT polymerisation (Figure 3. 1). No
polymer was formed when using Fe3* without activation to Fe?* by AscA
as the Fenton reaction is much slower with Fe3* compared to that with
Fe?*.3! The results were in agreement with previous literature,3” where
interestingly, decreasing the concentration of AscA in these reactions
improved polymer yields.
3.1.1.3 Investigating Monomer Concentration

The viability of microorganisms in applications towards biosensors
and polymer-hybrids are extremely important. Before adding bacteria (C.
met) into the reaction, C. met growth was monitored in the presence of
several water soluble-monomers (DMA, N-acryloylmorpholine (NAM),
and N-Hydroxyethyl acrylamide (NHEA)) at different concentrations
(3.125 - 100 mM). Minimum inhibitory concentrations (MICs) were
obtained from the results (Table 3. 3, Figure S3. 5). The polymerisations
described thus far, contained DMA at concentrations of 2 M which
according to the MIC results, would inhibit the growth of C. met. The total
monomer concentration employed in further experiments was chosen to

reflect the lowest MIC result obtained, 25 mM for NAM.

© Mechelle Rebecca Bennett 176



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

Table 3. 3 MICs of monomers, DMA, HEA and NAM, towards C. met metabolism.

MIC (mM)*

DMA NHEA NAM

100 100 25

*Minimum inhibitory concentrations (MIC)s were calculated as the highest
concentration of reagent that did not reduce the ODeoo Of culture at exponential

phase by less than 30% than that of the wt.

The AscA initiated FG-RAFT experiment was carried out using
DMA (25 mM) and the total reaction volume was increased to 1 mL, with
all reagents adjusted to maintain the reagent ratios used previously.
Unfortunately, no polymerisation was observed, likely because of the
reduction in total GOx concentrations (2.50 x 10*mM to 3.10 x 10°®* mM)
and glucose concentrations (100 mM to 1.25 mM) compared to the
former experiments. It was postulated that this affected the efficiency of
the in-situ solution degassing by GOx, particularly as the increased
reaction volume (200 pL to 1 mL) would contain more terminating O:2
species. The overall GOx, Glu and FeCls concentrations were next
increased by i) reducing the reaction volume, and ii) directly increasing
reagent concentrations in the same 1 mL volume. To observe whether
reducing the reaction volume would assist the polymerisation of DMA
(0.25 mM), the total reaction volume was decreased from 1 mL to 200

pL. Some polymerisation was observed (Figure 3.3: bottom, blue),
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however a substantial monomer content was still evident by *H NMR
spectroscopy at the end of the reaction.

In contrast, when the GOx concentration was increased to equal
that of the original reaction (2.50 x 10* mM) along with Glu and Fe3*
reagents accordingly, full monomer conversion was observed after 24
hours (Figure 3.3: top, green). This observation suggests that the
increase in GOx and Glu effectively deoxygenated the solution for the
RAFT polymerisation to occur. Additionally, the 10 times rise in Fe
concentration is likely to have increased the radical flux to facilitate the

reaction further.
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Figure 3.3 *H NMR (400 MHz, D20) of final time point (24 hours) for Fenton-GOx-RAFT
reactions with 25 mM concentration of DMA monomer. The overall GOx, Glu and FeCls
concentrations were increased by A) (Bottom, blue) reducing the reaction volume, and
B) (Top, green) directly increasing reagent concentrations in the same 1 mL volume.
Reagent ratios of B: DMA: CTA: Glu: GOx: Fe: AscA = 200: 1: 800: 2 x 103: 54 : 2.2. Note

for B the FeCls and AscA concentration was 10 times greater than that of A.
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3.1.1.4 Ascorbic Acid Contribution

After establishing an FG-RAFT system under conditions that could
be tolerable to bacteria, an investigation was carried out to verify the
relationship between the concentration of the reducing agent used and
the extent of monomer conversion to polymer. The results (Table 3.4,
Figure S3. 6) showed that decreasing the AscA concentration increased
the polymerisation yield, and it can be inferred that the rate of
polymerisation was quicker, with satisfactory conversion (95%) reached
using 2.2 pumol AscA. As discussed previously, the decreased reaction
rates at higher AscA concentrations are likely due to the inhibitory effects
that AscA may have on GOx and its Oz consuming nature, which may

have hindered the reaction.

Table 3.4 The affect of ascorbic acid concetration on Fenton-GOx-RAFT Polymerisations

with DMA monomer.

AscA (pmol) Conv. (%)@
2.2 95
22 22
44 14.5

[a Estimated using of *H NMR from comparison of monomer (CH
acrylate): polymer (CHz backbone) integrals. Reagent ratios: DMA:

CTA: Glu: GOx: Fe: AscA (High) = 200: 1: 800: 2 x 103: 54 : 17.6.
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3.1.2 Tailoring reagent parameters in Fenton-GOx-
RAFT Polymerisations

The scale of the established reaction mentioned was unfortunately
too low to obtain sufficient sample mass for SEC analysis. For this
reason, the total monomer concentration of DMA was increased from 25
mM to 100 mM (the maximum concentration that would not affect
bacterial viability for DMA). The reaction was also scaled up and the
degree of polymerisation (DP) was decreased from 200 to 100, as to
maximise the polymer yield. Near quantitative conversion (>99 %) was
achieved with 670 pM FeCls.6H20, and the resulting polymer was
analysed by SEC revealing some molecular weight control (M,S&¢ ~ 16
kDa) (Table 3. 5, entry 1). The dispersity (B ~ 1.58) indicated that the
polymerisation was not ‘living’ but it was postulated that this could be
attributed to high initial radical flux which can cause chain-chain coupling
reactions.*®> During the polymerisation, H202 reacts with Fe?* to form
highly active OH radicals that subsequently initiate CTA molecules to
begin the RAFT reaction. A large flux of OH radicals could lead to loss of
initiating species through side-reactions, which would affect the resulting
chain lengths of the polymers. Furthermore, high H202 concentrations
can cause CTA oxidative degradation leading to poorly controlled
polymerisations.1% 45 The concentration of reagents that could influence
the radical flux during FG-RAFT were therefore altered to investigate the

effect on the resulting polymers (Table 3. 5).
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3.1.2.1 Tailoring the radical flux in FG-RAFT

Firstly, the quantities of glucose and GOx, which control the
generation of H202 from Oz in the reaction, were i) individually, and ii)
simultaneously decreased by half (Table 3. 5, entries 2-4). These had
little effect on the conversion of the polymerisations but MySE€ of the
resulting polymers were slightly closer to the M,!" than that of the original
polymerisation (Entry 1). The dispersities of these polymers also
decreased slightly compared to that of the original reaction (Figure 3.4
(). This observation suggested that reducing Glu and GOx
concentrations lowered the amount of H202 produced which decreased
the radical flux generated upon reaction with Fe?* to generate polymers
with a slightly more uniform polymer dispersity with better Mn control.

Next, the quantities of Fe and AscA, which control the generation
of Fe?* to react with H202 and create OH radicals in the reaction, were
decreased. Decreasing the Fe concentration by 50 % and 75 %
consecutively lowered the dispersities (P ~ 1.53 and 1.49, respectively)
of the resulting polymers and increased the M,SEC values obtained (20.1
and 21.9 kDa, respectively) closer to the theoretical values (Table 3. 5,
entries 5 and 8). Lowering both the AscA and Fe concentration in the
polymerisations further decreased the dispersity of the polymers
generated (Figure 3.4 (ii)). However, the difference in dispersity was not

substantial enough to pursue these conditions further.
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Table 3. 5 Tailoring reagent parameters in Fenton-GOx-RAFT including Glucose, GOx,

Fe, AscA and monomer type.

Entry Monomer* Reaction Conv. Mpth M, SEC NG
(%)@ (kDa)®!  (kDa)!!
1 DMA Original 99.7 39.7 16.6  1.58
2 DMA Y% Glucose 99.6 39.7 189  1.49
& DMA Y% GOXx 99.1 39.5 18.2  1.45
4 DMA 15 Glucose and GOx 99.4 39.6 18.5 1.48
5 DMA Y% Fe 99.0 395 20.1 153
6 DMA Y AscA 98.9 39.4 253 151
7 DMA Y% Fe and AscA 98.5 39.3 273 144
8 DMA Vs Fe 99.4 39.6 21.9 1.49
9 DMA Y4 AscA 96.9 38.6 28.7 141
10 DMA Y4 Fe and AscA 96.6 38.5 29.7 1.35
11 HEA Original 96.7 44.8 179 149
12 NAM Original 99.1 56.2 140 191
13 NAM (25 mM) Original 98.7 56.0 7.1 2.04
14 NAM (25 mM) Ya Fe 96.9 55.0 146 174

[l Estimated using of *H NMR from comparison of monomer (CH acrylate): polymer (CH2
backbone) integrals. ! Mn" = (Mrmonomer)* 400* conversion) + 254 Da. [ICalculated using SEC
(DMF). *All monomer concentrations were set to 100 mM unless stated otherwise. Note: Original
reagent ratio: Monomer: CTA: Glu: GOx: Fe: AscA = 400: 1: 400: 1 x 105 2.8: 8.8.
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Figure 3. 4 SEC (DMF) graphs of polymers generated by Fenton-GOx-RAFT
polymerisations with differing concentrations of (i) glucose (Glu) and GOx and (ii) Fe and
AscA. SEC (DMF) graphs are also compared for differing monomer types (iii) and the
monomer structures displayed (iv). Original reagent ratio: Monomer: CTA: Glu: GOx: Fe:

AscA =400: 1: 400: 1 x 10°: 2.8: 8.8.
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3.1.2.2 Other Monomers

Additional monomers, NHEA and NAM (Figure 3.4 (iv)), were
implemented into the polymerisation to demonstrate the versatility of the
technique (Table 3. 5, entries 11-14). FG-RAFT polymerisations at 100
mM monomer concentrations were carried out and the *H NMR spectra
(Figure S3. 7, Figure S3. 8) and GPC chromatograms (Figure 3.4 (iii)) of
the polymers generated were analysed. Polymerisations with both NHEA
and NAM monomers gave high conversions, 96.7% and 99.1%,
respectively. Polymers resulting from the former were more controlled (©
~ 1.49) compared to those of the latter (D ~ 1.91), suggesting that the
structure of the monomer is contributory to the homogeneous growth rate
of polymer chains.

As the monomer NAM produced a lower MIC value (25 mM)
towards C. met, the monomer concentration was reduced to be suitable
for bacterial polymerisations later. The effect of this further increased the
dispersity of the resulting polymers (D ~ 2.04) and the SEC trace (Figure
3.4 (iii)) was not symmetrical. In efforts to improve the molecular weight
control and dispersity control in polymerisations with NAM, the Fe
concentration was decreased by 75 %, to Y4 of the original Fe
concentration (Table 3. 5, entry 14). This effectively reduced the radical
flux to generate a polymer with a lower dispersity (£ ~ 1.70) but the
molecular weight (M,SE¢ = 14.6 kDa) remained far from the predicted
values (Mn"=55.0 kDa). A slight shoulder was present in the SEC graph,
typical of recombination termination events, which might be attributed to

the lower monomer concentration compared to the 100 mM reaction.
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3.1.3 Bacterial assisted Fenton-GOx-RAFT

3.1.3.1 Living vs Dead bacteria

The original hypothesis was that bacteria could be used to reduce
Fe3* and initiate the FG-RAFT polymerisation in the presence of air,
analogous to using AscA in the above experiments. Bacterial assisted
Fenton-GOx-RAFT (b-FG-RAFT) experiments were carried out using
Cupriavidus metallidurans (C. met) as they were shown to successfully
initiate Fe ATRP reactions in the previous chapter. Furthermore,
disruptions to the reaction due to bacterial consumption of glucose are
unlikely to occur with this bacteria type because C. met lacks the glucose
transporter.#¢ C. met were grown in LB, washed with PBS and re-
suspended in PBS before being added to the reaction mixture.

To realise the significance of bacterial metabolism in the following
reactions, b-FG-RAFT polymerisations were carried out using either i)
living bacteria (1.7 x 10%° colony forming units (CFU)s mL™?), or ii) heat
killed bacteria (368 CFU mL™) in place of ascorbic acid. In the former
case (i), 53% conversion was observed, and in the latter case (ii) no
polymerisation was observed (Figure 3. 5). This indicated that living
bacteria were essential to the redox process that converted Fe3* to Fe?*
for the FG-RAFT polymerisation to take place. Omitting FeCls from the
polymerisation resulted in no conversion (Figure S3. 9) which revealed
that the Fenton Reaction step plays a key role in the polymerisation
process. Omitting bacteria (and AscA) from the reaction produced only
minimal conversion (Figure S3. 9), highlighting its importance in the

conversion of Fe3* to Fe?* for the FG-RAFT cascade to proceed.
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Figure 3. 5 'H NMR stacked spectra of Fenton-GOx-RAFT polymerisations in air at
30°C with living C. met (bottom, green) and heat-killed C. met (top, red). Reagent ratios:

DMA: CTA: Glu: GOx: Fe = 200: 1: 800: 2 x 103 : 5.4.

3.1.3.2 Polymer Analysis

Polymerisations assisted by C. met., utilising b-FG-RAFT, were then
carried out at DP400 with different monomers to compare the conversion
and MySE€ of the resulting polymers (Table 3. 6). The polymerisation with
DMA achieved adequate conversion in 24 hours (62 %,'H NMR: Figure
S3. 10) to produce polymers with sufficiently controlled dispersities (B ~
1.12) and a symmetrical molecular weight distribution (Figure 3. 6,
Black). Interestingly, polymers resulting from reactions with NHEA (*H
NMR: Figure S3. 11) had the broadest dispersity (P ~ 2.4, Figure 3. 6)

which were more uniform in analogous non-bacterial experiments with
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NHEA (P ~ 1.91), suggesting an increased interference of bacterial

components with this monomer structure.

Table 3. 6 Conversion and SEC results for Fenton-GOx-RAFT polymerisations of different

monomers, initiated by C. met in air at 30°C, with varying reagent conditions.

Total

th SEC
DMA 100 Original 700 62.2 24.9 19.9 1.12
NHEA 100 Original 700 52.8 24.6 23.8 2.40
NAM 25 Original 700 60.8 34.6 50.0 1.70
NAM 25 25 % Fe 175 59.9 34.1 44.0 1.63
DMA 100 1% Fe 7 44.3 17.8 20.7 1.28
DMA 100 No CTA 700 99.9 39.8 451.0 2.11

[@l Estimated using of *H NMR from comparison of monomer: polymer integral, time 24 h. ® Myth =
(Mr(monomer) * 400* conv.) + 254.3 Da. [l SEC (DMF). C. met count in each reaction were 1.7 x10°
CFU mL™? or 3.4 x10'° CFU in total reaction volume. Original reagent ratios: Monomer: CTA: Glu: GOx:
Fe =400: 1: 400: 1 x 10°: 2.8.

— DMA
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— NAM
NAM 1/4 Fe |

1.5x1083 1.5x10% 1.5x10°

MW (g mol™t)

Figure 3. 6 SEC (DMF) of polymers resulting from bacterial-Fenton-GOx-RAFT of;
DMA (Black), NHEA (Blue) at 100 mM monomer concentrations, and NAM (Red) at 25 mM
monomer concentration. polymerisations carried out with % the amount of Fe from the
original are shown with NAM (Red Dotted). Original reagent ratios: Monomer: CTA: Glu:

GOx: Fe = 400: 1: 400: 1 x 105: 2.8.
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To sustain the C. met metabolism in b-FG-RAFT polymerisations
with NAM, experiments were carried out with lower NAM concentrations
(25 mM, as per Table 3. 3). This resulted in polymers (*H NMR: Figure
S3. 12) with a relatively broad dispersity (P ~ 1.70, Table 3. 6, Figure 3.
6) and a poorly controlled M»SE€ (50.0 kDa) which was much higher than
theoretical values (34.6 kDa). This might be explained by the more dilute
solution (25 mM) in which CTA species may be subject to more
degradation, effecting the initiation efficiency. The lack of control in M,SEC
observed could alternatively be due to the presence of the bacteria or
biological components (ECM) interfering with the polymerisation
reagents. It is also important to highlight the absence of the AscA radical
scavenger in b-FG-RAFT polymerisations which may protect the CTA
from H20: degradation in analogous non-bacterial polymerisations.
Conversely, b-FG-RAFT polymerisations with DMA and NHEA
monomers resulted in polymers with significantly improved M, control
compared to the polymers produced by analogous AscA initiated
polymerisations. This suggests that the structure of NAM may have
contributed to the loss of My control seen in the b-FG-RAFT experiments
described, likely due to its difference in reactivity.

To investigate whether control could be realised in b-FG-RAFT
with NAM, the Fe concentration was reduced by 75% from 700 to 175
MM with efforts to decrease the initial flux of initiating radicals (OH). This
resulted in polymers with slightly lower dispersity (P ~ 1.63) and the
M,SEC (44.0 kDa) was reduced slightly. However, NAM remained the

monomer for which there was the least controlled polymerisation in the
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study. Comparing the polymerisations of DMA, NHEA and NAM, the
structure of the monomer strongly influenced the dispersity and the Ms
control of the resulting polymers.

During the Fenton initiation of b-FG-RAFT, Fe3* is regenerated in
the reaction between Fe?* and H202, which could then be re-catalysed
by the bacteria back to the Fenton active Fe?* in a continuous cycle. Due
to this recycling effect of the Fe, it was hypothesised that Fe
concentrations could be further decreased. Indeed, b-FG-RAFT
experiments revealed that it was possible to reduce the Fe concentration
to 7 uM whilst maintaining narrow dispersities (D ~ 1.28, Table 3. 6,
Figure 3. 7) in the resulting polymers. The My of the resulting polymers
was close to theoretical values although the conversion was reduced to
44.3 %. A compromise between Fe concentration and polymerisation
conversion must therefore be realised, but the ability to maintain
adequate polymerisation control at low Fe concentrations using b-FG-
RAFT under benign conditions was particularly encouraging towards
progress in sustainable synthetic methods and green chemistry.*7. 48

Lastly, polymerisations were carried out using DMA and omitting
the CTA from the reaction, which resulted in polymers with extremely
high and uncontrolled molecular weights (M,SE€ = 451.3 kDa, Table 3. 6,
Figure 3. 7), with a broad molecular weight distribution ( ~ 2.11). These
features are characteristic of radical polymerisation (RP) which is shown

to take place in the absence of CTA.*°
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Figure 3. 7 SEC (DMF) of polymers resulting from bacterial-Fenton-GOx-RAFT of; DMA 100
mM monomer concentration with i) original Fe concentration (700 uM) (Black), ii) Fe
concentration: 7 uM (Black, dotted), and iii) no chain transfer agent (CTA) i.e., Radical
polymerisation (RP) (Red). Original reagent ratios: Monomer: CTA: Glu: GOx: Fe = 400: 1:

400: 1x 10°: 2.8.
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Conclusions

This chapter has demonstrated that bacterial Fe reduction can be used
in FG-RAFT to generate uniform polymers with predictable molecular
weights. The technique was first optimised in biological conditions using
AscA in place of bacteria, during which, the reaction rate could be
influenced by the AscA concentration. This new FG-RAFT reaction
starting from Fe3*, not only preserves the stability of the active Fe?*
catalyst, but also delivers an in-situ activation method which could be
applied to future diagnostic applications. The radical flux was shown to
be influenced by both Fe and AscA concentrations, but the control of the
reaction was heavily monomer specific. Utilising C. met. in the place of
AscA revealed well controlled polymerisations with DMA, in which living
bacteria were necessary for the reaction to occur. Polymerisations were
successful at Fe concentrations as low as 7 pM and experiments to
reduce this further may be carried out in future work. The technique can
be applied to a variety of monomer materials, but monomer-specific
optimisation may be necessary to improve the quality of the resulting
polymers. Overall, the technique presented offers a new way to fabricate
polymers in virtually non-toxic environments with low catalyst
concentrations and an in-situ initiation step upon activation by a living
organism (bacteria). This combination of various chemistries with biology
has enabled the emergence of b-FG-RAFT which may contribute

towards developments in ELMs, biosensors or synthetic ECMs.
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Materials and Methods

Materials

All chemicals were purchased from the supplier and used without
further purification unless stated. N,N’-Dimethylacrylamide (DMA), N-
acryloylmorpholine (NAM), and N-hydroxyethyl acrylate (NHEA), 2-(2-
Carboxyethylsulfanylthiocarbonylsulfanyl)propionic acid) (CTA),
Glucose, Glucose oxidase (GOx), Horse radish Peroxidase (HRP),
Iron(ll)chloride hydrate FeCl2.4H20, Hydrogen peroxidase (H202),
Acetylacetonate (ACAC), and Dulbecco’s Phosphate Buffer Saline
(DPBS) (without CaClz2 and MgClz, filtered, suitable for cell culture) were
purchased from Sigma Aldrich. Iron(lll)chloride hexahydrate
(FeCls.6H20) 298% was purchased from scientific laboratory supplies.
Ascorbic acid (AscA) >99% was purchased from Alfa Aesar. For bacteria
growth Lysogeny broth (LB) was used.

Methods

IH NMR spectra were recorded at room temperature on a 400 MHz
(Bruker DPX400 Ultrashield) using deuterated solvents (D20). NMR
spectra were analysed using MestReNova 11.0.0-17609 2016 Mestrelab
Research S.L.

DMF Size Exclusion Chromatography (SEC) was performed on
Polymer Laboratories GPC 50 system fitted with refractive index (RI)
detector, 2 x Agilent PLgel Mixed-D column and DMF + 0.1% LiBr eluent.
Molecular weight (Mn) and polydispersity (D) were calculated according

to PMMA narrow standards (1.5 - 1,000 kDa). Polymer samples were
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made by dissolving 3 mg/mL pure polymer in 1 mL DMF + 0.1% LIiBr

followed by filtration.

Toxicity experiments - MICs of reagents were carried out using
microplate reader (Infinite M Nano, TECAN) with 96-Well standard
microplates (Costar 3363) measuring the ODsoo nm every 30 minutes for
up to 24 hours. Detailed methods described in Chapter 2 (Section 2.6.6)

of this thesis.
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Experimental and Supplementary

Note: Due to COVID-19 restrictions some experimental work
(Sections 3.1.9 and 3.1.11) was carried out by Cara Moloney (Post
Doctorial Fellow). Bacterial preparation was assisted by Federico Turco
(PhD student) and Francesco Catrambone (PhD Student) (Sections
3.1.10 and 3.1.11) due to building access restrictions. The author of
experimental protocols and data analysis involved in this chapter was
Mechelle Bennett. Experiments in all other sections were carried out by

Mechelle Bennett.

3.1.4 Verification of Enzymatic Polymerisations
HRP Catalysed RAFT polymerisations

Stock solutions of reagents were prepared in deionised water and the
required amounts were added according to the following reagent ratios:

[DMA] : [CTA] : [HRP] : [H202] : [ACAC]=200:1:0.00054:0.2:4

DMA was de-inhibited using an aluminium oxide column before use.
DMA (104 pL, 1 mmol), CTA (1.27 mg, 5x10° mmol) HRP (120 pg,
2.7x10°* mmol), ACAC (2.05 pL, 2x102 mmol) and DPBS (800 uL) were
added to a test tube and degassed with N2z (g) for 10 minutes. H20: (34
uL of 30% solution) was added to begin the reaction and left stirring at
room temperature for 90 minutes. Polymer P(DMA)r1 was analysed by

'H NMR (Figure S3.1) and SEC (Table S3.1).
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GOx- HRP RAFT cascade validation
Stock solutions of reagents were prepared in deionised water and the
required amounts were added according to the following reagent ratios:

[DMA] : [CTA] : [HRP] : [ACAC] : [GOx] : [Glu]
=200:1:0.00054 :4:0.0002: 20

DMA was de-inhibited using an aluminium oxide column before
use. DMA (104 pL, 1 mmol), CTA (1.27 mg, 5x10-3mmol), ACAC (2.1 uL,
2x102 mmol), GOx (80 pg, 1x10°® mmol), Glu (18 mg, 0.1 mmol) and
DPBS (660 pL) were added to a test tube and left for 10 minutes to ‘self-
degas’. No external sources were used to degas the solution. After this
HRP (120 pg, 2.7x10® mmol) was added to begin the reaction and left
stirring at room temperature for 3 hours. Polymer P(DMA)r2 was
analysed by 'H NMR (Figure S3.2) and SEC (Table S3.1). A control

experiment without glucose was also carried out (Figure S3.3).
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Figure S3. 1. 'H (400 MHz, D20) of P(DMA)r: resulting from HRP initiated RAFT
polymerisation.
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Figure S3. 2. 'H (400 MHz, D20) of P(DMA)r2 resulting from GOx-HRP initiated RAFT
polymerisation in air.
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Figure S3. 3. 'H NMR (400 MHz, D20) of no glucose control for HRP-GOXx cascade reaction

after 20 hours

Table S3. 1 SEC analysis of polymers formed in enzyme RAFT of DMA

Polymer MnSEC (KDa)® DSEC [b] Mnth (KDa)tb!
P(DMA)r1 23 11 20
P(DMA)r2 29 1.1 20

[@] M = (200* conversion) + 254.3 Da. [b] From SEC (DMF).

3.1.5 Establishing FG-RAFT under Biocompatible
Conditions

Stock solutions of reagents were prepared in deionised water and the
required amounts were added according to the following reagent ratios:
[DMA] : [CTA] : [GOX] : [Glu] : Fe source : AscA

=200:1:0.000025:10:0.07 :1

© Mechelle Rebecca Bennett 197



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

Reaction A; DMA was de-inhibited using an aluminium oxide column
before use. DMA (42 pL, 0.41 mmol), CTA (0.508 mg, 0.002 mmol), GOx
(4 pg, 5x10°® mmol) Glu (3.6 mg, 0.02 mmol) FeClz.6H20 (38 ug, 1.4 x
104 mmol) and DPBS (to total volume 200 uL) were added to a test tube
and left for 10 minutes to ‘self-degas’. No external sources were used to
degas the solution. Following this, AscA (0.35 mg, 0.002 mmol) was
added to begin the reaction and left stirring at room temperature for 20
hours.
Reaction B; The protocol for Reaction A was used but the quantity of
AscA was decreased. AscA (78 ug, 5 x 104 mmol).
Reagent ratios:

[DMA] : [CTA] : [GOX] : [Glu] : [Fe source] : [AsScA]

=200:1:0.000025:10:0.07:0.22

Table S3. 2 Control experiments carried out for Fenton-GOx-RAFT polymerisations.

Control Protocol AscA Fe(ll) Fe(lll) Figure
C1 Reaction A No No Yes S3.4
Cc2 Reaction A No No No S3.4
C3 Reaction A No Yes No 3.2

C4 Reaction B Yes No No 3.2

* Reagent ratios for Reaction A: DMA: CTA: Glu: GOx: Fe: AscA = 200: 1: 10:
2.5x10-5:0.07: 1. Reaction B: Reagent ratios: DMA: CTA: Glu: GOx: Fe: AscA

=200:1:10: 2.5x10-5:0.07: 0.22
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Figure S3. 4. 'H NMR (400 MHz, D20) of Fenton-GOx-RAFT control reactions with
FeCla.6H20. C1 (Top, blue): Reaction with Fe3* omitting AscA from the reaction. C2
(Bottom, Black): Reaction omitting Fe source and AscA. Reagent ratios from Reaction A

used: DMA: CTA: Glu: GOx: Fe: AscA =200: 1: 10: 2.5 x 10-5: 0.07: 1.
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3.1.6 Toxicity studies of Monomers with Cupriavidus
metallidurans

DMA

— 100 mM
— 50mM
— 25mM
— 125mM
— 6.25mM

ODgoo

— 3.125mM
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Figure S3. 5 Toxicity study to observe the effect of monomers DMA, NHEA and NAM on
the growth of C. met at different concentrations (wt = wild type C. met in PBS only).
Minimum inhibitory concentrations (MIC)s were calculated as the highest concentration
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of reagent that did not reduce the ODeoo Of culture at exponential phase by less than 30%
than that of the wt.

3.1.7 Optimising Monomer and GOx Concentrations

for Bacterial Instructed FG-RAFT

Lower DMA concentration (25 mM) was necessary for bacterial survival.
Stock solutions of reagents were prepared in deionised water and the
required amounts were added according to reagent ratios in Table S3.3.
H NMR (400 MHz, D20) was used to monitor the reactions.

A. Original reagent ratios:

DMA (2.6 puL, 0.025 mmol), and CTA (31 ug, 0.125 pmol), FeCls (2.4 ug,
8.7 x102 pmol), GOx (0.25 ug, 3.1 x10° mmol), Glucose (225 ug, 1.25
pmol) and PBS (to make final volume 1 mL) were added to a vial with
AscA (22 pg, 0.125 pmol) and left rotating at 25 °C. No polymerisation

occurred.
B. Lower Volume:

DMA (0.5 pL, 0.005 mmol), and CTA (6.36 g, 0.025 umol), FeClz (36
ug, 0.133 umol), GOx (4 pg, 5 x10°® mmol), Glucose (3.6 mg, 0.02 mmol)
and PBS (to make final volume 200 pL) were added to a vial with AscA
(7.8 pug, 0.044 umol) and left rotating at 25 °C. No polymerisation

occurred.
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C. Increasing GOx and Glu was necessary:

Increase the concentration of GOx to 0.00025 mM. DMA (2.6 uL, 0.025

mmol) and CTA (31 pg, 0.125 pmol), FeCls (180 pg, 0.67 pmol), GOx (20
ug, 2.5 x 10" mmol), Glucose (18 mg, 0.1 mmol) and PBS (to make final
volume 1 mL) were added to a vial with AscA (390 pg, 2.2 x 102 mmol)
and left rotating at 25 °C. 'H NMR (400 MHz, D20) was used to monitor

the reaction.

Table S3. 3 Optimising monomer and GOx concentrations for FG RAFT of DMA using

different reagent ratios.

Reaction DMA CTA GOx Glu Fe® AscA (\n/10|_|) Conversion
A 200 1 0.000025 10 0.07 1 1 0%
B 200 1 0.002 800 54 1.8 0.2 ~58%
C 200 1 0.002 800 54 17.6 1 >99%
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3.1.8 Effect of AscA Concentration on FG-RAFT
Polymerisations

DMA (2.6 pL, 0.025 mmol) and CTA (31 ug, 0.125 pmol), FeCls (180 pg,
0.7 umol), GOx (20 ug, 2.5 x 107" mmol), Glucose (18 mg, 0.1 mmol) and
PBS (to make final volume 1 mL) were added to a vial with ascorbic acid
and left rotating at 25 °C. *H NMR (400 MHz, D20) was used to monitor

the reaction.

Table S3. 4 Ascorbic acid (AscA) mass and moles for Fenton-GOx-RAFT AscA study with

reagent ratios: DMA: CTA: Glu: GOx: Fe: AscA (High) = 200: 1: 800: 2 x 103: 54 : 17.6.

Reaction Mass AscA MO(ISrSnQIS)CA
High 390 g 222
Medium 3.9mg 22
Low 7.8 mg 22

High [AscA]

_—

U Medium [AscA]

éé

Iy
U

=

YR

L
LA

T T T T T T T T
6.5 6.0 5.5 5.0 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure S3. 6. 'H NMR (400 MHz, D20) of Fenton-GOx-RAFT of DMA using different

concentrations of AscA; Top = High (220 pmol), Middle = medium AscA (22 pmol),
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Bottom = Low AscA (2.2 umol). Reagent ratios: DMA: CTA: Glu: GOx: Fe: AscA =200: 1:

800: 2x 10°:54:17.6.
3.1.9 Tailoring the Reagent Parameters in FG-RAFT
Polymerisations

‘Original’ Conditions ref. Table 3.5 and S3.4:

DP400, 100 mM Reaction. DMA (41.1 pL, 0.4 mmol) OR HEA (46.4 pL,

0.4) OR NAM (56.0 pL, 0.4 mmol) was mixed with CTA (248 ug, 1 umol),
FeCls (720 pg, 2.8 umol), Glucose (72 mg, 0.4 mmol), GOx (80 g, 1 x
10-® mmol) and PBS (to make final volume 4 mL) in a vial with AscA (1.56
mg, 8.8 x 103 mmol) and left rotating at 30 °C. *H NMR (400 MHz, D20)
was used to monitor the reaction.

DP400, 25 mM Reaction. NAM (14.0 pL, 0.1 mmol) was mixed with CTA

(62 pg, 0.25 pumol), FeCls (720 ug, 2.8 umol), Glucose (72 mg, 0.4 mmol),
GOx (80 ug, 1 x 10 mmol) and PBS (to make final volume 4 mL) in a
vial with AscA (1.56 mg, 8.8 x 10 mmol) and left rotating at 30 °C. H

NMR (400 MHz, D20) was used to monitor the reaction.
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Table S3. 5 Reagent parameters tailored to influence Fenton-GOx-RAFT polymerisations,

including Glucose, GOx Fe and AscA. Monomers explored include DMA, HEA and NAM.

Entry Monomer* Reaction Glucose GOx Fe AscA

(mmol)  (mmol) (umol)  (umol)
1 DMA Original 0.4 1x108 2.8 8.8
2 DMA Y2 Glucose 0.2 1x108 2.8 8.8
3 DMA Y2 GOx 0.4 0.5x108 2.8 8.8
4 DA # Glucose and 0.2 0.5x108 2.8 8.8

GOx

5 DMA ¥ Fe 0.4 1x108 1.4 8.8
6 DMA Y5 AsCA 0.4 1x108 2.8 4.4
7 DMA Y% Fe and AscA 0.4 1x108 1.4 4.4
8 DMA Y4 Fe 0.4 1x108 0.7 8.8
9 DMA Ya AscA 04 1x108 2.8 4.4
10 DMA Y1 Fe and AscA 0.4 1x108 0.7 4.4
11 HEA Original 0.4 1x108 2.8 8.8
12 NAM Original 0.4 1x108 2.8 8.8
13 NAM (25 mM) Original 0.4 1x10® 2.8 8.8
14 NAM (25 mM) Y Fe 0.4 1x108 0.7 8.8

*Monomer concentration 100 mM unless otherwise stated. Original Reaction reagent ratio:
Monomer: CTA: Glu: GOx: Fe: AscA =400: 1: 400: 1 x 10°: 2.8 : 8.8.
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H NMR spectra of polymers with labelled structures
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Figure S3. 7 'H NMR (400 MHz, D20) of P(NHEA) (100 mM) resulting from AscA initiated
Fenton-GOx-RAFT polymerisation with Original Reaction reagent ratio: Monomer: CTA:

Glu: GOx: Fe: AscA =400: 1: 400: 1 x 10°: 2.8 : 8.8. (Table S3. 6, entry 11).
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Figure S3. 8 IH NMR (400 MHz, D20) of P(NAM) (100 mM) resulting from AscA initiated

Fenton-GOx-RAFT polymerisation with Original Reaction reagent ratio: Monomer: CTA:

Glu: GOx: Fe: AscA =400: 1: 400: 1 x 10°: 2.8 : 8.8. (Table S3. 7 entry 12).
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3.1.10 Bacteria Assisted FG-RAFT Live/Dead Study

Bacteria Preparation

C. met was grown in 5 mL LB media for 18 hours. Solutions of 20 mL LB
media were adjusted to ODsoonm = 0.1 and grown overnight at 30 °C
shaking, to ODsoonm ~1. In preparation for the polymerisation the cultures
were centrifuged (6000 rpm, 10 minutes) and the pellets washed twice
with PBS (10 mL) via centrifugation. Each of the washed pellets were re-
suspended in 4 mL PBS. 1 mL (3.4 x 10'° CFU ml') was added to the
FG-RAFT reaction mixture (1 mL) to give a total C. met count of ~3.4 X
10%%in the 2 mL volume, or 1.7 x 101° CFU mL™ (per mL).

Live and dead bacterial cultures

Live/Dead bacterial cultures were prepared as above. Live cultures were
stored on ice until used in polymerisation. Dead bacterial cultures were

heat treated (killed) by incubating at 70 °C for 20 minutes.

Table S3. 8 Colony forming units (CFU) in the 1 mL culture added at the beginning of each
FG — RAFT polymerisation of DMA (DP200). Reagent ratios: DMA: CTA: Glu: GOx: Fe =

200: 1: 800: 2 x 10%:5.4

Culture Heat Treated CFU (mL™)
(n=3)
Live No 1.7x1010
Dead Yes 368

Polymerisation Procedure

DP200 (25 mM) targeted. DMA (5.2 uL, 0.05 mmol), CTA (62 ug, 0.25

umol), FeCls (360 pg, 1.33 pmol), GOx (40 ug, 5 x 10”7 mmol), Glucose

(36 mg, 0.2 mmol) were added to a vial with bacteria (1 mL). PBS was
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added to make the final volume 2 mL and left rotating at 30 °C overnight.
'H NMR (400 MHz, D20) was used to monitor the reaction.

Controls. Controls were carried out using the above method i) with
bacteria but no FeCls.6H20 (Figure S3.10, top), and ii) without any

bacteria (Figure S3.10, bottom).

No FeCl3

_ ML l wa WLJL _ -

No Bacteria or AscA
Wy R VRV

T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure S3. 9 'H NMR (400 MHz, D20) Time 24 hours after bacterial initiated FG-RAFT of
DMA with control experiments: Top; without any Fe source, Bottom; without any bacteria.

Reagent ratios: DMA: CTA: Glu: GOx: Fe = 200: 1: 800: 2 x 103: 5.4,
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3.1.11 Bacterial Driven FG-RAFT Polymerisation

Scaled Up

Bacteria Preparation

C. met was grown in 5 mL LB media for 18 hours. Solutions of 20 mL LB
media were adjusted to ODeoonm = 0.1 and grown overnight at 30 °C
shaking, to ODsoonm ~1. In preparation for the polymerisation the cultures
were centrifuged (6000 rpm, 10 minutes) and the pellets washed twice
with PBS (10 mL) via centrifugation. Each of the washed pellets was re-
suspended in 2 mL PBS. 1 mL was used in each FG-RAFT
polymerisation to make approximately ~1.7 x 10*° CFU mL* C. met.

DP400 targeted. *Monomer/CTA stock mixture (Table S3.8), FeCls (720

1g, 2.8 umol), Glucose (72 mg, 0.4 mmol), GOx (80 ug, 1 x 108 mmol)
and bacteria (1 mL) (to make final volume 4 mL) were added to a vial and
left rotating at 30 °C overnight. *H NMR (400 MHz, D20) was used to

monitor the reaction.

Table S3. 9 Details of Scaled up bacterial initiated FG-RAFT polymerisations. Monomer
and chain transfer agent (CTA) stock solution details are listed according to final monomer
concentrations required in the polymerisation. Reagent ratios: Monomer: CTA: Glu: GOx:

Fe: =400: 1: 400: 1 x 105 : 2.8.

Monomer Final conc. Monomer Quantity CTA quantity
(mM)
DMA 100 41.12 pL, 0.4 mmol 248 ug, 1 pmol
HEA 100 46.4 L, 0.4 mmol 248 g, 1 pmol
NAM 100 56 pL, 0.4 mmol 248 ug, 1 pmol
NAM 25 14 pL, 0.1 mmol 62 ug, 0.25 pmol
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Figure S3. 10 'H NMR (400 MHz D20) spectra for b-FG-RAFT polymerisation of DMA (100

mM) with reagent ratios: Monomer: CTA: Glu: GOx: Fe =400: 1: 400: 1 x 10°: 2.8.
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Figure S3. 11 'H NMR (400 MHz D20) spectra for b-FG-RAFT polymerisation of NHEA (100

mM) with reagent ratios: Monomer: CTA: Glu: GOx: Fe = 400: 1: 400: 1 x 105: 2.8.
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Figure S3. 12 'H NMR (400 MHz D20) spectra for b-FG-RAFT polymerisation of NAM (25

mM) with reagent ratios: Monomer: CTA: Glu: GOx: Fe = 400: 1: 400: 1 x 105 : 2.8.
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Chapter 4. Up-Regulation of Cytochrome-C

Protein, NapC, in E. coli
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Abstract

Iron (Fe) reduction and related cellular metabolic processes are essential
to biological activity. 2 Fe reduction by bacteria is facilitated by
extracellular electron transfer (EET) and control or modulation of EET
may be used not only to influence bacterial activity but might also be
exploited in biosynthetic technologies or biosensors.3® The periplasmic
cytochrome C protein, NapC in Escherichia coli (E. coli), plays a role in
cellular Fe reduction or metabolism and is explored in these studies.
Three plasmid constructs were created with different promoters to
upregulate NapC protein generation in E. coli. Of these, the plasmids with
arabinose inducible Psap promoters were able to upregulate NapC
protein upon arabinose induction at total arabinose concentrations of

0.0018% and 0.18%. These clones (E. coligp_o.0018%) and E. coligp_o.18%),
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respectively) were used in Fe atom transfer radical polymerisation
(ATRP), revealing faster polymerisation rates than cultures containing
suppressed or empty plasmids (E. coligp_s) and E. colig), respectively).
Electrochemical studies were carried out to further probe the Fe
reduction capabilities of the clones, but a complete set of results were
not obtained due to lab closures following COVID-19. The preliminary
results lead to the hypothesis that EET mechanisms are up regulated in
times of environmental stress, but more work is necessary to fully

conclude this observation.

Introduction

Microbial electrochemistry concerns the investigation of interactions
between microorganisms and electrodes.® Microbial technologies utilise
electroactive microorganisms possessing extracellular electron transfer
(EET) capabilities for applications such as bioenergy, biosensing or
biocomputing.® "° However, limitations such as poor energy output and
expensive materials restrict scalability and industrial uses surrounding
these applications.? The study of the electron transport chain in bacteria
is therefore important, particularly for microbial fuel cells (MFC)s,10-13
biosensors,” 1% 1417 electrobiosynthesis®?° and bioremediation
technologies,?1?* as discussed in Chapter 1. Various research groups
have explored methods to improve the efficiency of EET and to increase

the understanding of the biological pathways involved, such as, anodic
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materials development,?>32 bacterial membrane manipulation,3® 34 and
genetic engineering techniques, 3> 36 put only for a limited selection of
bacteria types, and much still remains to be discovered.

The previous chapters of this thesis focussed on harnessing microbial
EET to convert an inactive catalyst to an active form and drive a synthetic
polymerisation. It was shown that electrogenic Cupriavidus metallidurans
(C. met),®”4% and model microbe Escherichia coli (E. coli) were able to
initiate Iron (Fe) Atom Transfer Radical Polymerisation (ATRP) reactions
and C. met could also drive Fenton Glucose Oxidase - Reversible
Deactivation Chain-transfer (FG-RAFT) polymerisations. It was
hypothesised that the metal reduction took place via microbial EET
involving membrane bound C type Cytochrome (C-Cyt) proteins, possibly
in combination with synergistic Fe homeostasis efflux pumps.®® To
further understand the role of microbial EET in Fe catalysis, a particular
C-Cyt (NapC of E. coli) was investigated in this chapter.

C-Cyts are enzymes that contribute to bacterial EET for the
production of energy, particularly involving the reduction of metals.4!44
They also exist in the mitochondria of eukaryotic cells where they play a
significant part in apoptosis,*>-* making them useful for cancer therapies
and understanding the underlying biological redox mechanisms.16 49-52
The study in less complex organisms (i.e. bacteria) may later shed light
on such oncological mechanisms. C-Cyts of the NapC/NirT family exist
in the periplasmic membrane of Gram-negative bacteria and are
responsible for transferring electrons from the quinone pool to

periplasmic oxidoreductases.®® % The electron transport chain of S.
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oneidensis MR1 contain well researched C-Cyts, able to contribute to
metal reduction,*® 55 with protein CymA showing particular value.>®
Indeed, when cymA encoding genes were upregulated in Shewanella
MR1,%" or inserted into the genome of E. coli,*> %8 an increase in Fe3*
reduction was observed, indicating that the CymA enzyme is integral to
the reduction of metals.

NapC is also a member of the NapC/NirT family of C-Cyts, existing in
the periplasmic membrane of E. coli.>® NapC showed ferric reductase
activity like its homologue, CymA, with the ability to substitute for CymA
when inserted into Shewanella strains.>® E.coli K12 top 10 is often used
in microbiology laboratory studies due to its low pathogenicity, hardiness,
and susceptibility to keeping cloned plasmids.®® E. coli are less well
known for metal reduction than other types of bacteria, but given the
success previously shown with Cu catalysts for ATRP,% and Fe catalysts
in the second chapter of this thesis,® it was sought to explore its EET
chain further.

Electrochemical methods such as cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) have been used to investigate intracellular and
extracellular electron transfer systems in yeast.5% 62 Recently, Sherman
et al advanced the application of such methods to examine EET by trans
plasma electron transport systems (tPMET)s in cancer cells.5? 63 LSV
was used to shed light on these mechanisms by observing cell assisted
Fe reduction by direct electron transfer via cytochrome DcytB and by
shuttling mechanisms through tPMETS. By probing the Fe reduction

capabilities of NapC (encoded by E. coli), a better understanding of
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periplasmic proteins in EET chains might be realised and further
translated to other bacteria types or mammalian cells. Increasing Fe
reduction capabilities could also help to improve bacterial assisted Fe
ATRP or FG-RAFT methods towards MFCs or biosensor applications.

Investigations were carried out in this chapter to determine whether
the upregulation of the NapC protein in E. coli could increase the metal
reduction efficiency of the bacteria. These investigations aimed to shed
light on Fe reduction pathways, particularly relating to bacterial-initiated
polymerisation experiments in chapters 2 and 3 of this thesis. It was
sought to probe the role and limitations of NapC in the EET pathway of
the bacteria.

Plasmids were constructed in E. coli strains containing napC with
different promoters and high copy number replicon colEl. The
constitutive (always active) promoter from Clostridium sporogenes
ferredoxin (Ptx) was shown to be detrimental to the host,%* resulting in
loss of plasmid, cell death, or incomplete transcription. The cloning of
napC into plasmids containing the weaker native napC promoter (Pnat)
or arabinose-inducible promoter (Psap) were shown by DNA sequencing
to be achieved successfully. Constructs based on Psap were able to
regulate the quantity of NapC protein expressed by changing the
concentration of arabinose inducer. When applied to Fe ATRP reactions
these clones were able to activate the polymerisation with slightly
elevated reaction rates. Studies using LSV were carried out to further
probe the effect of NapC upregulation on bacterial Fe reduction.

Unfortunately, the interruption of lab experiments due to the COVID-19
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pandemic prevented conclusive results but the continuation of LSV
studies in the future will enable a progression of understanding into the

role of NapC towards EET and Fe regulation.

Results and Discussion

4.1.1 Cloning of napC into pMTL83153; Ferredoxin
Promoter

Plasmids are circular pieces of DNA that exist naturally in bacteria and
can be edited and inserted into strains to control desired functions.®®
Restriction enzymes can be used in this process to cut pieces of DNA at
specific sites (restriction sites), whilst the enzyme ligase joins matching
ends of DNA strands together. This method of cloning was used to insert
napC into the plasmid pMTL83153, immediately downstream from the
constitutive Prax promoter (Figure 4. 1, purple) which allows continual

transcription of the associated gene, napC. In theory, this would lead to
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high levels of the corresponding NapC protein and facilitate

investigations into the effects of NapC on iron reduction.

E.coli gDNA
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product Q.
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Figure 4. 1 Diagram to show the cloning process of napC gene into PMTL83153 plasmid.
1; PCR of napC gene region. 2; Digest of PCR product with restriction enzymes Ndel and
Sall. 3; Digest of pMTL83153 with Ndel and Sall. 4; Ligation of digested napC region

and digested pMTL83153.

The pMTL8000 modular plasmid collection was designed for ease
of component selection during cloning and can be useful for tuning;
plasmid replicons (controls replication efficiency), markers (antibiotic
resistance selection), promoters (drives the transcription of the target
gene), and multiple cloning sites (MCSs) (containing restriction sites (RS)
for restriction enzyme (RE) cloning).¢ Although these were created to
aid cloning in Clostridium cultures, they are hosted in E. coli and so were
convenient in the cloning of napC into E. coli. The plasmid used,
pMTL83153 (Figure 4. 1), contains a chloramphenicol acetyltransferase
(catP) gene (Figure 4. 1, green), with resistance to chloramphenicol (Cm)
antibiotics. This allows for the selection of colonies containing the

plasmid, differentiating from those that may lose the plasmid and
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therefore die. The gene, colE1 (Figure 4. 1, yellow) is a Gram-negative
replicon which allows the plasmid to replicate in E. coli.” The transfer
(traJ) gene (Figure 4. 1, pale blue) activates bacterial conjugation for
plasmid DNA transfer.

Firstly, the napC gene in E. coli was identified using the NCIB
(Gene ID: 946706) and Kegg databases, and DNA genomic extraction
was carried out to purify the DNA. Polymerase Chain Reaction (PCR)
was used to amplify the napC section of DNA from E. coli with forward
and reverse primers containing RSs, Ndel and Sall respectively. The
amplified DNA and the plasmid pMTL83153 vector (isolated using
plasmid prep and purification) were digested with Ndel and Sall REs, and
gel electrophoresis analysis (Figure 4. 2) revealed expected bands,

corresponding to napC DNA digest (~ 603 bps) and plasmid digest (~

4620 bps).
Digests with Nde1 and Sal1
. y Plasmid
S kb g
Skbm." 4
| mme—
1 kb g
0.5 kb EER======

1 kb Plus Ladder
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Figure 4. 2 Gel electrophoresis of components digested with Ndel and Sall enzymes,
against 1kb plus NEB ladder. Left; pMTL83151 (expected ~ 4620 bps), and Right; napC

DNA (expected 603 bps).

Ligation was carried out using T4 DNA ligase enzyme, joining the
compatible cohesive ends of the napC amplicon into the plasmid vector.
After this, a transformation took place to insert the complete plasmid into
E. coli chemically competent cells. The bacteria were then grown on agar
plates (with Cm selection), but very few colonies were able to grow,
suggesting significant loss of plasmid, poor cell growth or cell death from
stress due to excess NapC protein.®* %8 After several cloning attempts,
few colonies were obtained, screened using colony PCR with primers
(ColEl+tra_F2 and pCB102_R1) and Gel electrophoresis was used to
identify whether napC insertion was successful (Figure 4. 3). Only one
colony showed to have the correct band size (~1.3 kb), but after
sequencing the clone was not found to be correct (Figure 4. 4). The lack
of colonies suggests that napC is toxic in this construct, possibly due to
its constant overproduction by a strong promoter.%4 % A new strategy
was therefore necessary, where i) the promoter was not as strong, or ii)

NapC expression could be controlled.

© Mechelle Rebecca Bennett 224



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

P1

Colony PCR
b, — napC inserted

Pux  napC
- e m
1.3 kb

napC inserted

\3\00

3 kb

P1

“33

1 kb plus ladder

napC not
inserted

Colony PCR

Q
o
<

P1 = ColE1+tra_F2
P2= pCB102_R1

Figure 4. 3 Colony PCR (Primers: ColEl+tra_F2 and pCB102_R1) process to determine
the success of napC insertion into a vector containing Prax. Gel electrophoresis showing

vector products of different colonies, with one band the correct size.

/F»‘— w )
Y |

e
I Illlldll-kﬂ“e

Figure 4. 4 Sanger sequencing diagram showing mismatched parts of the DNA

sequence.

4.1.2 Cloning using a Native Promoter and an
Inducible Promoter

The binding of RNA polymerase and transcription factors of a
target gene is controlled by the promoter, influencing the amount of

protein expressed. Due to the difficulties that arose with the strong
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constitutive Psax promoter, cloning using i) the native promoter for napC
(Pnat), and ii) a non-constitutive inducible promoter (Psap), were carried
out. The native promoter is weaker than Psix and therefore should cause
less toxicity, but still be effective at overexpressing the NapC protein.
Similarly, the Psap promoter activity can be regulated by the
concentration of inducer (arabinose) added and therefore any toxicity to
excess transcribed protein (NapC) can be controlled. Three different
components of DNA make up both vectors and so NEBuilder® HiFi DNA
Assembly was used over conventional ligation methods as it is
advantageous for cloning multiple fragments of DNA efficiently whilst
avoiding cloning errors.
Native promoter vector design

The NEBuilder® online tool was used to design the vector
containing the native promoter for napC which was identified using
BPROM promoter predictor. Forward and reverse primers were designed
(NEBuilder®) and PCR was carried out to extract and amplify i) the native
promoter region and ii) the napC region from the gDNA of E. coli. The
regions of DNA were purified, and correct band sizes were confirmed
using Gel Electrophoresis (Figure S4. 1). The PMTL83153 plasmid was
then digested using Notl and Sall, removing the P:x section (Figure
4.5), and sizes verified using gel electrophoresis (Figure S4. 2). Hifi
ligation Assembly was then carried out to obtain the completed vector
which was transformed (heat shock) into chemically competent cells.

After this, the bacteria were grown on agar plates (with Cm selection).
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Figure 4. 5 Assembly of Native Promoter Vector containing Pnat for NapC
overexpression. PCR of E. coli gDNA was carried out with specific primers to extract 1,
Pnat region and 2, napC region of DNA. Plasmid pMTL83153 was digested with REs Notl
and Sall to remove the Pix promoter, resulting in region 3, digested plasmid. The three

regions were ligated using Hifi Assembly to create to completed vector.

Inducible promoter vector Design

NEBuilder® online tool was also used to design the vector
containing Psap. It was necessary to extract and amplify the promoter
(Peap) region from a plasmid (pMTL71101_ Psap_araC) using PCR
(Figure 4. 6). The DNA region also contained araC which represses Psap
activity in the absence of the arabinose inducer. PCR was also used to
amplify and extract the napC DNA region of E. coli gDNA (Figure 4. 6).
After purification, gel electrophoresis confirmed the expected band sizes
of the PCR products (Figure S4. 1). The PMTL83153 plasmid was
digested with REs (Notl and Sall) sizes verified using gel

electrophoresis (Figure S4. 2). Hifi ligation Assembly was carried out to
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obtain the completed vector which was transformed (Heat shock) into
chemically competent cells. After this, the bacteria were grown on agar

plates (with Cm selection).
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Figure 4. 6 Assembly of Inducible Promoter Vector containing promoter Psap for NapC
overexpression and control. PCR was carried out with specific primers to extract and
amplify regions 1, Psap_araC and 2, napC. Region 1 was obtained from the plasmid
pMTL71101_Psap_araC and region 2 was obtained from E. coli gDNA. The plasmid
pMTL83153 was digested with REs Notl and Sall to remove the Prix promoter, resulting
in region 3, digested plasmid. The three regions were ligated together with Hifi

Assembly to create to the completed vector.
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Colony PCR and Sequencing

The transformation of the cloned vectors led to the growth of colonies
that were selected on Cm plates for Colony PCR (Primers: ColE1+tra_F2
and pCB102_R1). Gel electrophoresis was used to inspect the purified
PCR products (Figure S4. 3) and determine the success of the Hifi
assemblies. Sequencing of colonies containing the Native promoter
vector (E. coline) (expected ~1207 bps) and colonies containing the
Inducible promoter vector (E. coligr)) (expected ~ 2340 bps) were as
anticipated. The sequencing revealed the successful insertion of napC

into both vectors (Figure 4. 7).

Sequencing for Native Promoter Vector
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e
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Figure 4. 7 Sanger sequencing diagrams for Native promoter Vector (Top) and

Inducible promoter vector (Bottom). Both showing matching DNA regions of sequencing

with forward and reverse primers compared to a model sequence.
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4.1.3 NapC Protein Expression Analysis

Given the successful HiFi cloning of the napC gene into the vectors
containing native and inducible promoters, it was necessary to examine
the resulting NapC protein expression in E. coli cultures containing the
vectors. Protein expression of bacteria containing each vector was
studied alongside clones harbouring a control plasmid, pMTL83151,
referred to as the ‘Empty Plasmid’ (E. colig)) (without napC but containing
Cm resistance) which would show typical background NapC expression
without the overexpression vectors. High quantities of NapC expression
were desired for further studies into NapC Fe reduction, but too much
protein would cause toxic effects to the bacteria. Bacteria containing the
Native Promoter Vector (E. coline)) are likely to continuously produce
NapC, whereas, NapC expression in bacteria containing the Inducible
promoter Vector (E. coligp)) must be ‘switched on’ by the presence of
inducer, arabinose, which binds to araC activating the Psap promoter and
initiating Psab transcription of the desired protein. This expression can be
tuned by arabinose concentration and so E. coligpy was induced with
different arabinose quantities to examine the effect on NapC protein
content.

E. coligpy were exposed to a final arabinose concentration of; 0%
(band lo), 0.000018% (band I1), 0.0018% (band I2), and 0.18% (band I3).
As a control measure, arabinose was also added to E. coliE) (band E)
and E. coline) (band N), permitting a consistent comparison between
protein expression levels. Toxicity studies were also carried out to ensure

that the metabolism of the bacteria was not negatively affected by the
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arabinose (Figure S4. 4). After arabinose induction, cell lysates were
prepared using protease Inhibitor, which helps to preserve the function
and stability of metal dependant proteins. Total protein quantification was
carried out using bicinchoninic acid (BCA) protein assay, with Bovine
serum Albumin (BSA) standard curve (Figure S4. 5) to determine total
protein concentration in each sample (Table S4. 13).

The total protein concentration was standardised for each sample and
SDS-PAGE Gel Electrophoresis was used to analyse each sample
(loading 23 pg protein). SDS PAGE is governed by the assumption that
the relative mobility of proteins complexed to SDS is dependent on the
molecular weight (Mr) of that protein. However, in reality, not all proteins
have identical mass/charge ratio or the same shape when complexed to
SDS, meaning that the relative mobility of the same size proteins can
differ.5° A certain band of interest (Figure 4. 8, circled green area) was
identified in the resulting protein gel. Although the band was calculated
by protein migration analysis (Figure S4. 6) to be higher (~34 kDa) than
the expected molecular weight for NapC (~24 kDa),%3 it is likely to be the
correct protein from the observed increase in intensity of bands for higher
arabinose inductions (I2 and I3), and due to its low intensity in bands not
induced (lo) or E. colig) (Band E).

The intensity of this band for E. coline) cultures is similar to E. colig),
suggesting that Pnat is not particularly effective at overexpressing NapC.
The promoter (Pnat) chosen was upstream of napB and could potentially
be part of an operon, which is a cluster of genes controlled by the same

promoter. Gene organization within an operon can affect expression and
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may explain the lack of overexpression.’® Other explanations could be
due to gene alteration responses by the bacteria, causing down
regulation of other pathways to compensate for the NapC increase (e.g.
down regulation of the NapC expression on the chromosomal DNA).
The intensity of bands lo and I1 show similar intensities but increase
for 12 and Is suggesting that a certain amount of arabinose induction
(0.0018%) is necessary for Psap to actively promote NapC
overexpression. Increasing this further (0.18%) only increases the

intensity slightly indicating a limit of expression.
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Figure 4. 8 SDS PAGE Gel for lysates of bacteria containing empty plasmid (E),
Native promoter vector (N), and Inducible promoter vector with 0% (lo), 0.000018% (I1),
0.0018% (I2) and 0.18% (ls) total arabinose concentration induction. Protein Gel against

Precision Plus Protein™ Kaleidoscope ladder (L).
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4.1.4 Applications of Inducible Promoter Vector

4.1.4.1 Fe ATRP Initiated by E. coli Clones

In the previous section, the upregulation of NapC was shown to
be achieved using the inducible promoter vector in E. coli. In this section,
the use of the E. coli clones harbouring this vector were explored towards
an increased Fe reduction capability. As shown in Chapter 2, Fe ATRP
can be activated by bacteria including E. coli. To investigate the effects
of NapC upregulation on Fe reduction rates, E. coligr) were used in Fe
ATRP reactions alongside E. colig). Cultures of E. coligr) were either i)
suppressed by addition of glucose E. coligr_s), ii) activated by 0.0018%
total arabinose concentration E. coligp_o.0018%), Or ii) activated by 0.18%
total arabinose concentration E. colige 0.18%). These arabinose
concentrations were chosen as they produced the highest NapC protein
overexpression according to SDS PAGE analysis shown previously. E.
coligp_s) was suppressed by glucose addition to inhibit Psap activation of
NapC expression.”* As glucose is a reducing agent, the bacterial
suspension were centrifuged and the supernatant was discarded to
remove glucose before the pellet was resuspended in PBS for Fe ATRP
reactions. Similarly, centrifugation was also used to remove arabinose
from the arabinose induced E. coligp) cultures prior to polymerisations.

The kinetics of each reaction were monitored by *H NMR and the
resulting polymers were analysed by SEC (Figure 4. 9, Table 4. 1). A
small increase in the rate of polymerisation was observed by the larger
polymer yield for E. coligp_o.0018%) and E. coligp_o.18%) activated reactions,

compared to those activated by E. colig) or E. colige_s) cultures. This
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suggested that the upregulation of the NapC protein could have had
some effect on the rates of Fe3* reduction to Fe?*. As this difference is
small, repeats should be carried out to determine the rate of error before
a conclusion can be draw. Other rate limiting steps are likely to effect the
EET rate from the bacteria to the Fe catalyst; these might include
(electron transfer) ET across the periplasm via other cascade proteins in
the electron transport chain, or EET between shuttle molecules and the

Fe catalyst (Figure 4. 10).
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Figure 4. 9 'H NMR kinetics of Fe ATRP activated by E. coli harbouring empty plasmids, E.
coliE (black), or inducible promoter plasmids, E. coligr) either i) suppressed by addition of
glucose E. coligp_s) (red), ii) activated by 0.0018% total arabinose concentration E.

coligr_o.oo18%) (blue) or ii) activated by 0.18% total arabinose concentration E. coligp_o.18%)

(purple).
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Table 4. 1 Displaying the results of Fe ATRP polymerisations of PEGMA activated by E.
coli cultures harbouring different plasmids to compare the effects of NapC protein

upregulation.

Culture Conv.[@ Mnth (kDa)®!  MnSEC (kDa)lc! Pl
E. colig) 38.4% 23.3 251.9 3.0
E. coligp_s) 38.8% 235 237.4 2.9
E. coligp_o.0018%) 46.5% 28.1 228.0 2.7
E. coligp_o.18%) 45.6% 27.6 230.0 3.0

[a] Estimated from *H NMR monomer: polymer integrals. [b] Ma™ = (300 * 200*
conversion) + 211 Da. [c] From SEC (THF).
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Reduction by E.coli
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Periplasm
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Figure 4. 10 Possible Rate limiting steps in Fe(lll) reduction including electron transfer

(ET) via NapC, ET via cascade proteins and ET via mediator molecules.

The SEC results show that initiator efficiency is extremely poor,
likely due to the loss of initiator species as discussed in chapter 2. The
dispersity of the resulting polymers is also rather broad, again indicating
inefficient halogen exchange from the catalyst to growing polymer

chains. There was little difference between the Fe ATRP reaction rates
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catalysed by E. coligp_o.0018%) (46.5% conversion) and E. coligp_o.18%)
(45.6% conversion) (Table 4. 1). In light of the factors that could
contribute to Fe reduction and the rate of Fe ATRP, other techniques
were necessary to evaluate the effectiveness of Fe reduction by the E.

coligp) clones.

4.1.4.2 Electrochemical Methods to Probe Fe Reduction by
Clones

Electrochemical methods such as LSV can be used to observe
oxidation and reduction reactions by sweeping through a voltage and
measuring the current of an electrochemical system (see methodology
(section 4.6) for detailed description). LSV is a sensitive technique that
has been used previously to detect concentration changes
corresponding to EET in cells.2 6% 62 During LSV, a potential is applied
in one direction and the current is measured. The resulting
voltammogram of current against potential enables the determination of
reducing or oxidising species. During this process, the concentration of
reduced or oxidised species can be determined by the steady state
current values (Iss). As mentioned in the methodology section, the
Randles-Sevcik equation shows that the concentration of analyte is
directly proportional to the Iss, meaning that the concentration of redox

species in a solution can be monitored by LSV.

Calibration Graph
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To analyse the Fe reduction capabilities of E. coligry clones, a
calibration graph was first created. The Ferricyanide and ferrocyanide
redox couple was used in this experiment due to its well-known redox
profile and for ease of comparison to similar Fe reduction studies by
Sherman et al.>? A three electrode system including a carbon fibre
microelectrode (33 pM) was used in the following experiments, resulting
in linear sweep voltammograms which could be used to probe Fe

concentrations (Figure 4. 11).
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Potential (V) vs Ag/AgCI
Figure 4. 11 Linear sweep voltammogram of Current Vs Potential curried out using 3
electrode system with carbon fibre micro-disk electrode (33 um), Ag/AgCl reference

electrode and Pt counter electrode in 1X PBS electrolyte. Scans were carried out at 100

mV/s from 1.25 V to -0.25 V. 1 mM potassium ferricyanide and ferrocyanide were made

in PBS (1X) and mixed in ratios (10:0, 8:2, 5:5, 2:8, 0:10) and voltammograms observed
(n=3, error = SD) for each sample, where electrode was polished between each scan.

The negative (reduction) current corresponds to the presence of

ferricyanide (Fe®') in the sample whilst the positive (oxidation) current
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corresponds to ferrocyanide (Fe?*) in the sample. Changing the
concentration ratios of ferricyanide to ferrocyanide from 10:0 to 0:10
caused a decrease in negative current and an increase in positive
current. To more accurately determine the steady state reduction Iss;red,
and steady state oxidation Issox peaks, the first derivative function can be
applied to the graph to extract the rate of change (d(lss)/dt) (Figure 4. 12).
A calibration graph was created by plotting the d(lss)/dt peak values
against ferricyanide or ferrocyanide concentrations (Figure 4. 13). The
lines of best fit could then be compared to first derivative values of LSV
graphs for samples reduced by bacterial clones to provide the

corresponding Fe concentrations.

irst derivative functi

d(lss,red)/dt
—>

d(lss,0x)/dt

First Derivative (Current (nA))

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V)

Figure 4. 12 First derivative function applied to Linear sweep voltammogram from Figure
4.10 to determine d(Iss)/dt values. Fe3* reduction peaks occur <0V and Fe?* oxidation

peaks occur >0V (Using GraphPad prism).
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Figure 4. 13 First derivative peaks from graphs in figures 4.10 and 4.11 against
Ferricyanide or ferrocyanide concentration with line of best fit and 95% confidence

bands (Using GraphPad prism).

Electrochemical determination of Fe3* reduction

Experiments were carried out to determine whether E. coligp)
clones with upregulated NapC protein could reduce more Fe®* in the form
of ferricyanide. The previous sections showed that E. coligp_o0.0018%) and
E. coligp_o.18%) upregulated NapC expression and slightly increased the
rate of ATRP reactions compared to suppressed cultures or those
containing an empty plasmid. Samples of E. coli; E. colig), E. coligp_s), E.
coligp_o.0018%), and E. coligp_o.18%) were incubated with ferricyanide (1 mM)
for 1 hour at 37 °C, after which the bacteria were removed by
centrifugation and the supernatant was taken. Three aliquots of each
supernatant sample were scanned (n=3) using LSV and the working

electrode was polished between scans. The average current was taken
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for each sample and the first derivative graph was plotted to determine
d(Iss)/dt values. The whole experiment was repeated with new biological
samples (N=2). These experiments were carried out before the COVID-
19 pandemic so unfortunately a third biological repeat was not possible
and therefore statistical tests cannot be carried out, however the results
obtained can be analysed as preliminary data sets. The d(lss)/dt values
of each sample were compared to the calibration graph and the
concentration of Fe?* in solution was plotted as a percentage of total Fe

concentration (Figure 4. 14).
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Figure 4. 14 Percentage concentrations of ferrocyanide detected in the supernatant of
samples (starting concentration 1 mM ferricyanide) incubated for 1 hour with E. colige) or
E. colig). Prior to incubation with ferricyanide clones were either i) suppressed by addition
of glucose E. coligp_s) (red), ii) activated by 0.0018% total arabinose concentration
E.coligr_o.0018%) (blue) or ii) activated by 0.18% total arabinose concentration E. coligp_o.18%)
(purple). LSV was used to analyse the supernatant of incubated samples (N=2, n=6) and
the first derivative function was applied to resulting voltammograms. The concentrations

were determined using the calibration graph (Figure 4.12).
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From the preliminary results shown above, it is indicated that E. colig)
and E. colige_s) cultures reduced more ferricyanide to ferrocyanide than
the clones that were induced with arabinose to overexpress NapC. This
suggests that a shift in the bioenergetics of the bacteria may have been
triggered in E. colige_o.0018%) and E. coligp_o.18%) cultures, whereby EET
reduction pathways were stunted due to the use of excess energy
required for the over-production of the NapC protein. Interestingly, there
was a slight increase in the ferricyanide reduction with E. coligp_o.18%)
cultures compared to E. coligp_o.0o18%) cultures. Previous MIC studies
revealed that increasing total arabinose concentrations to 0.18% induced
detrimental effects on the metabolism of E. coligr) (Figure S4. 4). The
increased stress in E. coligp_o.1s%) cultures may have triggered EET
systems (such as NapC) resulting in an increase in ferricyanide
reduction. Stress induced tPMET upregulation pathways were also
observed in analogous experiments with cancer cells,%® suggesting that
cells utilise EET systems to balance bioenergetic requirements. Although
the bioenergetics of Fe metabolism in living organisms remains
challenging to study,’? it might be possible to gain more insights through
monitoring Fe reducing behaviour in stress induced environments, such

as temperature, pH and chemical treatments.

Evaluation of preliminary findings
It would be expected that the cultures shown by LSV to reduce the
highest percentage of ferricyanide to ferrocyanide (E. colig) or E. colis))

would provide faster polymerisation kinetics in Fe ATRP experiments,
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however this was not observed in polymerisation experiments with E. coli
cultures. The behaviour observed could be attributed to use of
ferricyanide in LSV experiments compared to FeCls/MesTREN
complexes in ATRP reactions. As ferricyanide is extremely stable unless
under acidic (pH <5.2) or extremely basic (pH~14) conditions,’® 74 it is
likely that the two different forms of Fe are reduced/captured by different
pathways and in different quantities. FeCls/MesTREN complex is more
susceptible to hydrolysis and capture by Fur proteins which regulate Fe
homeostasis.”

Future LSV experiments with FeCls/MesTREN might provide further
insight into these observations.

Secondly, the Fe ATRP polymerisations were carried out under
anaerobic conditions whereas the E. coli cultures incubated with
ferricyanide before LSV experiments were in the presence of air. The
differences observed could be attributed to the regulation of bacterial
metabolism under aerobic vs anaerobic conditions. These could be
investigated by carrying out Fe reduction experiments with the clones
under i) aerobic conditions and ii) anaerobic conditions. It is also
important to reiterate that there are many components of the EET chain
that might be rate limiting (Figure 4. 10) such as shuttle molecules, and
investigations into these will contribute to the knowledge of EET

pathways.
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Conclusions

The cloning of napC gene into E. coli for subsequent overexpression
of NapC protein was carried out to aid future investigations into the role
of NapC in Fe reduction. Several promoters were applied to regulate
napC expression, including Prax, Pnat and Peap. Of these, Prix proved too
strong, producing only a few colonies after translation into E. coli cells,
and many deformities were observed upon sequencing. Vectors
containing Pnat and Psap were more successful, producing colonies after
translation which showed correct construction by sequencing, confirming
napC insertion into the vectors. NapC protein expression was then
examined, revealing that E. coline)y clones were not effective at
overexpressing the protein, whereas E. coligp_o.0018%) and E. coligp_o.18%)
clones produced more intense NapC bands in SDS PAGE, revealing
successful overexpression. Psap was the most effective promoter,
allowing tailored expression of NapC and so E. coligr) clones were then
used to catalyse Fe ATRP reactions. The polymerisation rates for ATRP
catalysed by E. coligp_o.0018%) and E. coligp_o.0o18%) were faster than those
of E. coligp 0.0018%) and E. coligp o.0018%), suggesting than NapC
upregulation has some effect on the Fe3* reduction system. However
repeats should be carried out in order to confirm this observation.

To investigate these mechanisms in more depth LSV was employed,
implicating the hypothesis that E. coligp_o.0018%) clones upregulate EET
pathways in response to stress. However, more experiments must be

carried out to validate the statistical significance of this observation. As
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E. coli is simple to culture, recognizing proteins such as NapC as CymA
homologues might contribute to understanding C-Cyts in many other

bacteria, or even human cells.
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Experimental and Supplementary

4.1.5 Materials

All chemicals were purchased from the supplier and used without
further purification unless stated. Iron(ll)chloride hydrate FeCl2.4H20 and
L-Arabinose were purchased from sigma Aldrich. Iron(lll)chloride
hexahydrate (FeCls.6H20) 298% was purchased from scientific
laboratory supplies. Ascorbic acid (AscA) >99% was purchased from Alfa
Aesar. For bacteria growth Lysogeny broth (LB) was used.

Kits used: GenElute™ Bacterial Genomic DNA Kit was purchased
from Sigma-Aldrich. Monarch® Plasmid Miniprep Kit, Monarch® DNA
Gel Extraction kit and Monarch® PCR & DNA Cleanup kit were
purchased from New England Biolabs (NEB). Pierce™ BCA Protein

Assay Kit was purchased from Thermo Fisher Scientific.

Table S4. 1 Medias and Buffers.

Medium/Buffer Components Quantity (g/)
Tryptone 10
Lysogeny Broth
Yeast Extract 5
(LB)*
Sodium Chloride 10
NaCl 8
Phosphate Buffered KCI 0.2
Saline (PBS), pH 7.4 Na2HPO4 1.44
KH2PO4 0.24

*Agar plates were prepared using 1.5% w/v No. 1 Bacteriological Agar (Oxoid)
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Antibiotics. Chloramphenicol (Cm) (25 mg/mL) stock solution was made
up in 100% Ethanol solution where 2.5 pL was added for each 5 mL LB

culture (62.5 pg) and 200 pL to each 200 mL agar.

napC oligonucleotide sequence

ATGGGAAATTCTGACCGTAAGCCTGGTCTGATTAAGCGCCTGTGGAAATGGTGGCGTACC
CCCAGCCGTCTGGCGCTGGGGACGCTGCTGTTGATCGGTTTTGTTGGCGGCATCGTCTTC
TGGGGTGGCTTTAACACCGGGATGGAAAAAGCCAATACCGAAGAGTTCTGCATTAGCTGC
CACGAAATGCGCAACACGGTGTATCAGGAATACATGGATTCCGTGCACTACAACAACCGTA
GCGGCGTCCGTGCGACCTGTCCGGATTGTCACGTTCCGCACGAGTTTGTGCCGAAGATGA
TACGCAAGCTCAAAGCAAGTAAAGAGCTGTATGGTAAAATTTTTGGCGTTATTGACACGCC
GCAGAAATTTGAAGCTCATCGTCTGACGATGGCACAGAATGAGTGGCGGCGCATGAAGGA
CAATAACTCGCAGGAGTGCCGTAACTGTCACAACTTCGAGTATATGGATACAACCGCCCAG
AAATCGGTTGCCGCGAAGATGCATGACCAGGCGGTGAAAGATGGGCAAACCTGTATTGAT
TGCCATAAAGGGATAGCGCACAAGCTGCCCGATATGCGTGAAGTCGAGCCAGGTTTTTAA

(Sourced using Kegg genome database for Escherichia coli K-12 MG1655: b2202,

https://www.genome.jp/dbget-bin/www bget?eco:b2202)

Table S4. 2 Bacteria and Plasmid Strains.

Strain/Plasmid Description Source/Reference

Escherichia coli Plasmid Storage Strain (K12 Top 10) Invitrogen
wild type

PMTL_83153 Modular plasmid containing pCB102, http://www.clostron.co
catP, ColE1 + tra, Ptax+ MCS m/pMTL80000.php

PMTL_83151 Modular plasmid containing pCB102, http://www.clostron.co
catP, ColE1 + tra, MCS m/pMTL80000.php
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Table S4. 3 Oligonucleotide Primers used for PCR of DNA regions.

Primers Sequence (5°-3’) Tm (°C) Function
To amplify napC in clonin
NapC_fwd_fdx ATATATCATATGGGAAATTC 61.7 plify nap g9
TGACCGTAAG with Pfdx promoter
To amplify napC in clonin
NapC_rev fdx ~ GAAGTCGAGCCAGGTTTTT 62.1 plify nap g
AAGTCGACATATAT with Prdx promoter
To amplify napC in cloning
e GAGCGAAATCATGGGAAAT
NapC_fwd_hifi 61.8 with Peap and Pnat
TCTGACCGTAAG
promoter
To amplify napC in cloning
oo ATCTCCATGGACGCGTGAC
NapC_rev_hifi 59.3 with Peap and Pnat
GTTAAAAACCTGGCTCGAC
promoter
CAGGAAACAGCTATGACCG
115usNapB_fwd 69.2 Amplify Pnat promoter
CAACAAAGCCCGGTGCAGG
AATTTCCCATGATTTCGCTC
115usNapB_rev 65.8 Amplify Pnat promoter
CCGAACTCC
CAGGAAACAGCTATGACCG
Peap_araC-fwd 59.3 Amplify PBAD promoter
CTTATGACAACTTGACGGC
AATTTCCCATTTTCTCCTCT
Psap_araC_rev 58.9 Amplify PBAD promoter
TTAATCTAGAGAATTC
ColE +tra_F2*  CCATCAAGAAGA GCGAC 56.7 Colony PCR
GATAGTCAAAAGGCATAAC
pCB102_R1* AG 55.4 Colony PCR

All Primers used for PCR with Q5 ® Polymerase. *Exceptions used for Colony PCR with

Green DreamTag.
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4.1.6 Experimental

4.1.6.1 Microbiology

Storage and growth conditions of bacteria

Bacterial cultures were stored at - 80 °C on beads from Microbank™
Long term Bacterial storage system (Prolabs Diagnostics). For recovery
of cultures, E. coli Top 10 wild type were grown from beads at 37°C
overnight (18 hours) in LB (5 mL) with agitation. E. coli harbouring
pMTL8000 series plasmids with Cm resistance gene (catP) were grown
from beads at 30°C overnight (18 hours) in LB (5 mL) and 2.5 pL Cm
stock solution with agitation.

Genomic and Plasmid DNA extraction and quantification

Genomic DNA (gDNA) was extracted from cultures using
GenElute™ Bacterial Genomic DNA Kit, following the manufacturer’s
instructions and eluted in nuclease free water (Thermo scientific).
Plasmid DNA was extracted from overnight cultures using Monarch®
Plasmid Miniprep Kit, following manufacturer’s instructions and eluted in
nuclease free water.

DNA concentrations were quantified using NanoDrop Light

Spectrophotometer (Thermo scientific) at 260 nm against dH20 blanks.

Polymerase Chain Reaction (PCR) of gDNA

Forward and reverse primers in Table 4.S2 were synthesized by
Sigma and used to amplify regions of gDNA during PCR. PCR was
performed using Q5® high fidelity DNA Polymerase (NEB) according to

the manufacturer's instructions. Table 4.S4 describes the reagent
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guantities involved. Annealing temperatures (Table 4.S5) were chosen
according to melting temperatures (Tm)s of primer sets, using NEB
online Tm calculator. If all the PCR product was visualised using Gel
electrophoresis, DNA was purified from the gel using Monarch® DNA Gel
Extraction kit (following manufacturer’s instructions). If only a sample of
the PCR product was visualised using Gel electrophoresis, then the
remainder of the PCR product was purified using Monarch® PCR & DNA

Cleanup kit (following manufacturer’s instructions).

Table S4. 4 Components used for Q5® PCR reactions to amplify gDNA.

Reaction component Volume of Component (uL)
gDNA 1
Q5 ® Reaction master mix 10
dH20 7
Forward Primer (10 pM) 1
Reverse Primer (10 uM) 1

Table S4. 5 PCR Cycle steps used with Q5® Polymerase reactions.

PCR Step Temperature (°C) Time Cycles
Initial denaturation 98 30s 1
Denaturation 98 10s

Annealing 60 30s 30
Extension 72 30 s per kb

Final Extension 72 2 mins 1
Hold 10 - -
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Colony Polymerase Chain Reaction (PCR)

Green DreamTaq Polymerase (Promega) was used according to the

manufacturer’s instructions to screen colonies in the desired napC

insertion region. Reaction components (Table S4.6) were used via PCR

protocol (Table S4.7) with annealing temperatures chosen according to

Tm of primers.

Table S4. 6 Components used for DreamTaqg PCR reactions to amplify gDNA.

Reaction Component Volume (ul)
Template DNA* 1
Green DreamTaq MasterMix 10
ColEl+tra_F2 primer (10 uM) 1
pCB102_R1 primer (10 uM) 1
Water 7

* Colony resuspended in dH20

Table S4. 7 PCR Cycle steps used with DreamTaqg Polymerase reactions.

PCR Step Temperature (°C) Time Cycles
Initial denaturation 94 30s 1
Denaturation 94 10s

Annealing 55 30s 30
Extension 72 30 s per kb

Final Extension 72 2 mins 1
Hold 10 - -
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Agarose Gel Electrophoresis

DNA fragments, amplified by PCR or generated during Colony PCR,
were analysed by agarose gel electrophoresis. Gels were made up of 1%
w/v agarose in 1 x Tris acetate EDTA (TAE) buffer (VWR International
Ltd.) with SYBR™ safe (Thermo Fisher Scientific) staining gel (1:10,000
final concentration). 6X purple loading dye (NEB) was added to DNA
samples before loading (1.5, dye: sample) and 1 kb Plus (NEB) DNA
ladder was used. Once the gel had set the comb was removed,
immersed in 1X TAE buffer and samples loaded in the empty wells. The
gels were run at 100 V for 40-60 minutes and visualised in a Gel Doc™
XR+ imaging system (Bio-Rad). DNA bands were extracted when
necessary, under ultraviolet light using sterile scalpel and purified using

Monarch® DNA Gel Extraction kit using manufacturer’s instructions.

4.1.6.2 Cloning Methods

Restriction Enzyme digestion of DNA and plasmids

Restriction enzymes (RE) and corresponding buffers were supplied by
NEB and digests carried out according to the manufacturer’s instructions.
DNA fragments or plasmids were digested using REs for 1-2 hours at
37°C and purified using Monarch® PCR & DNA Cleanup kit (following

manufacturer’s instructions).

© Mechelle Rebecca Bennett 252



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

Table S4. 8 Restriction enzyme digestion components.

Reaction components Amount (uL)
RE 1 1

RE 2 1
Cutsmart® buffer 2
dH20 20 — (x+3)
DNA or plasmid X* =1000/n

*Where n = concentration of DNA (ng/uL)

Standard Ligation of vector components

The clone pMTL83153_NapC is made of two vector components and so
standard ligation was used to combine them. Ligations were set up using
T4 DNA ligase (Promega) with 100 ng of digested plasmid according to
the manufacturer’s instructions. A molar ratio of 1:3, vector (digested
plasmid): insert (napC-DNA), was used. The reaction was carried out at
room temperature for 3 hours.

vector (ng) X size of insert (kb)

_ _ insert
ng of insert = X molar ratio of ( )

size of vector (kb) vector

100 (ng) X 0.6 kb
4.67 kb

3
ng of insert = X 1= 39 ng

Table S4. 9 Standard ligation components used for cloning of pMTL83153_NapC.

Component Quantity (uL)

Insert (hapC-DNA) X (39 ng)

Vector (Digested Plasmid) Y (100 ng)

T4 DNA ligase 1
Ligase 10X Buffer 2
Nuclease free H20 17 — (X+Y)
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Hi Fi assembly Ligation

Instead of standard ligation, HiFi assembly was used to construct
plasmids for clones containing Pnat and Psap promoters. NEB online
calculator was used to calculate reagent ratios of components and
reactions carried out according to manufacturer’s instructions. For each
reaction, the required components were mixed in an Eppendorf and
incubated at 50°C for 50 minutes, then stored at -20°C or transformed

immediately.

Table S4. 10 Reaction components for Hifi cloning of plasmid with * Pnat promoter or **Pgap

promoter.
Component Quantity
NapC-DNA 28.7 ng
pMTL83153 digest 100 ng
NEBuilder Hifi DNA assembly mastermix 10 pL

Plus the addition of:

115usNapB* 6.6 ng
OR
Psap_araC** 58 ng

*Hifi cloning for Pnat promoter plasmid. **Hifi cloning reaction for Psap promoter

plasmid. H20 added to make total reaction volume 20 pL.

Chemical Transformation of complete plasmids into competent cells

The chemical transformation was carried out according to the NEB
chemical transformation protocol. Chemically competent cells were
thawed for 10 minutes on ice then 15 pL of plasmid DNA was added. The
mixture was incubated on ice for 30 minutes before being heat shocked

at 42 °C for exactly 30 seconds. It was placed on ice for a further 5
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minutes, then 500 pL SOC (Super Optimal broth with Catabolite
repression) media (NEB) was added before incubating at 37 °C for 60
minutes. After this, the cells were streaked on agar plates (with Cm) and

left to grow at 24 °C for 4 days.

Preparation of Chemically competent cells.

Pre-warmed LB broth (200 ml, 37°C) was inoculated with an overnight
culture of E. coli top 10 (2 mL) and grown to an ODeoo of 0.5 - 0.7. 40 mL
of the culture was added to falcon tubes (2 x 40 mL) and left on ice for
15 minutes. The tubes were centrifuged (4,000 rpm, 10 minutes, 4°C)
and the supernatant discarded. The pellets were gently resuspended and
combined an in ice cold CaCl solution (20 mL, 100 mM). The culture was
placed on ice for 30 minutes, then centrifuged (4,000 rpm, 10 minutes,
4°C) before discarding the supernatant. The pellet was resuspended in
2 mL ice cold CaCl (100 mM) + 15 % glycerol solution. 100 uL aliquots

were added to centrifugation tubes and stored at -80°C.

Sequencing of plasmids

Colony PCR amplified DNA regions were sequenced using sanger
sequencing (Source Bioscience service) and results analysed using

Benchling sequence alignment tool.
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4.1.6.3 Evaluation of Protein Expression

Induction of Psap cultures

Clones containing the Peap promoter were induced using L-arabinose
according to protocol in manual ‘pBAD/His A, B, and C pBAD/Myc-His A,
B, and C’ (Invitrogen™). Briefly, a culture of the clone was grown in 5 mL
LB with 2.5 pL Cm stock at 30 °C overnight. 3 tubes containing 10 mL
LB with 5 uL were labelled and culture was added to achieve ODsoonm
0.05. These were grown to ODsoonm 0.5 and arabinose (0.1 mL, X stock,
Figure S4.11) was added to each. After 8 hours (or stationary phase
achieved), 2 mL of each culture was harvested by centrifugation (8000
rpm, 10 minutes, 4 °C) and stored at -20 °C overnight before total protein

content was evaluated.

Table S4. 11 Arabinose induction concentrations for E. coli containing Inducible Promoter

Vector.
Sample Stock arabinose, Final arabinose
X (wiv) Concentration
E. coligp_o%) 0 0
E. coligr_o.000018%) 0.0018% 0.000018%
E. coligp_o.0018%) 0.18% 0.0018%
E. coligp_o.18%) 18% 0.18%

Cell lysate preparation

Overnight cultures were diluted to ODsoo 0f 0.05 (10 mL LB + 5 pL
Cm), grown for 8 hours (stationary phase) and 2 mL harvested by
centrifugation (10000 rpm, 10 mins, 4°C) and stored overnight at -20°C.
Pellets were thawed on ice and cells were lysed using Bugbuster®

Master Mix and ROCHE cOmplete™ EDTA-free protease Inhibitor
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Cocktail (according to manufacturer’s instructions). Briefly, 300 uL of a
1X Bugbuster® Master mix/protease inhibitor solution was added to each
pellet and vortexed gently until homogeneous. These were mixed gently
at RT for 30 minutes on a plate shaker and then centrifuged (100000
rpm, 20 mins, 4°C). The soluble fraction was transferred to a fresh tube
and kept on ice.

BCA Assay

Total protein concentration in each cell lysate sample was analysed
using Pierce™ BCA Protein Assay Kit (Thermo Scientific™) according to
the manufacturer’s instructions (microplate procedure) using flat bottom
96-well plates (Costar, Corning®). CLARIOstar® microplate reader
(BMG LABTECH) was used to measure the absorbance of samples at
562 nm against D20 blank and compared to that of albumin standard
curves.

A BSA standard sample was analysed for protein content using the
BCA assay at different concentrations to create a standard curve. A
standard curve was used to compare the absorbance of protein from cell
lysates to calculate total protein concentration in each sample (Table

S4.11).
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Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS

PAGE)

The total protein content of cell lysates was analysed using BCA
assay and standardised to the lowest concentration (1.75 mg/pL) using
dH20. 25 pL of each standardised cell lysate was mixed with 6 pL
NuPAGE® LDS Reducing sample buffer (thermo fisher) and boiled at
100°C for 5 minutes to denature. Samples were loaded in equal volumes
onto 1.0 mm precast Bolt™ 4-12% Bis-Tris Protein Gels (Invitrogen™)
against Precision Plus Protein™ Keleidoscope (Bio-Rad) protein ladder.
Electrophoresis was carried out using XCell SureLock™ Mini-Cell
Electrophoresis System (Thermo Scientific) at 150 Volts, 75 mins, in 1 x

NuPAGE® SDS buffer solution.

Gel Staining and detaining

After SDS PAGE gels were rinsed gently with water and stained using
Coomassie brilliant blue solution (0.25% Coomassie Brilliant Blue R-250,
50% methanol, 10% acetic acid (w/v)) for 1 hour gently shaking on plate
shaker. De-staining was carried out overnight using solution of 30%
methanol and 10% acetic acid (w/v). Gel Doc™ XR+ imaging system

(Bio-Rad) was used to image the resulting gels.
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4.1.6.4 Applications with Clones

Fe Atom Transfer Radical Polymerisation (ATRP)

E.colip cultures were grown and induced according to protocol
mentioned previously (4.4.2.2). The induced clones were grown to ODsoo
~1.1 (20 mL LB + 10 pyL Cm), centrifuged (6000 rpm, 20 mins), washed
(PBS, 10 mL and 5 mL) then re-suspend in degassed PBS (1.5 mL,
approximately 1.35 x 10° CFU mltin final reaction volume (4 mL)) before
being used in the Fe ATRP reactions.

The reagent quantities are shown in table S4.12. Stock solutions were
made for FeCls.6H20 and HEBIB. Appropriate volumes of FeCls.6H20
stock and MesTREN were added to a 5mL Eppendorf for each reaction
with a stir bar and PBS. In separate tubes, PEGMA and HEBIB were
dissolved in PBS. These were placed in the anaerobic cabinet for a
minimum 1 hour to degas. The total amount PBS (including bacteria
equalled 4 mL) in each reaction. After degassing, bacteria were added to
FeCls/MesTREN mix and pre-mixed for 15 minutes before adding a
monometr/initiator mixture where the reaction began. The reaction was

left overnight and terminated by exposure to air.

Table S4. 12 Reagent ratios for E. colir initiated Fe ATRP.

Reagent Ratio mmol Mass (mg) Vol (uL)
PEGMA 100 0.052 17 16.2
FeClz.6H20 4.65 0.0024 0.65
MesTREN 13.95 0.0072 1.7 1.9
HEBIB 2 0.0010 0.22 0.15
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Linear Sweep Voltammetry (LSV)

LSV was carried out using a 3-electrode system: carbon fibre
micro-disk working electrode (33 pum), Ag/AgCl reference electrode and
platinum wire counter electrode from ALS Co. Ltd., Japan. Experiments
were conducted using potentiostat ‘Autolab PGStat302A’ with low
current module (EDC). Measurements and analysis were carried out
using NOVA 2.1 software. All electrochemical experiments were carried
out in 1X phosphate buffer saline solution (PBS) supporting electrolyte,
at current range 100 pA, scan rate 100 mV/s from 1.25 V to -0.25 V at
room temperature. For the calibration curve 1 mM potassium ferricyanide
and ferrocyanide were made up in PBS (1X) mixed in ratios (10:0, 8:2,
5:5, 2:8, 0:10). A sample of PBS was applied to all measurements as a
control baseline subtraction. A PK-3 electrode polishing kit (ALS Co. Ltd.)
was used to polish the working electrode between measurements. The
first derivative functions of the calibration voltammograms were taken to
create a cross-referencing tool to determine steady state peak currents
(Iss) of the bacterial reduction experiments. First derivative functions were
applied using GraphPad Prism 8.1.2.

Bacteria were prepared by inducing where necessary according
to previous protocols in this thesis. Bacteria were induced/grown
overnight (10 mL, LB +cm) and pellets were resuspended in potassium
ferricyanide (5 ml, 1 mM) for 1 hour at 37 °C. Bacteria were removed by
centrifugation (5000 g, 10 minutes) and the supernatant was analysed
by LSV. The first derivative of the voltammograms was taken and Fe

concentrations were calculated using the calibration graph.
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4.1.7 Supplementary

PCR products

1 kb Plus Ladder 1 kb Plus Ladder

3 kb
Pgap_araC

—_—

1.5kb
1 kb

0.5kb

0.1 kb

Figure S4. 1 Gel electrophoresis of PCR products for DNA regions making up the Native
promoter vector and the Inducible promoter vector, against 1 KB Plus DNA ladder (Left
and Right edges). For the Native promoter vector: Pnat DNA region (145 bps), and napC
DNA region (633 bps) are as expected. For the Inducible promoter vector: Psap_araC DNA

region (1278 bps) and napC DNA region (633 bps) are as expected.

Digests with Not1 and Sal1

e —— 5 kb

\—Y—J
Digested 3 kb
Plasmid

1 kb

0.5 kb

1 kb Plus Ladder

Figure S4. 2 Gel electrophoresis of digested pMTL83153 plasmid (Not 1 and Sall REs)
component for the Native promoter vector and the Inducible promoter vector. (Against 1

KB Plus DNA ladder - Left and Right edges).
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Colony PCR products from HiFi Transformations

3 kb

2kb
1.5 kb

1.2 kb
1T KD

1 kb Plus Ladder

Figure S4. 3 Colony PCR (Primers: ColEl+tra_F2 and pCB102_R1) products to determine
the success of napC insertion into 1: Native Promoter Vector and 2: Inducible Promoter
Vector. Gel electrophoresis shows vector products of colonies from transformation of 1

(expected ~1207 bps) and 2 (expected ~ 2340 bps). All bands show expected sizes.
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Figure S4. 4 Arabinose toxicity study for, Top: E. coli containing empty plasmid and

Bottom: E. coli containing Inducible vector Plasmid at different arabinose concentrations.
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BCA Assay - Standard BSA curve
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Figure S4. 5 BCA Standard curve for BSA (Bovine Serum albumin).

Table S4. 13 Protein standardisation calculations using BCA assay.

Vector AbSse2nm (av) Sample conc. Original mg/ml
(ug/mL)* conc.
(Hg/mL)*
Empty Plasmid 1.57 982.7 1965 1.97
Native Promoter 1.63 1020 2040 2.04
E. coligr_ow) 1.63 1019 2038 2.04
E. coligr_o.000018%) 1.69 1053 2106 211
E. coligp_o.0018%) 1.65 1029 2058 2.06
E. coligr_o.18%) 1.40 873 1746 1.75

*Calculated using BSA equation (y=0.0016x). **Note samples were diluted by 2 so

concentrations doubled to obtain original solution concentrations.

Arabinose toxicity

Overnights were growth in 5 mL LB + 2.5 pl chloramphenicol (Cm)
where appropriate. These were adjusted to 0.05 OD in 2 mL LB (+Cm)
and grown to ODsoo 0.4. They were then induced with arabinose if

necessary.
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Protein Migration Analysis

Protein migration analysis

Y = -1.404*X + 2.401
R%2=0.98
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Figure S4. 6 Protein migration analysis of protein ladder Log(Mr) against relative

mobility on SDS PAGE Gel.

Migration (NapC) = 10.7 cm
Dye front=17.2 cm

migration  10.7

= =0.622
dye front 17.2

Relative mobility (X) =

Log(Mryapc) = [—(1.404 = X) + 2.401]
Log(Mryapc) = (—1.404 * 0.622) + 2.401

Mryape = 10((-1.404+0.622)+2.401) — 33 7 kDa
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Methodology

4.1.8 Molecular Cloning Techniques

Polymerase chain Reaction (PCR)

PCR is used to amplify target regions of DNA.”® The process (Figure
S4.7) begins with denaturation where the heating of a piece of DNA (94
- 98°C) physically separates the strands of the DNA double helix. The
temperature is then lowered (50-65°C) in the annealing stage, and the
primers (short single stranded oligonucleotides with a complementary
sequence to the target DNA region) bind to the target DNA, which
becomes a template for the new DNA strand. With a slight temperature
increase (~72°C) DNA polymerase (an enzyme which catalyses the
synthesis of DNA molecules) can then assemble the new DNA from free
nucleotides in the extension stage. Denaturation, annealing, and
extension are repeated for ~30 cycles to produces millions of target DNA
copies. A final extension cycle is then carried out before the reaction is

cooled to ~10°C before use of amplified DNA or short-term storage.
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Figure S4. 7 Polymerase Chain Reaction (PCR) Cartoon to show denaturation, annealing

and extension steps of DNA amplification.

Agarose Gel Electrophoresis

This technique permits the separation of DNA by loading samples
with a dye in a pre-set gel and applying a voltage.”” The highly cross-
linked agarose gel matrix contains a network of pores that are capable of
molecular sieving (higher agarose concentration decreases the size of
the pores). DNA fragments are negatively charged so they are forced to
migrate through the matrix to the anode in response to the electric
current. UV light is used for visualisation and extraction of DNA
fragments that have migrated through the gel. Shorter DNA fragments
move faster than longer fragment and a DNA ladder of known molecular
weights can be used to determine the molecular weight of a DNA

fragment.
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Sodium dodecy! sulphate — polyacrylamide gel electrophoresis (SDS-

PAGE)

SDS-PAGE allows proteins to be separated by molecular weight, but
electrophoretic mobility is governed by the length, conformation and
charge of a molecule.”® Proteins are structurally diverse compared to
DNA molecules as they have folded tertiary structures, and therefore
have differing charge to mass ratios. This means that they need to be
denatured and linearised before SDS-PAGE analysis. This can be
achieved by heating a protein with anionic detergent (SDS buffer) to
disrupt ionic inter or intramolecular interactions, whilst providing an
overall negative charge to the molecules.

A pre-set polyacrylamide gel is made by radical polymerisation with a
crosslinker (N,N’'methylene bisacrylamide), and the ratio and final
percentage of acrylamide to crosslinker determine the pore size of the
gel. The samples are loaded into wells of the pre-set gel, placed in an
SDS running buffer, and a voltage is applied, causing the negatively
charged molecules to migrate to the anode. A reference ladder of a
known molecular weight is run alongside the proteins to aid molecular
weight determination - smaller proteins migrate more quickly than larger
ones. Once the gel has run to completion, staining with Coomassie
solution allows the dye to bind tightly to protein molecules. The dye also
stains the whole gel so a de-staining step is used to resolve the dye-
bound protein bands. The molecular weights of the proteins can then be

resolved by observing the migration of the bands. Some proteins,
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however, resolve at higher molecular weights due to excess positive

charge or incomplete denaturation.5?

4.1.9 Electrochemical Methodology

Fundamentals

Electrochemical methods are often used to investigate electron
transfer processes (reduction or oxidation) in chemical reactions or
biological reactions. Such redox events at an electrode surface can be
monitored by applying a voltage (potential) and measuring the current
(flow of electrons), known as voltammetry. An electrolytic cell is used for
such experiments (Figure S4.8), consisting of a working electrode (WE),
reference electrode (RE) and a counter electrode (CE). The reaction
must take place in an ionic conductor solution (electrolyte), and a
potentiostat is used to apply potential and measure the current. Redox
events occur at the WE which is set to a given potential. The RE has a
known potential and is used as a reference by the potentiostat to apply
the correct voltage to the WE. The CE is where the complementary
oxidation or reduction reaction to that at the WE takes place, it also
completes the circuit and allows current to flow through the system. The
current measured is reflective of the rate at which electrons transfer
across the electrode-solution interface and so electrolysis can measure

electroactive chemical species through redox these reactions.”
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o
o —

CE RE WE

Figure S4. 8 A 3 electrode electrochemical cell complete with a working electrode (WE),
reference electrode (RE) and counter electrode (CE). Current flows through the circuit
from the working electrode to the counter electrode. The voltage of the system is regulated

using the reference electrode of known electrode potential.

Linear Sweep Voltammetry (LSV)

In linear sweep voltammetry (LSV) the potential is swept linearly at
the WE and the corresponding current is measured with time. When
using a microelectrode, the peak current (lp) obtained can be described

by the Randles-Sevcik equation:

3 1
I, = 2.69x10°n2 ADZCv

2

Where, n = number of electrons, A = electrode area (cm?) C =
concentration of analyte (mol/cm?3), v = scan rate (V/s) and D = Diffusion
coefficient (cm?/s).”® 8 The flow of current in an electrochemical cell is a
direct measure of the rate of the electrochemical reaction taking place at
the electrode surface. The rate of reaction is influenced by the movement

of reactants from the bulk solution to the electrode surface, known as

mass transport or flux (J). Diffusional flux (Jo) is the main contributing
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factor effecting mass transport and is dependent on the size and shape

of the electrode surface.

Linear Sweep Voltammetry

- T
c o .
g = Iss
=] O
O
Potential Potential
Planar Diffusion Radial Diffusion
—— N V'
—~— -
Macro-disk electrode Micro-disk electrode

Figure S4. 9 Linear Sweep Voltammetry showing voltammograms of positive (oxidative
current) produced using a three electrode system with; a macroelectrode (Top, left, red)
and a microelectrode (Top, right, blue). Illustrations comparing diffusion of

macroelectrode (Bottom left, red) to microelectrode (Nottom, right, blue)

Microelectrodes

Macroelectrodes, with sizes < mm, are subject to planar diffusion
(Figure S4.9) of electroactive species to the electrode. At the point where
the peak plateaus (red) the reaction becomes diffusion limited and the
rate of electron transfer is hindered by mass transport of species to and
from the electrode surface. Whereas microelectrodes, with sizes < uM,
experience radial diffusion (Figure S4.9) with substantially increased flux

of species to the electrode surface, this creates a steady state peak
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(blue) which is time independent.®! The Randles-Sevcik equation can be
simplified in this instance, and the steady state current (Iss) is measured:
I = 4nFDCr
Where, n = number of electrons, F = faradays constant (6,485.3 C/mol),
D = Diffusion coefficient (cm?/s), C = analyte concentration (mol/cm?3) and

r = radius of micro-electrode (cm).8?

Microelectrodes are advantageous as faster electron transfer
kinetics can be studied due to the steady state current behaviour,
resulting from faster mass transport. They also produce lower
capacitance levels and reduced ohmic drop which is observed at

macroelectrodes.
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Chapter 5. Conclusions and Future Work
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Conclusions

A thorough review of existing literature in the first chapter of this thesis
highlighted the necessity to broaden the current understanding of
polymer synthesis in combination with biotic redox chemistries.
Reversible Deactivation Radical Polymerisation (RDRP) methods known
as Atom Transfer Radical Polymerisation (ATRP) and Reversible
Addition-fragmentation chain-transfer (RAFT) were discussed in several
redox driven polymerisation systems, including those catalysed by
enzymes, bacteria, and yeast. Although whole cell catalysis has been
briefly explored with such systems, the research area remains relatively
novel and more experiments were necessary to expand the scope of
hybrid ‘polymer-biomachinery’. The research presented in this thesis
explored the development of novel RDRP systems initiated by bacterial
redox mechanisms, resulting in the development of two polymerisation
methods adapted for bacterial redox initiation. The upregulation of a gene
of interest encoding a Cytochrome C (C-Cyt) periplasmic protein (NapC)
was also carried out and probed for its Fe reducing abilities. The research
presented aims to broaden the scope of living biomaterials towards a
variety of applications and to progress the understanding of Fe reduction
systems in bacteria.

Firstly, it was envisioned that Fe ATRP systems might be applicable
in biological environments for whole cell polymerisation catalysis. As
concluded from the first chapter, previous research regarding Fe ATRP

had not been carried out under biological conditions. The second chapter
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of this thesis consequently explored Fe ATRP methods which could be
compatible with bacterial systems. Ascorbic acid (AscA) initiated
polymerisations were firstly tested under these conditions for a selection
of monomers (Poly(ethylene glycol) methyl ether methacrylate
(PEGMA), 2-(Methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammonium
hydroxide (MEDSA), N-Hydroxyethyl acrylamide (NHEA), Hydroxyethyl
methacrylate (HEMA), and Sodium-2-Acrylamido-2-methyl-1-
propanesulfonic (Na-AMPS)) and catalysts (Tris[2-(2-
methoxyethoxy)ethyllamine (TDA-1), Tris(2-dimethylaminoethyl)amine
(MesTREN), Tris(N-methyl-2-aminoethyl)amine (MesTREN), 2, 2 -
Bipyridine (Bpy)). Bacteria cultures (Cupriavidus metallidurans (C. met),
Escherichia coli (E. coli) and Clostridium sporogenes (C. spor)) were
subsequently implemented into these polymerisation systems where C.
met were able to initiate Fe ATRP polymerisations whilst maintaining
viability, and living bacteria were found to be essential to catalyse the
reaction. Different components of the bacterial polymerisation were
explored (Monomer, bacteria type, bacteria concentration, catalyst
concentration, DP, Initiator type) and were found to alter the
polymerisation kinetics, conversion, and the dispersity (P) and molecular
weight (Mn) control of the resulting polymers. Although changing the
parameters of the system had some effect on the polymers generated,
the Mn remained a challenge to control. Nonetheless, not all applications
require well defined polymers, for example, high molecular weight
polymers produced by this method could be of interest for high wear

resistance applications.!: 2 Literature reported prior to this work focussed
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on methods catalysed by Cu and were not optimised to maintain bacterial
viability. This work is the first reported Fe ATRP system that was carried
out in biological conditions, catalysed by 3 types of whole living cells.®
The findings signify the requirement of living cells to the polymerisation
and indicate substantial participation of bacterial EET redox metabolism.

The Fe ATRP polymerisations described were extremely sensitive to
air which required careful deoxygenation of all reaction components,
making the set up difficult and costly. This also confined future
applications to anaerobic environments because the polymerisation
could not be carried out in air. Considering the challenges encountered
in the second chapter, an alternative RDRP method, which did not rely
on a complex metal catalyst to maintain polymerisation control and could
withstand aerobic conditions, was introduced in chapter 3. Fenton
Glucose Oxidase (FG) RAFT techniques discussed in chapter 1 that
could be carried out in the presence of air were advanced to be
compatible with whole bacteria cells. Firstly, the reaction cascade was
developed with in situ activation of air stable Fe®* to Fenton active Fe?*
by AscA in air without the need for prior degassing. Reaction components
(Glucose, GOx, Fe and AscA) were adjusted to tailor the radical flux and
the effects on the M, and D control of the resulting polymers were
observed, with Fe and AscA showing the most profound effects. C. met
were effectively able to replace AscA and living bacteria were shown to
be essential to the polymerisation, implicating the importance of cell
metabolism in the polymerisation redox initiation. Several monomers

(Dimethylacrylamide (DMA), N-Hydroxyethyl acrylamide (NHEA) and N-
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acryloylmorpholine (NAM)) were compatible with the system, but the M
control of the resulting polymers was dependant on the monomer type,
with DMA being the most controllable (£ = 1.12). In chapter 2 high Fe
concentrations (>700 uM) were required for fast Fe ATRP reaction rates
which were greatly dependent on the metal catalyst structure and
stability. As b-FG-RAFT only depends on the Fe concentration as a
radical source, lower Fe concentrations could be utilised in chapter 3 with
better control over the resulting polymers. In this chapter, b-FG-RAFT
could be carried out with Fe concentrations as low as 7 pM whilst
maintaining acceptable M, control and narrow D (D = 1.28). The
polymerisations described could be carried out in air without the need for
degassing which greatly reduced set up time, costs, and broadens the
range of possible applications. Here, a novel technique to generate
polymers under aerobic conditions is presented, generating polymers
with improved M, and D control compared to bacterial initiated Fe ATRP
polymerisations shown in chapter 2. The method has significantly
advanced the current literature to hybridise synthetic chemistry with
biological redox chemistry, to generate well defined polymers under
benign conditions. Beyond the scope of this work, potential remains for
additional optimisation by further lowering Fe concentrations, trialling
other monomer materials and different living organisms, to tailor the
technique towards specific applications.

Lastly, the aims of chapter 4 were to improve the understanding
of C-Cyts in E. coli by investigating the significance of NapC. Previous

research indicated the importance of NapC in bacterial Fe reduction, and
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consequently upregulation of this protein in E. coli was carried out.
Several gene promoters, Prx, Pna and Psap, were used to drive
expression of napC. Once transformed into E. coli, the resulting vectors
containing the latter two promoters (E. colin) and E. coligr), respectively)
gave rise to colonies which showed correct construction by genetic
sequencing. Upon sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS PAGE) protein studies, E. coligr)y clones were
shown to over express the NapC protein with arabinose induction. To test
the effect of NapC upregulation had on bacterial Fe reduction, E. coligp)
were incorporated into Fe ATRP polymerisations. This gave rise to
reaction rates higher than that of E. coli without NapC upregulation,
suggesting that NapC helped to improve Fe®* reduction. LSV studies
were carried out to gain a better understanding of the Fe3* reduction
capabilities of E. coligr). However, a global pandemic (COVID-19) caused
interruptions with these experiments. Further investigations of these
clones will enable light to be shed on the role of NapC in bacterial Fe
reduction and help to improve our understanding of C-Cyt mechanisms
in bacteria.

Overall, this thesis conveys the importance of bacterial redox
chemistry, demonstrating that the synergy between biological and
chemical disciplines can be used to develop new techniques (Figure 5.
1). Indeed, two of the most common RDRP methods, ATRP and RAFT
were adapted to perform under benign conditions, whereby bacterial
viability could be maintained and living bacteria were shown to be

essential to the polymerisation methods. The challenges of poor control
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seen with Fe ATRP bacterial polymerisation methods might be improved
by using different metal catalysts that are less susceptible to ligand
dissociation or bacterial interference. This could be carried out by
screening various metal and ligand combinations. The application of b-
FG-RAFT overcame the challenges of poor control seen with ATRP
methods but was shown to be monomer specific and could be improved
by altering the Fe concentrations. Further screening of different
monomers, chain transfer agents (CTA)s and creating co-polymers
would broaden this field of research by providing a tool to create
polymers with different properties using a sustainable polymer synthesis
method under benign conditions. Upregulation of NapC was found to
have some effects on bacterial Fe reduction and shows that EET is not
just confined to Dissimilatory Iron Reducing Bacteria (DIRB). The work
presented in this thesis highlights the complexity of bacterial redox
mechanisms, showing that continual research is necessary to further
probe and improve EET machinery. As this new field of research
matures, reactions such as step growth polymerisations,* > conducting
polymer synthesis,® other metal catalysed reactions,” or biocatalytic
processes,® could be envisioned. Research in these areas may
contribute to new opportunities for greener synthesis methods or new

technologies such as biosensors, MFCs, or living materials.
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Figure 5. 1. Summary illustration of results from thesis chapters 2-4 exploring bacterial
redox systems. Depiction of bacterial reduction of Fe3* to Fe?* and subsequent reaction
with 1, Atom Transfer Radical Polymerisation (ATRP) components and 2; Fenton Glucose
Oxidase (GOx) Reversible Addition Fragmentation chain-Transfer (RAFT) polymerisation
components. 1; Fe ATRP initiated by bacteria with different monomers (Poly(ethylene
glycol) methyl ether methacrylate (PEGMA), 2-(Methacryloyloxy) ethyl dimethyl-(3-
sulfopropyl) ammonium hydroxide (MEDSA), N-Hydroxyethyl acrylamide (NHEA) and
Hydroxyethyl methacrylate (HEMA)) and bacteria types (Escherichia coli (E. coli),
Cupriavidus metallidurans (C. met), Clostridium sporogenes (C. spor)). 'H NMRs are
presented, indicating the necessity of live bacteria to polymer formation. 2; Fenton GOx
RAFT initiated by bacteria with monomers (Dimethylacrylamide (DMA), N-
acryloylmorpholine (NAM) and NHEA) and size exclusion chromatography (SEC) graphs
of resulting polymers. 3; Hifi-Cloning of Vector with napC gene for NapC protein
upregulation, using inducible promoter (Psap) transformed into E. coli cells to E. coligp).
Sodium dodecyl sulphate — polyacrylamide gel electrophoresis (SDS-PAGE) showing
upregulation of NapC protein. Fe ATRP results showing faster reaction kinetics for E.
colige) and linear sweep voltammetry (LSV) study summary. 4. Possible applications for

the work presented in thesis.
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Future Work

As discussed, growing synthetic polymers in the presence of
bacteria might not only provide novel ECM mimics,® 19 but also bacterial-
specific sequestrants and sensors.'! 12 Whilst the aims set out at the
beginning of this thesis have been achieved, several challenges and
research ideas to purse in the future have arisen accordingly. Although
the field could be used to greatly enhance the sustainability of catalysis
by harnessing bacterial EET, scale up issues may arise in the industry
and these would need to be specifically optimised to each system.
Furthermore, deeper research into EET, different cells types and a
broadening of materials development is required before applications can
be fully developed. Both short term and long-term goals could be

considered to aid the development of the field.

5.1.1 Short Term Considerations

5.1.1.1 Cell Type Investigations

In this thesis, three bacteria types were used to explore the redox
capabilities of Fe reduction to initiate polymerisations. One might
consider the next step in these investigations to be the exploration of
different bacteria types and different cell types (Figure 5. 2 A). To conduct
such experiments, it would be beneficial to perform and analyse Fe
ATRP or FG-RAFT polymerisations using an array of bacteria to observe
whether any differences might be correlated to Gram type, oxygen

tolerance, or membrane structure (e.g., pili), which might shed light on
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different EET mechanisms. Secondly, human cell types could be
integrated into these systems as a means to tissue engineering, ELMs,
or to increase the knowledge of EET in human systems, particularly as
studies have shown that different cancer cell types to have different Fe
reduction pathways and capabilities.’® It might also be beneficial to
explore the use of viruses in the polymerisation systems presented to
shed light on how they exploit EET pathways or for MIP biosensors,
towards infection prevention and virus detection.'* By expanding the
scope of cells that are compatible with these methods, more information
could be gathered on EET mechanisms, and applications towards

multiple targets might be fulfilled.

5.1.1.2 Materials Development

The second and third chapters of this thesis described novel
polymerisation methods, Fe ATRP and FG-RAFT, respectively, which
could be used to create homopolymers of different materials. To further
develop these methods, polymerisations using monomers that could
form block co-polymers,*® functional polymers,> 16 or stimuli-responsive
polymers,t”1® could be pursued towards applications surrounding
molecularly imprinted polymers (MIP)s, sensors and tissue engineering
or cell manipulation.'® 11 The fabrication of block co-polymers would
enable the physical properties of the resulting polymers to be specifically
tailored to control factors such as cell adhesion,® proliferation,° or
sequestration,?° by altering the monomer types and their ratios. Whilst

functional monomers might provide a means to chemically attach
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fluorescent dyes to directly image polymer formation around cells, 5 16
21 or provide crosslinking opportunities to create hydrogels towards
ELMs.19 Indeed, anthracene methacrylamide (AnMA) (Figure 5. 2, B) is
not fluorescent in its monomer form, but upon polymerisation the acrylate
bond becomes saturated and fluorescence is activated. This provides a
means to image the polymer formed as recently demonstrated in the
literature.?  Furthermore stimuli-responsive polymers might be
incorporated into the polymer structures to target visualisation of
changes in temperature, pH, redox, or light.?? Lastly, as demonstrated by
Hawker et al,'® it might be beneficial to perform the polymerisation
methods described whilst employing cell-surface bound RAFT or ATRP
initiators towards cell surface modification applications, which would
prevent initiator loss observed with the Fe ATRP system and alleviate

the poor M, control of the resulting polymers.

5.1.1.3 Bacteria as Recycled ‘immortal’ Catalysts

Both polymerisation methods described in Chapters 2 and 3 utilised
Fe3* activation by living bacterial redox metabolism. A fresh set of
cultured bacteria for every polymerisation batch was used throughout.
The extra steps required to culture these each time could be eliminated
by re-using the same cultured bacteria as a recycled ‘Immortal catalyst’
(Figure 5. 2, C). To investigate this, a bacterial catalysed polymerisation
would be carried out as described in chapters 2 and 3, and the bacteria
removed via gentle centrifugation. This bacterial pellet could be re-

suspended in PBS buffer and added to a new reaction, with the process
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continuing over and over. The pellet could also be re-suspended and
stored in LB for several hours to replenish nutrients to the culture if
necessary. This would decrease the time and steps used in the reactions
to culture and wash the bacteria, saving time and money, which is of

great importance to industrial applications.
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Figure 5. 2 Future work depicting A; the use of various organisms in (Iron) Fe Atom
Transfer Radical Polymerisation (ATRP) and Fenton Glucose Oxidase (FG) Reversible
Activation Fragmentation chain-Transfer (RAFT) polymerisations towards Molecularly
Imprinted Polymers (MIP) applications and knowledge of extracellular electron transfer
(EET) mechanisms in living cells, B; the application of non-fluorescent monomer (AnMA)
in fluorogenic Fe ATRP and FG-RAFT polymerisations, resulting in fluorescent polymer
P(AnMA) that could be used to visualise polymer upon UV irradiation, C; the re-use of

bacteriain Fe ATRP and FG-RAFT polymerisations as an ‘immortal catalyst’.
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5.1.2 Long Term Considerations

5.1.2.1 LPS Mimics from Glycopolymers

Lipopolysaccharides (LPS)s are a component of a Gram - negative
bacterial cell wall that are recognised by the immune system using
pattern recognition receptors such as Toll-like receptors (TLR)s.?® TLRs
on an immune cell bind to pathogenic LPS sites to initiate defensive
responses such as apoptosis.?* The polymerisation methods developed
in Chapters 2 and 3 could be used to produce glycopolymers or LPS
mimics on the surface of harmful cancer cells to signal an immune
response which would otherwise be ‘hidden.” The altered Fe metabolism
of cancer cells?® could be used to target LPS formation upon cancer cell
detection commencing an immune response. Steps towards this long-
term vision could be taken by firstly producing glycopolymers from an
RDRP method, then advancing to cancer cell initiation. The initiators of
the system would need to target the cancer cells exclusively so the main
challenge would be to prevent healthy cells from being targeted.
However, small steps towards this long-term goal may be beneficial to
cancer research in broadening the knowledge of cancer redox

mechanisms,?> somewhat explored by Sherman et al.13 26

5.1.2.2 Iron Oxide Nanoparticles for Tumour Suppression
Polymerisations in Chapter 3 were carried out using Iron (lII)

Chloride as a catalyst. To broaden the scope of this technique further,

studies incorporating Iron oxide (FeO) nanoparticles, which are capable

of the Fenton reaction, may be carried out. FeO nanoparticles are non-
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toxic to cells and are much more stable than Fe3* or Fe?* ions, so they
are less likely to be up taken by bacterial regulation proteins (i.e.,
siderophores). The use of FeO nanoparticles would sustain the
concentration of Fe at the site of polymerisation to maintain a constant
radical flux, and possibly aid the polymerisation control further. In
addition, an even lower starting concentration of FeO would be needed
compared to FeCls which would i) be more cost effective and ii) further
prevent uncontrolled radical flux. FeO nanoparticles have shown efficacy
in preventing tumour growth,?” and so this work could directly translate

to mechanistic investigations or diagnostics for cancer research.

5.1.2.3 Cloning and Electrochemical methods
Experiments in chapter 4 revealed that the periplasmic protein NapC
in E. coli could be upregulated by molecular cloning. Preliminary Linear
sweep voltammetry (LSV) studies suggested that environmental stress
could induce Fe reduction upregulation pathways. Future work could be
carried out to confirm this hypothesis. Additionally, other C-Cyt proteins
could be upregulated or removed (knocked out) by molecular cloning to
further probe the EET mechanisms involved in metal reduction and
broaden the knowledge of the rate limiting steps in EET. This research
would help to improve knowledge in the field of bacterial reduction,
particularly important to microbial fuel cells (MFC)s, biosensors, and the
new field of hybrid bacterial-synthetic polymerisation methods.
In summary, a plethora of research paths have arisen from the

research in this thesis, creating a novel platform for the investigation of
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bacterial redox systems. In Chapter 2 a bacterial driven Fe ATRP method
is presented which may be useful in anaerobic environments for high
molecular weight polymer applications and may have potential in other
areas with more optimisation studies. Chapter 3 reveals a versatile b-FG-
RAFT technique with opportunities to expand the scope of biomedical
applications including tumour suppression. The 4" chapter of this thesis
provides an insight into C-Cyt mechanisms but also highlights the
complexity of bacterial redox chemistry. Further research into these
mechanisms may enable a better understanding of bacterial hybrid

technologies such as MFCs and biosensors.

© Mechelle Rebecca Bennett 291



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

References

1. A. Reyhani, S. Allison - Logan, H. Ranji - Burachaloo, T. G. McKenzie, G.
Bryant and G. G. Qiao, J. Polym. Sci., Part A: Polym. Chem., 2019, 57,

1922-1930.

2. M. Hussain, R. A. Naqvi, N. Abbas, S. M. Khan, S. Nawaz, A. Hussain, N.
Zahra and M. W. Khalid, Polymers, 2020, 12, 323.

3. M. R. Bennett, P. Gurnani, P. J. Hill, C. Alexander and F. J. Rawson,

Angew. Chem. Int. Ed. Engl., 2020, 59, 4750-4755.
4, T. Yokozawa and Y. Ohta, Chem Rev, 2016, 116, 1950-1968.

5. A. Poater, E. Pump, S. V. C. Vummaleti and L. Cavallo, Chem. Phys. Lett.,
2014, 610-611, 29-32.

6. S. Ramanavicius and A. Ramanavicius, Nanomaterials (Basel), 2021, 11,
371.

7. Y. M. Zhao, P. C. Zhang, C. Xu, X. Y. Zhou, L. M. Liao, P. J. Wei, E. Liu, H.
Chen, Q. He and J. G. Liu, ACS App! Mater Interfaces, 2020, 12, 17334-
17342.

8. S. Kato, Microbes Environ, 2015, 30, 133-139.

9. Y. Zhao, X. Zhang, Y. Wang, Z. Wu, J. An, Z. Lu, L. Mei and C. Li,
Carbohydr. Polym., 2014, 105, 63-69.

10. A. M. Duraj-Thatte, N. D. Courchesne, P. Praveschotinunt, J. Rutledge,
Y. Lee, J. M. Karp and N. S. Joshi, Adv. Mater., 2019, 31, e1901826.

11. S. Piletsky, F. Canfarotta, A. Poma, A. M. Bossi and S. Piletsky, Trends
Biotechnol., 2020, 38, 368-387.

12. S. A Zaidi, Crit. Rev.  Anal. Chem., 2020, DOI:
10.1080/10408347.2020.1755822, 1-10.

13. H. G. Sherman, C. Jovanovic, A. Abuawad, D. H. Kim, H. Collins, J. E.
Dixon, R. Cavanagh, R. Markus, S. Stolnik and F. J. Rawson, Biochim
Biophys Acta Bioenerg, 2019, 1860, 628-639.

14. M. Dan, A. L. Wang and C. C. Wang, Mol. Microbiol., 2000, 36, 447-456.

15. E. P. Magennis, F. Fernandez-Trillo, C. Sui, S. G. Spain, D. J. Bradshaw, D.
Churchley, G. Mantovani, K. Winzer and C. Alexander, Nat Mater, 2014,
13, 748-755.

16. J. Niu, D. J. Lunn, A. Pusuluri, J. I. Yoo, M. A. O'Malley, S. Mitragotri, H.
T. Soh and C. J. Hawker, Nat Chem, 2017, 9, 537-545.

17. C. G. Palivan, R. Goers, A. Najer, X. Zhang, A. Car and W. Meier, Chem.
Soc. Rev., 2016, 45, 377-411.

18. A. Bordat, T. Boissenot, J. Nicolas and N. Tsapis, Adv Drug Deliv Rev,
2019, 138, 167-192.

19. M. P. Robin and R. K. O'Reilly, Chemical Science, 2014, 5, 2717-2723.

20. L. T. Lui, X. Xue, C. Sui, A. Brown, D. |. Pritchard, N. Halliday, K. Winzer,
S. M. Howdle, F. Fernandez-Trillo, N. Krasnogor and C. Alexander, Nat
Chem, 2013, 5, 1058-1065.

21. M. D. Nothling, H. Cao, T. G. McKenzie, D. M. Hocking, R. A. Strugnell
and G. G. Qiao, J. Am. Chem. Soc., 2020, DOI: 10.1021/jacs.0c10673.

22. T. M. Reineke, ACS Macro Letters, 2016, 5, 14-18.

© Mechelle Rebecca Bennett 292



Hijacking Bacterial Electron Transfer for Iron - Mediated Polymerisations

23.

24.
25.

26.

27.

S. Fried, S. Tosun, G. Troost, S. Keil, K. S. Zaenker and T. Dittmar, PLoS
One, 2016, 11, e0148438.

M. Triantafilou and K. Triantafilou, J. Endotoxin Res., 2005, 11, 5-11.

R. A. M. Brown, K. L. Richardson, T. D. Kabir, D. Trinder, R. Ganss and P.
J. Leedman, Front Oncol, 2020, 10, 476.

H. G. Sherman, J. M. Hicks, A. Jain, J. J. Titman, C. Alexander, S. Stolnik
and F. J. Rawson, Chembiochem, 2019, 20, 1008-1013.

S. Zanganeh, G. Hutter, R. Spitler, O. Lenkov, M. Mahmoudi, A. Shaw, J.
S. Pajarinen, H. Nejadnik, S. Goodman, M. Moseley, L. M. Coussens and
H. E. Daldrup-Link, Nat Nanotechnol, 2016, 11, 986-994.

© Mechelle Rebecca Bennett 293



