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i. Abstract

The ability to selectively sequester bacteria from a mixed population is a
desirable aim across a range of fields. Already some technologies exist to
attempt to meet these aims however, these are generally limited to the
confinement of small populations in defined locations and may be unable to
differentiate between morphologically similar but phenotypically distinct
cells. Furthermore, the use of immunomagnetic nanomaterials is likely to

be prohibitively expensive for many scaled-up applications.

Magnetic glyconanoparticles (MGNPs) as a platform for specific bacterial
capture by lectin-mediated attachment appear promising but have yet to be
utilised for the extraction of bacteria from mixed populations. The work

described in this thesis attempted to address this shortcoming.

An inducible mutant of the Type 1 fimbriae, a mannose-specific lectin, was
produced in a wildtype E. coli background via a homologous recombination
strategy. Binding to glycopolymers was only observed in the presence of
the inducer and was specific for mannosylated but not galactosylated

glycopolymers.

Well-defined glycopolymers of mannose and galactose acrylamides of
varying chain length were synthesised by RAFT polymerisation with a
dopamine terminal chain transfer agent and polymerisation kinetics was
investigated. Binding studies revealed a complex relationship between
lectin avidity and glycopolymer chain length. The dopamine functionality of

these glycomaterials allowed for facile functionalisation of



superparamagnetic iron oxide nanoparticles with glycopolymers and lectin

affinity was retained upon particle decoration.

Delivery of these glycopolymer-decorated nanoparticles to co-cultures of
fluorescently labelled bacteria facilitated efficient depletion of Type 1
fimbriated target cells from wildtype or afimbriate E. coli. Extraction
efficiency of fimbriated E. coli was improved when the counterpart strain
did not harbour the genetic apparatus for expression of the Type 1 fimbriae.
However, release of the captured cells from the nanoparticles by addition
of a monovalent competitive ligand could not be adequately demonstrated

under the tested conditions.

Overall this work suggests that MGNPs may prove a versatile tool for the
extraction of bacteria from mixed populations based on the sugar-binding
preferences of different bacteria or control over the genetic apparatus
encoding bacterial surface associated lectins. However, additional

investigation is required to fully investigate the limitations of this system.
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1. General Introduction

1.1. The Industrial Biotechnology Revolution

Since its advent, the field of industrial biotechnology have been decisively
transformative technologies with the propensity to revolutionise the way
we manufacture chemicals, materials and pharmaceuticals (Singh, 2011).
Genomic engineering of microorganisms has already resulted in the ability
to biosynthesise chiral intermediates (Tseng et al., 2010), which are key
components in the chemical industry; synthesis of key feedstock
compounds such as butanone and ethylene glycol (Pereira et al, 2016;
Srirangan et al., 2016); and biosynthesis of fatty acid methyl esters (FAME)
by Escherichia coli thus negating reliance on transesterification of plant oils
with methanol for biofuel production (Sherkhanov et al, 2016). Such
contemporary advances synchronise well with concurrent global desires to
reduce the burden of climate change and decrease reliance on non-

renewable enterprise by investing in renewable technologies.

In the pharmaceuticals industry, industrial biotechnology has allowed for
the development of new and more effective therapies. Indeed,
approximately 30% of all therapeutic proteins licensed for use are
synthesized in E. coli as a heterologous host (Baeshen et al,, 2015). Well
documented examples of this include the production of humanised insulin
in recombinant E.coli (Williams et al, 1982); the production of
recombinant murine monoclonal antibodies for the treatment of
rheumatoid arthritis and various cancers (Souriau & Hudson, 2003); and

the production of semi-synthetic artemisinin, the most potent currently
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known antimalarial, by the generation of novel biosynthetic pathways

(Paddon & Keasling, 2014; Paddon, 2013; White, 1997).

However, while the industrial fermentation of metabolically engineered
microorganisms is becoming more commonplace, it is still not viable for a
variety of biosynthetic applications. Furthermore, studies are beginning to
emerge which challenge the old paradigm of complete biosynthetic
pathway reconstitution in a single strain. These works have demonstrated
that engineering microbial consortia to express complex pathways in
distinct modules may be more efficient and robust allowing for the
production of desirable biochemicals including bioethanol, polyketides,
aromatic compounds and plastics precursors (He et al, 2011; Jiang et al,
2019; Li et al,, 2019a; Liu et al., 2017; Park et al., 2012; Ross et al., 2014;
Wang et al.,, 2016a; Xin & He, 2013; Zhang et al., 2015a; Zhang et al., 2015b;
Zhou et al., 2019). In their seminal work Zhang & co-workers were able to
produce cis,cis-muconic acid, a key precursor in the production adipic acid,
which is used to make nylon and polyurethane, and terephthalic acid, a
monomer of polyethylene terephthalate using a co-culture approach. A
maximal production of 0.35 g/g of carbon source was achieved - a
significantly higher yield than other biosynthetic production methods
(Zhang et al, 2015a). Moreover, engineering metabolic modules across
synthetic microbial consortia as opposed to a single chassis can reduce
metabolic load upon the host organism(s) as well as limiting the crosstalk

between native and non-native pathways or signalling mechanisms
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(Gerchman & Weiss, 2004; Jia et al., 2016; McCarty & Ledesma-Amaro,

2019; Roell et al.,, 2019; Shong et al., 2012).

However, the increased complexicity of microbial cultures in bioindustrial
applications resulting from increasing utilisation of synthetic consortia will
likely require specialised tools for organism differentiation, capture and
processing. Selectively removing bacteria from a biosynthetic reaction
culture at suitable time points could improve the yield and efficiency of
such reactions by the removal of an organism expressing no longer useful
enzymes which may lead to non-desirable reactions (Bernstein et al., 2017;
Zhang et al., 2018). Furthermore, this could allow for the selective removal
of organisms in which the desired product has been internalised, as in
inclusion bodies (Peternel et al., 2008), thus allowing for harvest of this
product while mediating the shift from batch based bioreactors to
continuous bioreactors. Some of the existing cellular confinement
strategies, along with their merits and limitations, are discussed below.
These strategies, however, do not appear to be feasible for large scale
selective sequestration of bacteria from large populations concurrent with

those in industrial bioreactors.
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1.2. Existing Bacterial Confinement Technologies

1.2.1. Microfluidics

Microfluidic devices are frequently used in microbiology to isolate small
bacterial populations and can be utilised to monitor their response to
specific microenvironments and cell to cell signalling (Shields et al.,, 2015;
Wessel et al., 2013). Typically these microfluidic devices are made from
poly(dimethylsiloxane) (PDMS) and the employment of soft-
lithography/wet etching techniques are able to pattern these devices with
specific topographic structures producing channels and mazes for physical
isolation of cells (Fig 1.1) (Li et al,, 2005; McDonald et al., 2000; Park et al,,

2003).

Figure 1.1. Vibrio harveyi accumulation in a microfabricated maze. V. harveyi
accumulation after 8 hours occurs due to self-attractive behaviour and causes
increased population density. The dark-field image (left) displays autoaggregation of
cells at dead ends and cul-de-sacs of the maze. Autoaggregation results in the quorum
sensing-dependent production of luminescence as detected by a photon-counting
(right image). Adapted from Park et al, 2003.
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Thus far these technologies have been employed to isolate small
populations of E. coli to produce travelling waves of cell density to replicate
precursor conditions of quorum sensing in this organism (Park et al., 2003).
Another group has successfully used this technology to isolate singular S.
aureus and P. aeruginosa cells and demonstrate that a singule bacterium,
isolated from a low density culture, was able to stimulate quorum sensing-
like events (Boedicker et al., 2009). Microfluidics has also been employed
for ‘stochastic confinement’ of bacteria where individual bacteria have been
confined in nanolitre scale droplets (Boedicker et al., 2008). This method of
confinement helped increase colony cell density and allowed molecule
accumulation around the cells enabling high throughput analysis of

antibiotic sensitivity of a variety of cells (Boedicker et al., 2008).

Microfluidics have also been coupled with immunomagnetic particles to
separate two distinct eukaryotic cells types in one of the most promising
developments in this field to date (Osman et al., 2013). In this work Jurkat
and HEK 293 cells were isolated from a mixed population by labelling them
under microfluidic flow with specific antibodies coupled to magnetic
nanoparticles and extracting the labelled cells with micro-magnets (Osman
et al, 2013). This technology is currently unsuitable for large-scale
industrial application due to the high cost associated with
immunomagnetic particles but this pioneering study demonstrated the
viability of this approach, paving the way for future innovation.
Simultaneous microfluidic sorting of multiple bacterial targets has also

been performed by Kim & Soh using a novel integrated dieletrophoretic-
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magnetic activated cell sorter with concurrent expression of T7 tag
peptides or streptavidin binding peptides on the surface of target cells (Kim

& Soh, 2009).

Despite the apparent explosion in the invention of successful lab-on-a-chip
microfluidic cell separation devices relatively few have been translated to
successful commercialisation, with no wide clinical distribution of any
device. An exhaustive review by Shields et al partly attributes this to a
saturated patent environment, with over 2750 microfluidic device patents
as of 2017 in the USA alone, limited post-invention investment and

generally poor user interfaces of microfluidic devices (Shields et al, 2017).

1.2.2. Hydrogels

Hydrogels are networks of cross-linked hydrophilic polymer chains.
Hydrogels have commonly been used in tandem with microfluidic devices
to confine small bacterial populations and offer the core advantage that
they are able to create environments which have specific and defined mass
transfer properties (Wessel et al, 2013). Hydrogels can be used to
immobilise cells in media but have also been used to study intercellular
interactions by allowing the diffusion of small hydrophilic molecules
through them (Degiorgi et al, 2002; Jasinska et al, 2018; Wessel et al,
2013). In this way, the impact of intracellular signalling systems,
particularly quorum sensing have been extensively studied (Carnes, 2010;

Flickinger et al,, 2011).
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Furthermore, hydrogels can be supplemented with optical trapping
methods to confine small populations of bacteria into microchambers
within the hydrogel matrix (Harper et al., 2012; Perroud et al, 2009). A
particularly powerful technique, multiphoton lithography, is capable of
producing microcompartments within a hydrogel matrix with which have
picolitre scale pores within their walls. Due to their strikingly familiar
structure, these have been dubbed ‘bacterial lobster traps’ and they have
the ability to isolate a single cell to small populations (Fig. 1.2) (Connell et

al., 2010; Harper et al., 2012; Nielson et al., 2009).

Figure 1.2. Scanning electron micrograph of bacterial lobster pot entrapping
Pseudomonas aeruginosa cells. P. aeruginosa shown in false colour (green) Adapted
from Connell et al, 2010.

In their landmark study Connell et al, where able to isolate single
Pseudomonas aeruginosa cells in such permeable microcavities and
demonstrate that quorum sensing in these bacteria is not just modulated
by cell density but also media flow and total population size (Connell et al.,
2010). Additionally this study showed that as few as 150 confined cells
were able to demonstrate an antibiotic resistant phenotype consistent with
that demonstrated in biofilm growth (Connell et al.,, 2010). Soft lithography

structure design within hydrogels has also been exploited in tandem with
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microfluidics to interrogate chemotactic decision making with clonal
bacterial populations. A study by Salek and co-workers demonstrated the
construction of branching mazes structures within a hydrogel which,
coupled with microfluidics, was seeded with a chemoattractant gradient
(Salek et al, 2019). Better chemotaxers became increasing concentrated at

sequential junctions.

With both of these techniques there are some key limitations. Firstly, most
of these approaches are limited to the confinement of small populations of
bacterial cells in defined locations and low volumes; for microfluidic
channels this is typically less than 10 puL (Wessel et al., 2013). Furthermore,
physical separation lacks the ability to differentiate between cell
populations that are morphologically identical yet phenotypically different.
A population of cells in a biosynthetic pathway is likely to consist of the
same chassis, but be engineered to have divergent metabolisms.
Confinement techniques which are based on temporal and spatial
separation are unlikely to be able to distinguish these distinct

subpopulations present in one mixed population.
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1.2.3. Flow cytometry

A typical strategy used to investigate individual cells in larger populations
involves the use of flow cytometry. Indeed the use of flow cytometry has
already been identified as having the potential to monitor population
heterogeneity within industrial bioreactors (Brognaux et al, 2013).
Microbial populations are capable of displaying phenotypic heterogeneity
in industrial bioreactors due to the fluctuating conditions they are exposed
to as they move through the reaction vessel. Heterogeneity can impact
cellular metabolism and, consequently, yields and quality of desired
products (Lara et al., 2006). Brognaux et al describe a novel strategy using
a simplified, automated flow cytometry procedure which was able to
monitor multiple conditions within a bioreactor as indicators of microbial
stress in real time (Brognaux et al., 2013). This automated approach could
provide the basis for high-throughput analysis of cells within a

fermentation vessel using flow cytometry.

Fluorescence assisted cell sorting (FACS) is already a well-established
modification of flow cytometry for the selective sorting of different cells via
fluorescence labelling, differential marker expression as detected by
labelled antibodies and specific optical properties of differing cells,
particularly in immunology (Cossarizza et al., 2017; Jan et al, 2011).
Detection of pathogenic bacteria and single cell sorting of bacteria using
multicolour flow cytometry with fluorescent probes has already been

achieved (Kennedy & Wilkinson, 2017; Nebe-von-Caron et al., 2000).
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However, thus far it appears that such flow cytometry based strategies have
only been successfully employed at the laboratory benchtop (Brognaux et
al, 2013; DeLisa et al, 1999; Leelavatcharamas et al, 1997). Without
practical large scale data, success when scaled up to industrial bioreactors
cannot be assumed. Additionally, adaption of flow cytometers to industrial
scale bioreactors will require novel partner technologies to couple the
reactors and cytometers and allow for confinement of cells from the
reactor. Some magnetic separation technologies have been adapted to this
aim but are highly specialised and, thus, expensive (Golden et al, 2013).
Until these technologies can be optimised and become cost-effective it is
unlikely they will experience pervasive uptake. Furthermore, cell
separation via flow cytometry is normally mediated by fluorescent
antibodies as the discriminatory agent; these are prohibitively expensive
for large scale application. Alternatively, cells with distinguishably different
morphologies can be sorted by the use of differing fluorescent dyes

(Ambriz-Avina et al., 2014).
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1.2.4. Immunomagnetic separation

The binding properties of antibodies to cell-specific antigens has also been
exploited for selective detection, separation and isolation of cells in mixed
populations by coupling them to magnetic particles (Bohara & Pawar, 2015;

Gallo et al, 2011; Qiu et al, 2009; Singh et al., 2016; Wang et al., 2016b).

Many magnetic particles are available commercially with microscale
magnetic beads (>2 um) available from Dynal, or beads in the nanoscale
(<100 nm) available from Miltenyi Biotech (Miltenyi et al., 1990; Neurauter
et al., 2007). Furthermore, these particles can often be purchased directly
conjugated with primary antibodies against cell-specific targets as part of
kits. Alternatively antibodies may be labelled with biotin through
traditional EDC/NHS amide coupling and conjugated to streptavidin
decorated magnetic particles; streptavidin/biotin interactions are one of
the strongest non-covalent interactions known with Kq in the order of 10->
nM (Dundas et al., 2013; Strachan et al., 2004). IgG anti-human CD45
labelled magnetic nanoparticles have previously been used for the selective
capture of white blood cells from human whole blood with a capture
efficiency of >99% (Gourikutty et al, 2016). Inmunomagnetic separation
has also been used to capture circulating tumour cells in human peripheral
blood samples with cancer specific markers, potentially offering enhanced
scope for cancer diagnostics and metastasis detection (Cao et al, 2017;

Hoshino et al, 2011).

In terms of bacterial capture, immunomagnetic separation by antibody

conjugated nanoparticles has been utilised to isolation pathogenic E. coli
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0151:H7 from foodstuffs with a minimum capture efficiency of 94% and no
observable capture of other common foodborne organisms including
Salmonella, Citrobacter and Listeris spps (Varshney et al., 2005). Kumar &
co-workers were able to generate anti-P. aeruginosa antibody
functionalised magnetic carbon nanotubes and demonstrate ability of these
materials to selectively isolate P. aeruginosa from a mixed culture with S.
aureus with no cross-reactivity, demonstrating the potential of this
technology as a rapid, diagnostic bioprobe for use in co-infection analysis
(Kumar et al, 2013). Others have designed a continuous flow device for
continual detection and isolation of Salmonella typhirium using self-
assembled magnetic nanoparticle chains conjugated with anti-S. typhirium
polyclonal antibodies with 80% separation achieved in 45 mins (Cai et al.,
2018). A transiently magnetisable pipette tip incorporating a ferromagnetic
matrix of nickel meshes has also been developed to allow for the high-
throughput sorting of immunomagnetically labelled bacteria from mixed
populations spiked into whole blood samples (Fig 1.3) (Oh et al, 2018).

90.5% of targeted E. coli could be recovered using this device.
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Figure 1.3. Separation of target bacteria using MACS pipette tip and
immunomagentic beads. A) A mixed bacterial sample is incubated with magnetic
beads conjugated with antibodies against the target cell, leading to specific attachment
to target cells. B) The bacterial sample is aspirated into the MACS Tip,
immunomagnetically labelled cells are captured by the integrated nickel mesh. C) Non-
immunomagnetically labelled cells are removed by washing. D) The MACS Tip is
removed from the magnetic field and conjugated target cells are recovered from the
nickel mesh by washing. Adapted from Oh et al, 2018.

However, while immunomagnetic systems are becoming increasingly more
diverse and commercially available the prohibitively high cost of these
systems tends to limit their application to either cell detection or low scale
isolation of specific cells in the academic setting. Industrial scale
immunoseparation appears to be economically non-viable without
significant cost reduction of antibodies and their accompanying magnetic

particles.
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1.2.5. Aptamer-based bacterial isolation

Aptamers are short DNA or RNA oligonucleotides which fold and bind to a
specific target with high affinity and specificity (Ellington & Szostak, 1990;
Lakhin et al.,, 2013; Tuerk & Gold, 1990). While earlier methods for aptamer
identification involved the screening of large combinatorial libraries of
oligonucleotides, the conventional method for aptamer engineering is
known as SELEX (systemic evolution of ligands by exponential enrichment)
(Bouchard et al, 2010; Lakhin et al, 2013). Through iterative cycles of
selection, increasing competition for binding sites enriches the recovery of
high affinity aptamers, with maximal enrichment for the highest affinity
aptamers usually seen with 5-20 rounds (Fig 1.4) (Kulbachinskiy, 2007;

Stoltenburg et al., 2007).
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Figure 1.4. SELEX process for specific aptamer discovery. A pool of
oligonucleotides is prepared by PCR amplification or RT-PCR, for DNA and RNA
aptamers respectively. This library is then incubated with target molecules or whole
target cells. Non-binding oligos are separated from bound molecules by washing.
Target specific aptamers are then removed from the target and amplified to generate
a less diverse library with higher specificity to the target. Iterative rounds of
competition and selection leads to the evolution of highly specific aptamers. Adapted
from Bouchard et al, 2010.

SELEX has allowed for the identification of high affinity aptamers against
bacteria including E. coli, Staphylococcus aureus and Salmonella enterica spp
(Dwivedi et al., 2013; Hamula et al, 2011; Kim et al., 2013; Marton et al.,

2016; Moon et al., 2015).

Due to their specificity, aptamers have been adapted to specific cell
isolation techniques. Using a whole cell SELEX approach Dwivedi & co-
workers were able to isolate a DNA aptamer with avidity for Salmonella
typhimurium (Ka = 1.73 * 0.54 pM) but low cross-reactivity with other
organisms suggesting specificity (Dwivedi et al, 2013). Biotinylation of

aptamers against S. typhimurium allowed for the capture of aptamer-bound
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cells by commercially available streptavidin-coated magnetic beads and
subsequent detection of S. typhimurium down to 102-103 CFU in 290 pL
(Dwivedi et al, 2013). Aptamer-conjugated magnetic nanoparticles have
also been used for the selective isolation of acute leukaemia cells from
mixed cell and whole blood samples, suggesting the potential of aptamer
conjugated magnetic nanoparticles for medical diagnostics and cell
separation (Gedi & Kim, 2014). Aptamers in this study were also produced

via a SELEX strategy.

Aptamers are particularly advantageous as an alternative to antibodies as
their generation is significantly easier and cheaper than antibody
production; they are also neither immunogenic nor toxic (Blind & Blank,
2015; Bouchard et al, 2010; Kulbachinskiy, 2007). However some issues
with aptamer stability in physiological media has been reported,
particularly for RNA aptamers (Adler et al, 2008; Mallikaratchy et al,
2011). Significant effort is currently being expended in chemical
modification of aptamers to improve stability (Wang et al,, 2011; Ye et al,
2016). Some cross-reactivity for aptamers has also been recorded, which
may limit their application in cell-specific isolation techniques (Bruno et al.,

2009; Gening et al., 2006).
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1.2.6. Lectins and their use in cellular isolation techniques

1.2.6.1. Lectin structure and funtion

Lectins are a heterogeneous group of oligomeric proteins which bind
carbohydrates (Lis & Sharon, 1998; Schnaar, 2016). These proteins are
typically di- or polyvalent, that is they possess at least two carbohydrate
binding domains which allows for cross-linking between macromolecules
containing sugar residues or cross-linking between cells by binding to
polysaccharides displayed on their cell surface (Sharon & Lis, 2004). This
multivalency results in the characteristic abilities of lectins to agglutinate
cells and precipitate polysaccharides and glycoproteins (Sharon & L