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Summary

Lipopolysaccharide (LPS) is commonly implicated in the development
and rapid progression of sepsis however no efficient diagnostic assay
currently exists. The over-arching aim of this project was therefore to
develop a novel biomimetic peptide-polymer hybrid system capable of
recognising and binding LPS in a variety of biologically relevant

environments.

Target selective peptides (both commercially available and synthesised)
have been used as high affinity ‘functional monomers’ in a molecular
imprinting approach. To reduce the concept to practice, a bi-
functionalised resin was prepared so as to allow the use of two
independent surface attachment strategies. Controlled polymer growth
was initiated from surface bound iniferter groups whilst the attachment
of the peptide was achieved through amine-amine imidoester linkages
or via azide-alkyne “click” chemistry. Polymyxin, a small,
conformationally constrained cyclic peptide that possesses high affinity
for lipopolysaccharide (LPS) was used to provide proof-of-principle.

Polymyxin resins, produced via the immobilisation of alkyne
derivitised polymyxin B on the surface of azidomethyl polystyrene via
“click” chemistry, were able to efficiently bind LPS from aqueous
solutions with an apparent K4 of ~ 0.2 uM. Although the development
of the peptide - polymer hybrid system using these resins appeared
somewhat unsuccessful, whether the observed reduction in binding is
due to changes in the Bmax or the Ka of the resin remains to be
elucidated. The assay performed with the polymerisation samples
produced using resin displaying polymyxin immobilised via a dimethyl
adipimidate linker, suggest that the hypothesised approach is feasible
but that optimisation of a number of variables is needed before

definitive results can be obtained.
iv
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Chapter One: General Introduction

1.1 Lipopolysaccharide

1.1.1 General Overview

In 2004, the Infectious Diseases Society of America published a report
highlighting the disparity between the dwindling number of new
antimicrobial therapies and the increasing occurrence of bacteria
resistant to multiple antibiotic classes (1). For a growing number of
Gram negative infections there are no effective antimicrobial
interventions either available or in the advanced stages of development
(23). With the emergence of multi-drug resistant pathogens, in an
ageing population with an increased number of immuno-compromised
patients, it is not surprising that infective diseases are becoming ever

more prevalent.

Sepsis is defined as “a life threatening condition that arises when the
body's response to an infection injures its own tissues and organs” (4).
It is a leading cause .of death in non-coronary intensive care units
worldwide with mortality rates of up to 50%. In the UK it is responsible
for more deaths per year than breast and bowel cancer combined and
the associated economic burden on the healthcare system is significant
(5). Despite this, it remains under-recognised and poorly understood
because of inadequate diagnostic assays and a lack of scientifically
targeted clinical treatments.

Lipopolysaccharide is commonly implicated in the development and
rapid progression of sepsis, even when the causative pathogen is of
Gram-positive or fungal origin (6,7). Its presence in the blood is
associated with elevated mortality rates (8), however it is not routinely
tested for in the clinical setting.
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Chapter One: General Introduction

Over the past two decades, the structure of lipopolysaccharide has been
reviewed extensively by Raetz (12,13), Rietschel (11), Holst (14),
Morrison and Ryan (15), Caroff (10) and Lerouge (16). The following
section will summarise the key features of each of the three distinct

regions of this biomacromolecule.

1.1.2.1 Lipid A

Each of the enzymes responsible for the biosynthesis of lipid A from a
uridine diphosphate-N-acetylglucosamine precursor, are encoded for
by a single gene-copy that are highly conserved across the majority of
Gram-negative species (13). As a result, this hydrophobic portion is the
most preserved region of the LPS moiety between bacterial species
consisting of a fatty acid substituted bisphosphorylated glucosamine
disaccharide (Figure 1.2). This region is a prerequisite for viability in
Gram-negative bacteria and functions to anchor LPS in the outer leaflet
of the outer membrane. Lipid A is widely believed to be the “endotoxic
centre” of LPS with synthetic lipid A (and analogues thereof) being
capable of inducing the same immune response as wild-type lipid
A/LPS (17,18).

Figure 1.2: Structure of Escherichia coli lipid A.
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Although lipid A is the most conserved region of LPS, inter-species
variation in the number of carbon atoms and degree of hydroxylation of
the acyl chains, as well as the type of hexosamine disaccharide and
degree of phosphorylation of the sugar exist (19). The general structure
of enterobacteriaceae lipid A encompasses six (E.coli) or seven
(Salmonella spp.) acyl chains that are attached via ester and amide
linkages at the C3/3° and C2/2' positions of the glucosamine
disaccharide (GlcN) respectively. The acyl chains typically consist of
between 10 and 16 carbons, with hydroxylation or substitution at C3.
The phosphorylation of the glucosamine unit gives the region an
overall negative charge that is important for stabilisation of the outer
membrane and also for LPS interaction with host proteins. The 6’
position of the second GIcN residue is the location of the glycosydic
linkage that connects lipid A to the saccharide region of the molecule.

Several studies have examined the effect of lipid A and its
macromolecular conformation on the toxicity associated with a
particular bacterial strain. In terms of in vivo endotoxic activity, an
asymmetric hexaacyl lipid A (as shown for E. coli in Figure 1.2) attached
to a phosphorylated disaccharide that adopts an overall conical shape is
optimal (19,20). Increasing or decreasing the number of acyl chains,
omitting the phosphate groups from the glucosamine sugar or reducing
the disaccharide unit to a monosaccharide each significantly reduce the
. biological activity of lipid A (11). It is hypothesised that this is due to
interaction with alternative members of the Toll-like receptor family
that induce fewer pro-inflammatory cytokines or fail to be activated
upon binding of LPS altogether (20). In fact tetraacyl species that form
cylindrical structures such as the LPS found in some species of
Rhodobacter and the lipid A precursor 1a, can function as antagonists to

LPS induced activation of macrophages (21).
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1.1.2.2 Core regions

The inner core consists of two LPS specific sugars, L-glycero-D-manno
heptose and 2-keto-3-doxyoctonic acid (KDO) that are linked to the
glucosamine disaccharide of the lipid A moiety (Figure 1.3). The
heptose residues have been identified in the majority of Gram-negative
bacterial species, however KDO is unique and invariably present in all
LPS. In terms of bacterial viability, the lipid A region plus one or two
KDO sugars are essential for cell survival (15). The phosphorylation of
KDO and inner core sugars leads to an accumulation of negative
charges at the membrane of Gram-negative bacteria that is important
for the stabilisation of the outer membrane via the interaction with
divalent cations and also, to some degree, influences the three-
dimensional shape and hence endotoxic activity of the lipid A region
(22). The anionic groups are also the initial point of interaction between
LPS and host proteins.

Whilst the outer core is significantly more variable than the inner region,
it typically consists of three common hexose sugars i.e. glucose,
galactose and glucosamine. Overall, the core region is usually
conserved within a bacterial genus but remains structurally distinct
from the cores expressed by other genii e.g. Salmonella, Shigella and

Escherichia have similar but not identical core regions.
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Chapter One: General Introduction

immunological specificity of the O-antigen and form the basis of O-
serotyping. LPS molecules that possess an O-antigen are described as
smooth while those whose structure terminates with the core region are
defined as rough LPS, referring to the appearance of colonies when the

respective bacterial strains are cultured on agar plates (16).

1.1.3 The function of lipopolysaccharide

LPS is essential for bacterial survival; phototropic Gram-negative
bacteria that existed billions of years ago were found to have LPS in
their outer membranes signifying its importance in bacterial existence
(11). The pathogenic effects of these molecules are observed in humans
when relatively high doses (ngml! quantities) are present in the
circulatory system, however low doses of LPS are believed to be
beneficial to the host in helping to maintain a basal level of immune
attentiveness (14). Endogenously, it is estimated that there is a much as
25 g of LPS in the human gastrointestinal tract (6). Although this is an
essential feature of normal biology, during times of infection the
mucosal barrier can become compromised allowing translocation of
these native sources from the GI tract to the systemic circulation.
Therefore LPS is ubiquitous in sepsis even when the causative agent is

of Gram-positive or fungal origin (6,24).

. In Gram-negative bacteria LPS is an effective diffusional barrier, much
like the stratum corneum in humans, protecting the bacterium against
host defense strategies, bile acids and hydrophobic antibiotics, allowing
only low molecular weight, hydrophilic molecules to permeate (14).
Additionally it impedes phagocytosis of the cell and may also function
as a bacterial adhesin (25,26).
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1.1.4 Recognition of lipopolysaccharide by host

Wherever there is potential for bacterial growth and division there is
likely to be LPS in the environment. A wide variety of environments
therefore exist in which there is a potential for exposure to LPS via
inhalation, ingestion or direct entry into the circulatory system (27).
Once LPS has entered the circulation it causes increased permeability of
the vascular endothelium, facilitating its entry into the tissue. This plus
oedema leads to a decreased blood volume that subsequently causes
hypotension and tissue ischaemia. Ischaemia can cause the integrity of
the mucosal barrier of the gut to become compromised, allowing the
influx of endogenous LPS into the systemic circulation, thus amplifying
the problem (24).

When lipopolysaccharide is released from the bacterial cell during
growth, division or cell lysis, it is recognised as a pathogen associated
molecular pattern (PAMP) by pattern recognition receptors (PRR'’s)
(28). Activation of these receptors that are expressed on innate immune
cells and principally by mononuclear phagocytes, leads to an
exaggerated systemic immune response that is disproportionate to the
initial antigenic insult. Such recognition of LPS by the host system leads
to a cascade of events that results in the production of cytokines and
other inflammatory mediators (Figure 1.4). Actions of the activated
immune cells, combined with the effect of the inflammatory cytokines
leads to the development of the clinical symptoms associated with
infection e.g. fever, endothelial damage, peripheral vascular dilatation,
coagulation disorders and myocardial depression which can eventually
produce multiorgan failure, shock and death of the host. The organ
systems most affected are the brain, heart, kidneys, liver and lung
giving rise to altered levels of mental alertness, myocardial depression,

acute renal and hepatic failure and respiratory distress syndromes (29).
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Chapter One: General Introduction

electrostatic interactions with the negatively charged lipid A/KDO
portion of the molecule (31). It is this half of the protein that possesses
the LPS binding properties while the carboxyl terminal is implicated in
the interaction of LPS with membrane bound CD14 receptors (34,35).
The affinity of the protein for lipid A, from rough and smooth forms of
LPS, is in the nanomolar range (36,37). LBP functions as a carrier
protein for LPS, facilitating its interaction with membrane bound CD14
receptors on monocytes/ macrophages to initiate a cascade of immune
responses. The principal function of LBP appears to be to enhance the
sensitivity of the host to detect LPS early in infection; the host
sensitivity to LPS is increased several orders of magnitude when bound
to LBP (33). The action of LBP is therefore described as pro-
inflammatory. Despite its high affinity for LPS, LBP does not possess
any direct antimicrobial activity (38).

Bactericidal/ permeability increasing protein (BPI) is another native
protein that interacts with LPS in serum. It has a molecular weight of
approximately 55 KDa and is found predominantly in the azurophilic
granules of polymorphonuclear neutrophils (PMNs) (33,39). PMNs are
granulocytes that are released from the bone marrow in response to
complement proteins. They are recruited to the site of infection where
they phagocytose invading organisms and kill them intracellularly.
Upon ingestion of the micro-organism, degranulation of the
, granulocytes occur resulting in the release of toxic nitrogen oxides,
cationic proteins and defensins that can kill bacteria, proteolytic
enzymes and lysozyme (40). Whereas LBP is constitutively expressed in
the liver, there is no significant endogenous level of BPI in the
circulation (low ngml?) prior to induction of an acute phase reaction,
since there are few polymorphonuclear neutrophils present and hence

little neutrophil derived BPI (41). The protein has good sequence
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Chapter One: General Introduction

endotoxin properties (43,47). Whilst the carboxy-terminal possesses
little/no antibacterial activity, it plays a significant role in the
neutralisation of endotoxin. It is unable to interact with membrane
bound CD14 and therefore incapable of initiating the subsequent
cascade of immune/inflammatory responses that is observed with the
LPS-LBP complex, instead it promotes adhesion of bacterial cells and
aggregates of LPS to the surface of neutrophils and monocytes to
promote phagocytosis and clearance of LPS from the systemic

circulation (48,49).

A soluble form of the membrane bound receptor CD14 (sCD14) also
constitutively exists in serum (50). Several isoforms of this receptor are
released from the surface of macrophages and monocytes in response to
a variety of stimuli (51). At high concentrations, sCD14 appears to act as
a decoy receptor for LPS, preventing binding to membrane bound
CD14 and subsequent activation of the signalling cascade (52-54). It is
thought to further neutralise the effects of LPS via a role in the transfer
of LPS to high-density lipoproteins (55,56). However at lower
concentrations, in cells that do not naturally express the membrane
bound form of the receptor, it has been shown to enhance the response
to LPS (57,58).

1.1.4.2 Recognition of LPS by membrane-bound receptors: The CD14-
TLR4-MD2 complex

CD14 (cluster of differentiation antigen 14) a 55 KDa
glycosylphospatidylinositol (GPI) anchored protein, was first
recognised to have a role in the in vivo sensing of LPS in 1990 by Wright
" and colleagues (59). Inhibition of LPS induced TNFo was observed
when cells were exposed to anti-CD14 antibody, thus suggesting a role

of this receptor in the induction of inflammatory mediators following

13
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exposure to endotoxin. The CD14 receptor is expressed on the surface
of macrophages, monocytes and neutrophils and binds LPS both in
association with the serum protein LBP and as monomeric LPS (52). As
it is a member of the GPI family of cellular proteins it lacks signalling
capacity due to the absence of a transmembrane domain. It was
therefore hypothesised that CD14 must be interacting with a second

receptor to bring about the induction of inflammatory mediators (60).

The Toll-like receptors (TLRs) are a family of 10 pattern recognition
receptors expressed on the surface of macrophages and also
intracellularly (61). The involvement of the TLRs, specifically TLR4, in
the recognition of LPS was first described by the group of Bruce Beutler
in 1998 when genetic mapping of C3H/HeJ mice demonstrated a
mutation in the gene encoding for TLR4 (62,63). As a consequence,
these mice are hyporesponsive to LPS stimulation due to the presence
of a defective TLR4 protein (62,64). TLR4, the first of the human Toll-
like receptors to be identified, is a homodimeric, transmembrane
receptor that is capable of facilitating intracellular signalling to initiate
the induction of inflammatory mediators (65). CD14 functions as a co-
receptor for TLR4. Following binding of the LPS-LBP complex by
membrane bound CD14, the distance between CD14 and TLR4
decreases affording appropriate presentation of the endotoxin molecule
(66). A further accessory molecule, MD?2, is required for full activation
of the immune system by endotoxin. Although the function of MD2 has
not been fully elucidated, its absence results in a significant reduction in
the inflammatory response following LPS stimulation (67). It has been
suggested that MD2 facilitates the dimerisation and cellular distribution
of TLR4 (67-69).

The induction of inflammatory mediators resulting from the formation
of the CD14-TLR4-MD2 complex proceeds via a number of adapter

molecules including myeloid differentiation primary-response protein

14
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88 (MyD88) and IL-1R-associated kinases (IRAKs) (70,71). The
consequence of this signaling cascade is the nuclear translocation of
nuclear factor-kB (NF- kB) resulting in the transcription of a variety of
pro-inflammatory cytokines and chemokines, including TNF a, IL-6 and
IL-1B amongst others (Figure 1.4) (72).

1.1.4.3 Intracellular recognition of LPS

Another member of the pattern recognition receptor family, the NOD
(nucleotide binding and oligomerisation domain) like receptors (NLRs),
are also implicated in the recognition of Gram-negative bacteria and
LPS (73). The NLRs share many similarities with the TLRs, for example
they both possess leucine-rich repeats and initiate similar signalling
cascades, however these receptors are located exclusively intracellularly
(74). They appear to act as a secondary defense mechanism should the
membrane bound TLR be absent or unresponsive to a pathogenic
stimuli (72). Previously, the receptors NOD1 and NOD2 were thought
to be involved in the recognition of LPS (65), however it would appear
the activation was due to contamination of the LPS preparation with
petidoglycan (72); NOD1 does primarily sense Gram-negative bacteria,
however its ligand is not LPS. Another member of the NLR family,
NLRP3, has recently been implicated in the intracellular recognition of
LPS (72).

1.1.5 Current treatment options for Gram negative infections and
associated sepsis.

Suspected bacteraemia is initially treated with empirical antibiotic
therapy until positive blood cultures can be obtained. Although
antibiotic therapy has been shown to be more effective if started early

(75), the choice of anti-infective is critical as some promote the release of
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LPS from the bacterial surface through their lytic action (76,77), thus
potentiating the clinical condition. Polymyxin B (discussed in more
depth in Chapter Three) is an antimicrobial peptide that displays high
affinity for LPS and is therefore not only bactericidal but also a potent
anti-endotoxin. Its use nowadays is somewhat limited however as a
consequence of associated neuro- and nephrotoxicity. The mainstay of
current treatment is mainly supportive therapies with the aim of
restoring hypovolaemia via fluid boluses to help rectify hypotension
and increase tissue perfusion. Glucocorticoid therapy, anti-cytokine and
anti-endotoxin therapies have been met with limited success (78)
although drotrecogin alfa (Xigris®) a recombinant form of protein C,
has been licensed for use in severe sepsis. In a worldwide clinical trial
(PROWESS) drotrecogin alfa demonstrated an overall reduction in 28
day mortality compared to placebo (79), however there is an increased
risk of bleeding during treatment and a recent Cochrane Review
suggests that treatment with Xigris should be avoided (80). Therapeutic
targeting of a single point in the immune-inflammatory cascade is likely
to have little effect on the overall outcome; a plethora of treatments or a
means of more effective removal of LPS from the circulation is likely to
be needed to have an impact. In addition, the ability to diagnose sepsis
during the early stages with continuous realtime progression
monitoring would revolutionise the treatment of sepsis. A 6 - 10%
increase in risk of death is observed for every hour that sepsis remains

‘undiagnosed (81).

1.1.6 Detection of lipopolysaccharide

In the 1940’s the rabbit pyrogen test was introduced to allow for the
detection of endotoxin contamination of pharmaceutical products
(82,83). The febrile response of a rabbit following injection of the

formulation was monitored; if the rise in temperature exceeded that

16



Chapter One: General Introduction

outlined in previously established limits the solution was deemed to
contain endotoxin at an unacceptable level. Although this test mimics
the human response to endotoxin, there are significant limitations
associated with this assay. Not only is the process time consuming,
expensive and subject to animal welfare issues, certain
formulations/ pharmaceutical products cannot be tested in this way due
to associated severe toxicity or as a result of the drug itself modulating
the temperature of the animal, for example, antipyretics (84). As a
result, the rabbit pyrogen test has largely been superseded by the
Limulus amoebocyte lysate (LAL) assay. Developed by Levin and Bang
in the 1960’s (85,86), the assay relies on the coagulation of haemocytes
from the horseshoe crab, Limulus polyphemus, on exposure to
lipopolysaccharide (87). Factor C, the main factor sensitive to LPS in
the clotting cascade, is activated by endotoxin that in turn activates
factor B, thus activating a clotting enzyme that subsequently converts
coagulogen into the insoluble coagulin (88). Although easier to perform
than the rabbit pyrogen test, interference from drugs and other test
substances is possible and therefore careful sample preparation is vital
(89). A study to assess the suitability of the assay for the initial
diagnosis of peritonitis in peritoneal dialysis patients by Hausmann et
al. (90) found that despite the assay being very efficient at
distinguishing between Gram-positive and Gram-negative infections,
false positive results were obtained in some patients as a result of a
fungal peritoneal infection. It is a component of the cell wall of the
fungus (B glucans) that is able to activate clotting enzymes in the
amoebocyte cells by interacting with factor G (91). Although the LAL
assay has found considerable use in the detection of endotoxin in
pharmaceutical formulations, its use in the clinical setting is limited due
to non-specific sequestration of LPS by serum proteins and cellular

components (92).

17



Spectral diagnostics have recently developed an endotoxin activity
assay (EAA) that was approved by the FDA (93) as a result of a
multinational clinical trial (MEDIC, (6)). The assay indirectly measures
LPS, relying on the priming of host neutrophils by LPS-antibody
complexes to generate a chemiluminescent response via the oxidation
of luminol. The assay is semi-quantitative indicating whether endotoxin

level is low, intermediate or high (94).

1.1.7 Removal of lipopolysaccharide

Due to the potent biological activity of LPS, the FDA have imposed an
endotoxin limit of 5 EU/kg for intravenous formulations and 0.2 EU/kg
for those intended for intrathecal use (1 EU is equivalent to ca. 100 pg of
LPS) (95). The risk of contamination should be minimised during the
manufacture stage as LPS is a ubiquitously stable macromolecule,
resistant to extremes of temperature and pH (96,97) and its removal is
therefore somewhat cumbersome. Conventional autoclaving and
sterilisation techniques fail to inactivate endotoxin, with prolonged
exposure to temperatures in excess of 180 °C or extremes of pH
required (98). Such conditions often have a detrimental effect on the
formulation in question. Chromatographic clean-up (96,99,100), two-
phase extractions (101) and ultrafiltration (102,103) have all been
investigated as alternative methods for the removal of endotoxin, with

varying degrees of success.
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Chapter One: General Introduction

Molecularly imprinted polymers (MIPs) have the potential to serve as
efficient, robust, cost effective synthetic alternatives to antibodies.
Typically, MIPs have been generated using relatively small, highly
functional molecules as templates, for example beta-blockers,
corticosteroids and hormones. Such systems are efficient in re-binding
and separating the target molecule from complex mixtures, however
affinities are generally an order of magnitude or more below those
achieved with commercially available antibodies. The field of molecular
imprinting has been reviewed extensively both in peer-reviewed
journals (108-112) and in dedicated textbooks (113-116).

All too often the preparation of such materials is a poorly controlled,
random, affair that results in a population of heterogeneous binding
sites. Consequently, reproducibility is poor, binding capacities are low
and non-specific binding problematic (see review references above).
Furthermore, nearly all of the high affinity data reported in the
literature is carried out in non-polar solvents whilst the aqueous
compatibility of traditional imprinted polymer formats is, at best, poor
(117,118).

1.2.2 Macromolecular and Bio-imprinting

To date the imprinting of biological macromolecules has been hindered
by a number of complicating factors. The size, complexity,
conformational flexibility and . environmental sensitivity of such
macromolecules, coupled with poor target specificity and the lack of
recognition by conventional imprinted polymers outside organic media,
has prevented this technology reaching its true potential as a feasible
alternative to antibodies as recognition elements (119-121). However,
some success has been achieved in the field through careful design and
optimisation of the imprinted system.
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Conventional bulk imprinting approaches and the synthesis of
imprinted soft gels both suffer from inefficient removal of the template
and poor mass transfer upon re-incubation with their target species
(122). As a result, efforts have primarily focused on the use of surface
imprinting approaches to allow for unhindered access to recognition
sites. Early studies employed metal ion co-ordinated imprinting as an
approach for the recognition of proteins (123-125). Although the
systems were efficient at rebinding their templates, this imprinting
technique requires the use of metal-ion coordinating monomers such as
N-(4-vinyl)-benzyl iminodiacetic acid and proteins that express
histidine residues on their surface. The application of this methodology
is therefore somewhat limited. Hierarchial imprinting has also been
used to generate recognition elements for peptides. This technique
involves the immobilisation of peptidic targets to the surface of a
porous, sacrificial solid support such as silica, followed by
polymerisation of monomers within the pores and subsequent removal
of the support. This allows for the generation of surface confined
binding sites that are more homogenous than those generated in
conventional imprinted polymer systems (126,127). This homogeneity
arises from the fact that the template is immobilised during the
imprinting process and is therefore less flexible. The main drawback of
such approaches is the necessity for harsh conditions (e.g. the use of
glass etchants such as ammonium hydrogen fluoride) to bring about

removal of the solid support.

In 2000 - 2001, Rachkov and 'Minoura demonstrated the epitope
approach to molecular imprinting for the first time (128,129). They
imprinted a tetra-peptide sequence from the natural peptidic hormone,
oxytocin, in acetonitrile (97%)/water (3%). Importantly recognition of
the full peptide could be achieved through the imprinting of an
exposed epitope from its structure, thus demonstrating the feasibility of
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this approach in the area of protein/bio-imprinting. The polymers
performed well in chromatographic evaluation studies where the
mobile phase consisted mainly of acetonitrile (95%) however when the
amount of water in the mobile phase was increased to 70%, significant
reductions in retention time were observed due to the loss of hydrogen
bonding interactions between the template and the polymer. Further
increasing the water content to 90% led to increased retention times due
to ionic and/or hydrophobic interactions dominating. The system was
sensitive to pH and ionic concentration of the aqueous mobile phase.
The polymers were produced by conventional bulk polymerisation and
therefore, although they demonstrated effectiveness in recognising the
templated tetra-peptide sequence and the natural 9-mer peptide
oxytocin, larger targets are likely to suffer from inefficient mass transfer
upon rebinding. The Shea group further progressed this technique,
achieving recognition of larger protein structures (cytochrome C,
bovine serum albumin and alcohol dehydrogenase) through the
imprinting of a nonapeptide sequence isolated from the C-terminus of
the protein (130). Unlike the work of Rachkov and Minoura, a surface
imprinting approach was adopted to generate thin molecularly
imprinted films. The nonapeptides were immobilised on a silicon
surface and a solution of monomers photochemically polymerised on
the surface. The polymer-modified surfaces were soaked in buffer
overnight to separate the polymer films from the support, thus
generating micron thick films capable of recognising not only the
template nonapeptide but also the full protein under native (aqueous
buffer) conditions. The MIP films selectively bound their target protein
from mixtures composed of five different proteins. Rebinding studies
with the BSA MIP film using nonapeptides derived from BSA in which
a single amino acid had been substituted resulted in complete loss of
recognition, demonstrating the specificity for the system for its

template.
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Recently the same group demonstrated the use of molecularly
imprinted polymers in an in vivo system for the first time (131). The
polymers, imprinted with the 26 amino acid peptide Melittin from bee
venom, demonstrated affinities in the picomolar range that was
comparable to those achieved with antibodies (132,133). To achieve
such affinities for a biological macromolecule, through polymerisation
in wholly aqueous conditions, is a significant advancement for the field
of molecular imprinting. The nanoparticles, synthesised using an
optimised monomer/cross-linker combination identified during a prior
screening study, were capable of neutralising the toxic, fatal effects of

Melittin when injected into live mice.
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1.3 Scope of thesis

The over-arching aim of this project was to develop a peptide-polymer
hybrid system capable of recognising and binding LPS in a variety of
biologically relevant environments. The ability to detect endotoxin on
admission to hospital and to be able to continuously monitor levels
throughout treatment would offer significant clinical benefits.
Furthermore, it was hoped that technology developed would provide a
platform for the development of novel therapeutic agents for the

treatment of Gram-negative infections and associated sepsis.

We hypothesised that through the integration of target specific peptide
receptors, into the backbone of a polymer support, the issues
surrounding the imprinting of biomacromolecules could be
circumvented. Our approach would require that a template selective
peptide would be surface immobilised (Figure 1.7 a) and encouraged
into its binding conformation through exposure to the template (Figure
1.7 b). Subsequently, following addition of monomers (Figure 1.7 c), this
complex would be locked in place by a polymerisation or capture stage
(Figure 1.7 d). Finally the removal of the template would expose the
peptide, but leave it secured in its binding conformation, essentially
lining a portion or the entirety of the polymer cavity. Rebinding of the
template would result due to reciprocal peptide-template and polymer-
template interactions (Figure 1.7 e). By analogy with conventional ‘co-
polymer’ molecular imprinting, the peptide performs the role of a
‘super’ functional monomer in that it demonstrates affinity and
selectivity for the target prior to polymerisation. Whilst possessing the
robustness and adaptability of conventionally imprinted polymers,
synthesis of these materials would not rely on organic solvents and
would be prepared and applied in aqueous environments.

Furthermore, this strategy builds upon the success achieved with
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surface imprinting and template immobilisation techniques. It is
therefore envisaged that the binding sites should be readily accessible
and homogenous in nature, thus allowing for efficient recognition and

mass transfer kinetics.

From a conventional molecular imprinting perspective, a number of
‘templating’ processes would occur during pre-polymerisation/
polymerisation and all would contribute to the formation and function
of the resulting imprinted site. Firstly interaction between the template
and the peptide controls and dictates peptide conformation prior to
formation of a pre-polymerisation complex with monomer species.
Importantly pre-polymerisation interactions are also established
between the peptide and monomers and also, depending on the size of
the template relative to the size of the peptide and the degree of
polymerisation from the surface, exposed (non-peptide complexed)
parts of the template with monomer species. The subsequent capture of
these complexes results in an imprinted site where the peptide is
effectively sandwiched, in its binding conformation, between template
and polymer whilst sections of the template are involved in

conventional monomer residue-template interactions.
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It is important to note that the schematic presented in Figure 1.7
illustrates the process for a target that is of similar size to the peptide
species and therefore the imprinted site is entirely lined by the peptide.
In the current study, it is possible that the template is considerably
larger than the peptide; the length of rough LPS has been calculated to
be 2.4 - 44 nm while those species possessing an O - antigen can be
well in excess of 10nm depending on the number of repeating units
present (26,134). It is therefore possible that the peptide only occupies a
portion of the imprinted site, thus allowing further interactions
between the monomer(s) and template to be established (Figure 1.8).
The degree of interaction between the template and polymer is
obviously dependent on the choice of monomer (presence of
complementary functionality) but also on the height of polymer grafted
from the surface of the solid support relative to the size of the target. In
the case of a small target (as depicted in Figure 1.7), care must be taken
to avoid growing the polymer beyond the peptide-template complex to
ensure that the template does not become irreversibly entrapped with
in the system. For larger targets, the polymerisation period may need to
be extended to allow the polymer to grow around a portion of the

molecule for template-polymer interactions to play a role (Figure 1.8).
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binding assays conducted to determine affinities and binding
capacities. Following full characterisation of the immobilised peptide,
polymer growth was initiated from surface bound iniferter groups
around the peptide when bound to LPS and the binding efficiency of

the system evaluated.

The studies outlined in Chapter Four were undertaken to allow the
transfer of the work described in Chapters Two and Three to a more
biologically useful strategy for the detection and/or in vivo
sequestration of lipopolysaccharide. Magnetic nanoparticles were
synthesised and polymyxin immobilised to the surface. The ability of
the nanoparticles to remove lipopolysaccharide from solution was then

evaluated.
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2.1 Introduction

2.1.1 General Overview

Previous studies within our laboratory that attempted to develop the
peptide-polymer hybrid recognition system described in Chapter One
via conventional, bulk imprinting, techniques failed because the
template became irreversibly trapped within the peptide-polymer
system. It is imperative that access to the peptide is not unduly
hindered by the polymer in order for the system to remain viable. We
hypothesised that ligand access would be maintained if both peptide
and polymerisation initiator were co-immobilised on a surface and
polymer growth carefully controlled so as not to “overgrow” the
peptide/target complex (shown schematically in Figure 1.7, Chapter
One) .

2.1.2 Merrifield Resin

Co-immobilisation of two different chemical species at a pre-defined
molar ratio is extremely difficult to achieve using a homo-functional
solid support. A sequential approach requires that the first attachment
step is carried out with very precise control and that the chemistry
involved does not affect the chemical tethers destined for
immobilisation of the second moiety. Likewise, simultaneous strategies
require extensive optimisation and are vulnerable to minor variations in

reactant quality and reaction conditions.

Bifunctional resins have been prepared by co-polymerising monomers
possessing more than one type of functional group but these require
extensive optimisation of reaction conditions and careful consideration
of monomer ratios and reactivities (1). Where multifunctional

attachment or cleavage strategies are required, bifunctional non-
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integral linkers or multiple non-integral linkers have more commonly
been used to develop co-immobilisation strategies (2,3). However, it is
not always desirable to significantly increase spacer length in order to
bifunctionalise a resin and simultaneous or sequential modifications of
a resin with multiple mono-functional linkers can again be vulnerable
to minor variations in reactant quality and reaction conditions. Elegant
enzymatic and optical approaches have led to spatially-resolved surface
modifications giving rise to multifunctional resin surfaces, however
these approaches involve serial protection/deprotection and rely on

sophisticated microscopy for characterization (4,5).

Merrifield resin, a macroporous chloromethylated polystyrene, was
developed by Robert Bruce Merrifield in 1969 as a platform for the
solid-phase synthesis of peptides (6). As a support for the synthesis of
small organic molecules, the resin (and the techniques developed from
its use) has allowed a large number of reactions to move to solid-phase
and has been critical in the development of powerful, modern,
combinatorial chemistries (7). The usefulness of Merrifield resin is due
in part, to the versatility of the chloromethyl functionality (Figure 2.1); a
property that has been exploited in the current study. Furthermore, the
resin has variable loading properties and is stable under a wide range
of reaction conditions. One of the objectives of this study was to
bifunctionalise Merrifield resin, in a controllable manner, in order to
bring about the co-immobilisation of peptide and a surface bound

initiator species at a pre-definable molar ratio.

The native chloromethyl group -can be used to readily attach a
polymerisation initiator species, however the immobilisation of a
peptide requires an alternative functional group, for example a primary
amine. It was hypothesised that controlled conversion of functional
groups would allow a bifunctional support to be developed.
Nucleophilic substitution of the chlorine group by an azide followed by
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2.1.3 Living Radical Polymerisation

Conventional molecular imprinting methodologies typically rely on the
use of an azo-type free radical initiator, commonly
azobisisobutyronitrile (AIBN), to bring about and propagate
polymerisation. These initiators are versatile, cost effective and efficient
and, upon application of heat or UV radiation, undergo homolytic
cleavage to generate two identical, short-lived, active cyanopropyl
radicals and nitrogen gas (Figure 2.2). This type of polymerisation is a
random process that generates the typical monolithic and bead polymer

formats seen in bulk and precipitation polymerisation respectively.

N N
)Q¢ J(/ 60°C or UV )\ \K// +N
N P —~ L) 2
N// NT

Figure 2.2: Homolytic cleavage of AIBN to generate two equally reactive cyanopropyl

radicals and nitrogen gas.

In comparison, controlled/living radical polymerisation techniques can
be used to control the polymerisation process to produce polymers with
precise molecular weights and low poly-dispersity indices (11). By
utilising such an approach in the current study, it was anticipated that
polymer growth could be carefully controlled to allow for the formation
of the peptide polymer receptor as described in section 1.2.2 of Chapter
One.

Possible mechanisms to achieve such controlled polymer growth
include atom-transfer radical polymerisation (ATRP) (12), nitroxide-
mediated polymerisation (NMP) (13) and reversible addition-
fragmentation transfer polymerisation (RAFT) (14). These techniques
however typically require elevated temperatures, careful choice of

monomers and the use of organic solvents (15); conditions not
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conducive to the physicochemical properties of the target species and
peptide moiety. Furthermore, RAFT agents generally require synthesis
before polymerisation, as few are available commercially (16) and
ATRP results in contamination of the polymer with the cuprous halide
catalyst used in the reaction that often requires further clean-up
procedures (15). An alternative method of achieving controlled polymer
growth is through the use of an iniferter species (17,18). In 1982 Otsu
and Yoshida coined the term iniferter (referring to the ability of their
initiator species to function as an initiator, transfer agent and
terminator) following studies investigating the polymerisation of
styrene with tetraethylthiuram disulphide. They found that the
polymers produced were end-capped with the radical group and were
therefore capable of re-initiating polymerisation following the addition
of another monomer (19). Further studies found that those molecules
containing the N,N-diethyldithiocarbamyl group served as excellent
iniferters (20). These dithiocarbamate-type species will readily react
with the chloromethyl groups on the surface of Merrifield resin to
produce the active initiator species. Following irradiation with UV
light, the iniferter decomposes to form one surface-bound (active) and

one solution-phase (inactive) radical species (Figure 2.3).
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CH,
SJL',"R‘ - . s R
Ry -hv éz

More active radical species Less active radical species

Figure 2.3: Synthesis of a surface immobilised iniferter and subsequent formation of
the two radical species. Polymerisation proceeds from the surface bound, active radical
species. R, R2: CH2CH3 (sodium diethyldithiocarbamate), Ri: CHs, Ry: CH,COOH,

(sodium dithiocarboxysarcosine)

The formation of two unequal radicals is important. The immobilised
surface bound reactive radical initiates polymerisation, whilst the
solution phase inactive radical provides a mechanism by which
polymerisation can be controlled. During polymerisation, the dynamic
recombination reaction of the two radicals means that polymer growth
occurs in a stepwise, controlled manner. Additionally the less reactive
radical species prevents solution phase polymerisation. The limited
growth coupled with the absence of solution phase gelation, will ensure

that the polymer will not occlude the peptide binding sites.

Iniferters have been successfully employed as radical sources in the
polymerisation of a range of monomers, under a multitude of reaction
conditions, to suit a variety of application needs (reviewed in (20,24)).
Over the last decade iniferters (and the polymers derived from them)
have been investigated as potential chemical sensors (22,23), used in the
development of micropatterned surfaces for cell
adhesion/encapsulation (24) and bioconjugation (25), as
chromatographic stationary phases (26,27) and in the production of
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telechelic polymers (28). More specifically, in the area of molecular
imprinting, iniferters have found utilisation in the preparation of multi-
functional nanoparticles (29-32) and in biomacromolecule
recognition/separations (33,34). Studies investigating iniferter-derived
polymers as imprinted chromatographic stationary phases have
demonstrated several advantages over conventionally-prepared

imprinted materials for this application (27,35,36).
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2.1.4 Aims and objectives of Chapter Two

The overall aim of this section of work was to synthesise a bifunctional
solid support to allow for the controlled immobilisation of iniferter and
peptide species, from which the peptide-polymer hybrid system can be
developed.*

The key objectives of this work were:

1. To investigate two synthetic pathways to generate a solid
support capable of possessing two different chemical
functionalities at a pre-defined molar ratio.

2. To immobilise an iniferter species on the surface of said support.

3. To demonstrate controlled growth of polymer from the surface
of the support.

* The chemistries involved in the immobilisation of the peptide species
will be discussed in Chapter Three.
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2.2 Materials and Methods

2.2.1 Materials

All chemicals were purchased from Sigma-Aldrich, Poole, UK and were
used as received unless otherwise stated. All organic solvents were of
HPLC grade and were obtained from Fisher Scientific, Loughborough,

UK unless otherwise stated.

2.2.2 Synthesis of azidomethyl polystyrene

The method outlined by Arseniyadis (8) was used, with some
modifications, to generate the azidomethyl polystyrene intermediate.
Merrifield resin (250 mg, ~2 mmol Cl g1, 1 % cross-linked with DVB,
200 - 400 mesh) was reacted with sodium azide in dry DMF (10 ml). The
exact quantities of azide used depended on the degree of conversion
required (0.1 molar equivalent to 4 fold excess). The resin was washed
with DMF/water (50/50, 50 ml), DMF, water, ethanol, ether (50 ml
volumes of each through two cycles) and dried under vacuum for 16

hours.

2.2.3 Azide reduction using triflic acid to produce amine functionalised
resin

Azidomethyl polystyrene (250 mg, ~0.5 mmol azide) was dispersed in
dichloromethane (2.5 ml) to which was added triflic acid (350 ul, 3.95
mmol). The reaction mixture was stirred at 0 °C for one hour. Methanol
(2.5 ml) was added and the suspension stirred at room temperature for
a further hour. The resin was washed with methanol/water (50/50, 100
ml), methanol/triethylamine (50/50, 100 ml) and dichloromethane (50
ml) and then dried under vacuum at 40 °C overnight (8).
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2.2.4 Azide reduction via Staudinger reaction to produce amine
functionalised resin

Azidomethyl polystyrene (250 mg, ~0.5 mmol azide) was dispersed in
dry THF (4 ml) to which was added triphenylphosphine (131 mg, 0.5
mmol). The reaction mixture was stirred at room temperature for two
hours. Approximately three equivalents of water (27 ul, 1.5 mmol) was
added and the mixture left to stir for a further four hours before being
filtered and washed with DMF, ethanol, ether, DMF, ether, ethanol and
ether (10 ml of each). The resin was dried overnight at 40 °C under

vacuum.

2.2.5 FTIR Analysis
All analysis was carried out on a Varian 3100 Excalibur FTIR (Agilent
Technologies UK Limited, Cheshire, UK) using the Varian Resolutions

Pro software. Samples were analysed as finely ground powders.

2.2.6 Elemental Analysis
Resin samples were sent for elemental analysis (Medac Ltd, Surrey) to

determine carbon, hydrogen, nitrogen, sulphur and chlorine content.

2.2.7 Synthesis of benzyl diethyldithiocarbamate

The method outlined in Titirici (37) was used to produce the benzyl
diethyldithiocarbamate iniferter species.  Briefly, sodium
diethyldithiocarbamate (4.1 g, 18 mmol) dissolved in ethanol (20 ml)
was added to a two-neck round-bottomed flask under a nitrogen
atmosphere at 0 °C. Benzyl chloride (2.55 g, 20 mmol) in 5 ml ethanol
was added drop-wise over 30 minutes with stirring. The reaction

mixture was allowed to gradually warm to room temperature and
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stirred for a further 65 hours. Sodium chloride, formed as a precipitate
during the reaction, was filtered off and the remaining solution was
concentrated under vacuum. The final solution and all starting
materials were confirmed using NMR before being used in subsequent

polymerisation experiments.

2.2.8 Solution polymerisation studies

Solution polymerisation experiments were conducted to assess the
efficacy of the iniferter species and to also provide further evidence of
the successful formation of benzyl diethyldithiocarbamate. Studies
were carried out using a 1 : 1 molar ratio of methacrylic acid to either
benzyl diethyldithiocarbamate or benzyl chloride (Table 2.1).
Methacrylic acid, benzyl chloride and benzyl diethyldithiocarbamate
alone were also included as further controls. All reactions were carried
out in HPLC autosampler vials, the mixtures purged with nitrogen for
five minutes and then subjected to UV light (100 mw/cm?, 325 nm at a
distance of 8 inches) for ten minutes. The mixtures were observed at 0, 5

and 10 minutes and their physical characteristics recorded.

MAA BDTC BC
1 {84ul@B6mg 1mmol) | 240 ”:,fffl)m g1 -
2 84 ul - 115 pl (126 mg, 1
mmol)
3 84 ul .- -
4 - . 115 pl
5 - 240 pl -

Table 2.1: Compositions of the five different mixtures used in the solution
polymerisation studies (MAA = methacrylic acid, BDTC = benzyl
diethyldithiocarbamate and BC = benzyl chloride).
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2.2.9 Attachment of sodium diethyl dithiocarbamate to Merrifield resin
A modified version of the method employed by Rtickert et al. (38) was
used in this study. Merrifield resin (1 g, ~2 mmol Cl) was dispersed in
anhydrous ethanol (5 ml) in a 20 ml polymerisation vial. A solution of
sodium diethyldithiocarbamate (1.8 g, 8 mmol) in dry ethanol (14 ml)
was added and the reaction mixture stirred at 60 °C for 72 hours.
Throughout the reaction, the polymerisation vial was covered in foil to
protect the mixture from light. The resin was filtered and washed twice
with water (100 ml), methanol (100 ml) and ethanol (100 ml), before
being dried under vacuum at 40 °C overnight. The resins were analysed
by FTIR.

2.2.10 Polymerisation studies with diethyl dithiocarbamate modified
Merrifield

The method outlined in (34) was used in this study with minor
modifications. Briefly, iniferter-modified Merrifield resin (200 mg),
acrylamide (280 mg) and methylene bisacrylamide (30 mg) were
dispersed in ethanol or deionised water (4 ml). All samples were stirred
gently (~100 rpm) whilst irradiated with UV light (100 mw/cm?, 325
nm at a distance of 8 inches) for various periods of time. The samples
were then filtered and washed with ethanol (5 x 20 ml), before being re-
incubated with ethanol (10 ml) and vortexed for 1 minute. The sample
was then filtered again, washed with a further 20 ml ethanol and dried

under vacuum at 40 °C overnight. The resins were analysed by FTIR.

2.2.11 Modification of Merrifield resin with the hydrophilic iniferter
species, sodium N-(dithiocarboxy) sarcosine
A hydrophilic iniferter was synthesised (39) to allow for the

polymerisation of the resin-polymer complex under aqueous
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conditions. Soaium N-(dithiocarboxy)sarcosine was coupled to
Merrifield resin by dispersing 836 mg (4 mmol) in 10 ml deionised
water (or 10 ml methanol/10 ml DMF) and adding 500 mg resin (1
mmol Cl). The mixture was stirred at 40 °C for 72 hours, then filtered
and washed with water and ethanol before being dried under vacuum
at 40 °C overnight, protected from light. The resins were polymerised in
the same manner as described in section 2.2.10 and subsequently

analysed by FTIR and elemental analysis.
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Further investigation demonstrated that it was possible to control the
conversion to azide groups by varying both concentration of sodium
azide and reaction time. The results are shown in Figures 2.5 and 2.6
respectively. A total of thirteen different concentrations of sodium azide
were reacted with the resin and the peak areas obtained from IR
analysis recorded. The graph of azide concentration against peak area
presented in Figure 2.5 suggest that a maximum conversion of
chloromethyl groups to azide is achieved when Merrifield resin (500
mg, 2 mmol Cl g) is reacted with > 2 mmol sodium azide, as
demonstrated by attainment of a plateau in the plot. Increasing the
molar ratio of Merrifield resin to sodium azide from1:4 to 1: 10 has no
effect on azide peak area. Figure 2.6 demonstrates the effect of reaction
time on the conversion to azidomethyl polystyrene. Two concentrations
of sodium azide (4 mmol and 0.5 mmol) were taken forward into a time
point study to assess the rate of conversion of chloro groups to azide.
Both concentrations display the same time dependency, suggesting
completion of the reaction within 6 hours regardless of concentration of
sodium azide used. The plateau obtained for the reaction of 0.5 mmol
sodium azide with Merrifield resin (1 mmol Cl) is obviously lower than
that observed with 4 mmol azide (maximum conversion) as the reaction

is also limited by the concentration of sodium azide available to react
with.
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Chapter Two: Merrifield Studies

Elemental analysis further confirmed the loss of chlorine functionality
following reaction with triflic acid; resin treated with triflic acid showed
a significant decrease in chlorine content (from 7.6 % in the Merrifield
resin control to 0.21 %) while the carbon content of the resin increased

from ~84.0 % to ~91 % (Table 2.2).

MR TFOH MR
% (mmol/g) % (mmol/g)

C 84.09 (70.08) __ 91.03 (75.86)
H 7.26 (72.60) 7.50 (75.00)
N <0.10 (<0.07) 0.30 (0.21)
cl 7.68 (2.19) 0.21 (0.06)

Table 2.2: Elemental analysis of untreated Merrifield resin (MR) and triflic acid
treated resin (TfOH MR). Values are expressed as both percentage composition and as

mmol/g of resin

A possible explanation for the loss of chlorine functionality following
incubation of the resin with triflic acid is the formation of a benzyl
methyl ether species via a benzyl triflate intermediate (Figure 2.9). The
resin, when suspended in dichloromethane, is a creamy yellow colour
that turns dark red on the addition of triflic acid. This colour is reversed

when methanol is added suggesting the formation of two species.
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Figure 2.9: The proposed formation of a benzyl methyl ether species, via a triflate
intermediate, that is hypothesised to form when Merrifield resin is exposed to triflic

acid.

2.3.3 Azide reduction via Staudinger reaction to produce amine
functionalised resin

As a consequence of the results obtained from the triflic acid studies i.e.
the loss of viable chlorine groups following triflic acid treatment, an
alternative method for the conversion of azide to amine was needed.
The Staudinger reaction is reported to be the mildest method for the
production of amines from azide groups (9) involving only reaction
with triphenylphosphine using tetrahydrofuran and water.
Experiments were undertaken to assess the efficiency of this reaction to
convert azidomethyl polystyrene to amine functionalised resin and to
determine its effect on any remaining, unmodified chlorine groups.
Figure 2.10 shows that the Staudinger reaction was able to successfully
reduce the azide groups to amines; the azide stretch at ~2100 cm!
present in spectrum (a) is absent following reduction with
triphenylphosphine and vibrational nodes indicative of amine
functionality are apparent at ~ 3400 cm-! and 1600 cm-1.
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