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Abstract
Poly (N-isopropylacrylamide)(PNIPAM) polymers are therm@esponsive and change

conformation above their lower critical solution temperature (LCST). However, there is
evidence that highly branched PNIPAM can be drittenugh a conformational chanffem

open chain to globulat temperatures below the LCST by interaction of groups placed on the
chain ends with a compatible molecule/ligand. It is less clear how the linear analogue would
behaveand our hypothesis is thatwould collapse but with the chain ends shielded within
the globule In this study we explored the behaviour of a highly branched PNIPAM and a
linear analogue that had the antibiotic vancomycin placed at the chain ends. Vancomycin
binds to residues in ¢éhcell wall of Grarpositive bacteria so binding to bacteria should
result in the highly branched PNIPAM undergoing a conformational change. The aim of the
work reported in this thesis, therefore, was to compare the behaviour of linear and highly
branchedPNIPAM functionalised with vancomycin whenteracting withStaphylococcus

aureuswith a view to better understand the role of conformation in polymer responsiveness

The reporting systesnemployed vere the ability of the polymersto cause aggregation of
bacteria and the rpense of the fluorescent solvatochromic dyde red The highly
branched PNIPAM (HEPNIPAM) was synthesised via se&lbndensing vinyl polymerisation
(SCVP)reversible additiofragmentation chain transfer (RAFT) polymerisation using 4
vinylbenzyl1-pyrrolecarbodithioate as the chain transfer monomer. The polymer chain ends
were functionalised with vancomycivia activation of carboxylic acids to succindyl
derivative A linear analogue of the polymeras synthesisedsing vinyl benzac acid as
comonomer to providéhe same fraction of repeating unéed aryl groups, because HB
PNIPAM consists of aryl branching points. The etmiglobule conformational transition of

the two polymers was studied by micro differential scanning caltnyn{enicroDSC) and
turbidimetry. It was found that the LCSTs bighly branchedpolymers with pyrrole and
carboxylic acid chain ends could be measured by turbidimetry (cloud point) and by
microDSC A cloud point for vancomychkended PNIPAM could only be tbeted for the
linear version, not the HBNIPAM-van. However, the LCST of both polymers could be

measured by microDSC.

In aggregation testsvith bactera in aqueous suspension, thePNIPAM-van and HB
PNIPAM-van behaved very differently. Even though bgiblymers contained the same

amount of vancomycin, only the HBNIPAM-van caused aggregatiaf S. aureusThese



observations support a concept that thePNMBPAM-van has a corshell structure above its
LCST, with the densely packed core originating frd@solvated PNIPAM and the outer shell
stemming from solvated polymer that is swollen because of the presence of vancomycin. In
contrast, when the -PNIPAM-van initially bound toS .aureusand desolvation occurred,
most of the vancomyciresidus become skided within the globulso are not available to
stabilise the collapse amdnsequentlpind more bacteridt is suggested that the outer shell
swelling is stabilised by electrostatic repulsion of adjacent vancomycin reskttugsver, a
further complexly was identified which was the degree of hydrophobiaitgd chargef the

bacterial cells

We also sought to confirm that vancomycin end groups of both linear and highly branched
polymers were still functional and able to bind to their targets. The datemied here
indicate that as the vancomycin residues on the chain ends of the polymers thed to
targetsD-Ala-D-Ala and the two polymerdid not differ in this respect

To probe the solvation state of the polymers when interacting with the targeinfmmycin,

two approaches were taken. First in the presence d-Aka-D-Ala peptide, hydration was
disruptedby binding to vancomycirso that less energyas required talrive the polymer
through its LCST. Second, a solvatochromic dymeile red, preided information on the
environmental polarityof the polymer The hypothesis was thaile red could provide
information on phase transition because loss of water should shift the emission wavelength or
fluorescence intensityt was found thatn the pesence ofl0’cfu/ml of S. aureusand HB-
PNIPAM-van nile red fluorescencencreased with the number of bacteria almost in a dose
dependent manner, whereas there was relatively little change in fluorescence with the L
PNIPAM-van. This supports a model of clieeg in the solvation of only the
microenvironment around the chain ends of-PIBIPAM-van, rather than of the whole

polymersegment

Finally, we have shown that highly purified vancomycin functionalisdeNIPAM and HB
PNIPAM, which bind to the cell surfacof S. aureuswithout killing activity. We conclude,
therefore, that the binding interactiprimarily involvessurfacelocated DAla-D-Ala on the

bacterial cell wall.
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Chapter 1 : Introduction

With the emegence of bacterial resistance to antibiotics, early diagnosis of infections is
critical. If not treated appropriately, wound infections can become chronic and/or severe,
leading to a decrease in healing ratelincreased morbidity/mortality in serious eagl-3].
Furthermore, many clinical research papers have shown that wound infections affect not only
the quality of patierst éves, but also there is financial loss for the healthcare system. Data
from the WorldHealth Organization revealed that there are more than a hundred million
patients around the world each yeano are affected by bacterial infections, especially
Staphylococcusweus which is a common wound pathogeh 5]. One of the main factors

that plag a crucial role in wound healing is the number of bacteria that colonise the wound.

This is closely linked to howhe status of the wound can jecisely diagnosk[6-9].

The classical ways to diagnose wound infection rely on signs and symptoms of wounds such
as local warmth, redness and swelling of the ,anbaious wound breakdowrf2, 8] and
conventional microbiologyThe latte is not readily available in all countries aihds difficult

to diagnose the stages of wound infections accuratsing clinical methods alone.
Consequentlyantibiotics are often prescribed, even though the wound might only be
becoming colonised by bigria rather than infectgd0]. To minimise the use of antibiotics,
effectiveearly detection of pathogsis one of the challenging goals in all areas of infection
treatment. Therefore, the development ah@e-to-use devices for identification of

pat hogenic bacteria would be a very wuseful

One approach to devising a simple diagnostic device is to capitalise on the behaviour of
certain polymer systems. For examp@#orts are being made to develop the properties of
poly (N-isopropyl acrylamide) (PNIPAM) by modifying it with higgffinity ligands for
bacteria. PNIPAM has been extensively used in a wide range of biomedical areas because it
shows a number of advantadges biological applicationssuch as biocompatiilbty, thermal
responsivaessproperties close to human body temperature aradlability of a number of
molecular architectureg[11-14]. One group of higlaffinity ligands for the bacteriaare
antibiotics themselves. The idéahind their use ishat placement othe antibiotic at the
chainends of the PNIPAMould produce materials thaéspondto the presence of bacteria

and that response could form the basis of actlete system Polymerbased systems have

attractedsignificant attention in the field of microorganism detection because a vafiety
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types of architecture can be designed, and also desirable functionalities can be obtained such
as the star structure atco-peptide polymer, which can enhance antimicrobial activity against
bacteria[15]. Recently, highly branched PNIPAMitw integrin binding peptidesargining
glycine aspartic aciGRGDS), showed the capability of binding to integrins on human cells
above its LCST. Moreover, previous work by our group (Shepherd et al.) has #iatwn
highly branched®NIPAM (HB-PNIPAM) functionalisedoy the addition of antibiotics alhe
chain ends &n bind bacteriasesuling in a phase transitiomn the polymer from a solvated
expanded coil to a desolvated collapsed structure, also calleth-gbalbule transition16,

17]. However, little is known of théactorsby which this system works, which is necessary
to develop this material into a bacterial detection system.

This work, therefore focuses orunderstanding théehaviour ofantibioticfunctionalised
highly branchedhermaresponsivePNIPAM in the presence d. aureusAs a comparator,

we prepared the linear analogue versibthe PNIPAMvancomycinto investigate the effect

of polymer architecture on theinteractive behaviourln addition, the inflences of key

features of the bacteria on interaction with the PNIPAMs were investigated.

With the emergencef methicillin-resistantS. aureus(MRSA) and otherantibiotic resistant
bacteria it is important that polymers used for detection should netn#elves have
antimicrobial activity.Consequentlythis was assessed at various stages of purification of the

polymers



1.1 Detection of microorganisms and applications

Early detection of pathogens is an important concern for the health sect® andajor

hurdle in the treatment of infectious diseases. For example, infected wounds can cause
considerable morbidity if not treated propgdy 2]. In most cases, the infected wound results
from bacteria, oginating from either the skin or the outside environmiatt have coloned

the site[4]. The intact skin surface is essential for the protection of tissue against infection
and also the preservation of body lliomeostasis. However, when such a protective barrier

is injured, e.g. during surgery on @accident, bacteria can coloaighe wound area, resulting

in damage to the host tissues and further inflammdti8h In fact, local inflammation leads

to a low wound healing rate and deteriorationtofet pati ent 6s condi ti on.
wound healing process can cause severe pain for the patient and contribute to increased
likelihood of mortality[4, 19, 20]through cellulitis, osteomyelitis or the spreafcdbacteria to

blood vessels and other parts of b¢ga¥%]. The conventional approach for treating bacterial
infections is the use of antibiotics. However, unguided use of antibiotics due to inaccurate or

slow identification of the causative bacteria can eeskledbn for drugresistance.

These serious problems have brought about considerable efforts to discover novel methods
for rapid diagnosis and identification of the causative pathogens. The conventional methods
based on antibodies have several drawbacks, asigoor stabilityat high temperaturand
strainto-strain variation of reaction with immustkagnosticd22]. Consequently, a range of
alternative methods have been explored, such as the use of a biosensor bas€s on (3
(dimethylamino naphthalerke 1sulfonamido) phenyl) boronic acid) (DNSBA3]. Amin et

al. showed that such a sensor could rapidly binéEgoherichiacoli and be detected by an
increase in fluorescence intensity as the number of bacterial cells increaseduddestex

that the increase in fluorescence of DNSBA in the presenEe a@ili is owing to the binding

to theE. colimembrane consisting of lipopolysaccharides (LPSs) with diol gri@Bbs

Polymeric materials are one of the most interesting platforms for use in the field of
diagnostics. They have been applied in various areas of bacteridlomfeéceatment and
diagnosis, rast of which has involved a colour change of that er i al -stiod eai d
detection and diagnosis. For example, -selective bacterial binding and labelling using
bacteriainstructed polymers has recently been shown to be pod&i)e Polymers have

even been usedo promote phagocytosis of opsonised bacteria using a bifunctional

polyacrylamide The polymer was functionalised with vancomyaimd fluoresein haptenfor



specific recognitionof Grampositive bacteria andbinding of antifluorescein antibody
respectivey leading toenhanceghagocytosi®f bacteria that bound the polyn@6]. There

are several advantagés polymerbased materialend thesehave attrated considerable
interest in the field of microbial detection. Firstly, various functionalities (polyvalency) can
be provided, using different types of functional chemig#§]. Moreover, a variety of
architectures can be designed, such as star diblock copslyendrhighly branched
polymes. In the st decade, numerous polymeric materials used for regdhie presence of
bacteria were developed. However, their mechanisms of detection differ according to their
applicatiors. Silbert et al. presented a new method for the visual detection of bacterial
contamination in food. This system was based on the d@tromnansition of agaembedded
nanoparticles composed of polydiacetylene (PDA) and phospholipids with aobriee
transition, due totheir interaction with membranactive molecules released from
proliferating bacteria. They demonstrated that suclomionetic polymer sensor could be a
new platform for detecting bacteria, which could be rapidly identifieda bysual colour
change. However, this biosensor is still not able to differentiate between types of bacteria
[27]. Sunet al.also exploited the intrinsic properties of chromatic transition frame bb red

of polydiacetylene (PDA) in terms of signalling the presence of bacteria. They found that
synthesised liposomesomposedof mannoseglycolipids and PDA, mixed withE. coli
causeda change in colour from blue to red. Binding between bacteria @Adr&sulted in a
change in side chain conformation from acetylene to butatriene, which led to the colour
changg28, 29]

Glycopolymes aresynthetic polymers that were developed and used for specific interactions
with bacteria thanks to higaffinity ligands incorporated into the structure, such as pendant
carbohydrateg30, 31] Disneyet al. exploited a fluorescent glycopolymer functionalised
with carbohydrate groups, wdh act as active sites for binding b@acteria. In their study,
poly(p-phenylene ethylene) coupledth mannosewas synthesised and used as a bacteria
detector. The binding of bacteria to such a fluorescent polymer was observed as fluorescent
clusters ofbacteria in the mixture that were visible to the naked eye. It is obvious that this
fluorescencéased detection could be a powerful quantitative techniqaenicrobiological
study[32]. Xue et al.also synthesised highly watsoluble glycopolymers for the detection

of E. coli. This glyocopolymer was based on pthylene glycol) conjugated with a
fluorescent group. fley suggested that some tife neutral conjugated glycopolymers

exhibited low solubility in water owing to strong hydropholriteractiors betweenpolymer



backbones. Thus, they developed a structure of glygomes comprising flexible
poly(ethylene glycdl as a tethered segment in order to increase spaces between polymer
backbones, so that high solubility could be obtaiaedthe tethered spacer could decrease
the effect of steric hindrance between polymer chains, resulting in an enhancement of cellular
recognition. They showed that the fluorescent conjugated flubased glycopolymers

interacted strongly witk. colipili [30].

Not only do the ypes of highaffinity binding sites play a vital role in the properties of
polymeric materials for specific interaction with bacteria, but also the location of binding
sites on the polymer. Consequengylymer architecture is a significant factor in thieding

process. Kimet al.showed that spherical micelles of amphiphgayphenylenelerivatives
composed of tetrap{phenylene) (hydrophobic part) and oligo ethylene oxide (hydrophilic
part), showed higher potential for interaction withcoli compaed with cylindrical micelles.

They explained that, in aqueous solution, the binding sites of spherical molecules
(carbohydrate groups) were located at the outer surface, leading to a higher chance that they

would be exposed to their targss].

Glycopolymers are not the only systems that have been developed for the detection of
microorganisms. Moleculamprinted polymers (MIPs) amso usedor specific recognition

of microorganismsand detecting low molecular weight analyt®dsolecular printingis a
technique that can introduce selective recognition sites on polymers to sense their targets. It
can be synthesised by copolymerising with the desired and appropriate functional
comonomers to provide specific recognitions such as peptides and organic molecules. The
simplicity of the synthetic process and the stability of MIPs make them suitable for use as
biosensors. However, they are not without limitatjqresticularly for imprinting large and
complex structures such as bacteria. There are also several parameters that have an impact on
the selectivity of imprinted polymers, such as the interaction bettheepolymer and target
molecules, and the properties of the polymers themsbdes35] Xue et al. successfully
synthesised th&. aureusprotein A imprinted polyacrylamide polymer, which exhibited a
good specift recognition forS. aureusprotein A [34]. Tokonamiet al. also successfuy
developed MIPs from polypyrrole to specifically recognise anionic bacteria using
electrochemical polymerisation. They suggested that the polypyrrole template was capable of
distinguishing between Grapuositive and Grarmegative bacteria depending on tipes of
bacteria used to create the templates. However, the size distribution of eachtactedd
causeproblems and have an effect on the selectii88]. In addition Golabi et al. were
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recently successful in synthesising geiprinted polymeilCIP) using 3aminophenylboronic

acid (3APBA) as a functional monomer. Their data suggested that CIP could specifically
bind to Staphylococcugpidermidiswhen present above u/ml, and could differentiate
between the bacterial target and structurea sfmilar shape. However, high repecific
binding was still found because of the presence of boronic acid groups in the imprinted

cavities and on the polymer surfd&¢.

Another approach to detect pathogens with high sensitivity and that exhibit antimicrobial
activity without an increase in drug resistanctisisemultivalent polymers. Recently, there
have been numerous efforts attempting teroeme these difficulties by developing new
materials consisting of functionalities that can detect, bind andvasspiathogens but not to
induce antibiotic resistance. Lamet al. revealed that structurally nammgineered
antimicrobial peptide polymdiSNAPPSs) exhibited antimicrobial activity against all types of
Gramnegative bacteria used in their dyuwithout observablemergencef multiple drug
resistant strains. They explained that binding SNAPPs to bacterial cell walls caused
destabilisation obacterial membranes, leading to unregulated ion movement and cell death.
SNAPPs were synthesised from p@yido amine) (PAMAM) dendrimers, in which the
terminal amine groups of the polymer were functionalised with lysine and vhline
carboxyanhydrides (N&s) via ringopening polymerisation. They showed that SNAPPs
were capable of forming stable star shaped nanopatrticles containing lysine and valine peptide
residues in solution, resulting in an efficiency enhancement in binding to their tdrigets
Indeed, Arimotoet al. prepared polyvalent polymers with vancomycin pendants using ring
opening methathesis polymerisation which inceglasantimicrobial activities against
vancomycin resistant Enterococci (VRE) and other nrakistant bacterig86]. Magenniset

al. also proposed a mepolymeric material that seemed to exhibit properties that could be
used for diagnostic applicatiomwo types of monomer, namely-(ehethacryloyloxy)N, N,
N-trimethylethanaminium chloride (TMAEMA), which is a cationic monomer, aiftl-3-
SulphopropyN, N-dimethyl ammonium) ethyl methacrylate (MEDSA) were used for
preparingthe bacterial templateTMAEMA was chosen because they expected electrostatic
attraction between negatively charged bacterial surfaces and the positive charge of the
polymer. Also, MEDSA was used due to the expectation that it would behazs@acer and
increase the solubility of the polyméihe template was synthesised udnagteriamediated
atomic transfer radical polymerisation-ATRP) in presence of bacteriBhase comast amul

fluorescence microscopshowed that bacter@mplate polymecausedformation oflarge



aggregatesof their matched bacterig24]. Li et al. designed multifunctional micellar
nanoparticles with fluorescent sensing, whiwere fabricated from negatively charged
segments and cationic diblock copolymers. The anionic part originating from
tetraphenylethylene (TPE) sulfonate derivatives and the cationic segment stemmed from poly
(ethylene oxidep-quaternised poly ¢@imethylamino) ethyl methacrylate (PE®
PQDMA). Theyfound that inthe presence oE. coli the binding ofa negatively charged
bacterial surface to positively charged PQDMA resulted in the disruption of micellar
formation leading to reduction of tetraphenyletimddluorescence intensity due to the loss of
aggregatiorinduced emission effect. Moreover, the polyions micellar nanoparticles were
tested withS. aureusn order to prove their versatility. The same pattern that occurrgd in
coli samples was found. Theconcluded that this material potentially exhibited optical
detectors for pathogenic bacte$q].

1.2 Staphylococcus aureuand vancomycin antibiotic

S. aureus

S. aureushas remained a dangerous pathogen, causing diseases in most parts and systems of
the body[5]. It is also a major cause of ma®mial infection[6, 38]. It is therefore a useful

model pathogen with which to explore systems for detectiorf@ttion.
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Figurel.1 Grampositive cell wall structure



S. aureuss a Grampositive, spherical bacterium ajpproximately 0.8 . 5em i n di ame
and which grows in clusters due to its cell division in multiple planes. The-@Boaitive cell

wall differs from Grarmnegative cell envelops in several ways. Firstly, there is no outer
membrane, which protects Gramaative bacteria from the environment and to which the

thin peptidoglycan layer is linked. Grapositive bacteria have a much thicker layer of
peptidoglycan and this thickness provides the protection from the environment. It is however,
porous to allow pasge of essential compounffs 10, 39]

In this study we have focused 8naureusS. aureuss commonly found on the human skin,
which is an exceptional barrier against any pathogenic microorganisms. Howelerskin

is broken due to surgery or traunf, aureuscan easily access the tissue underneath and
cause invasive infection. Mortality in relation to skin infection is most often associated with

S. aureugb, 40, 41.

The S. aureuscell wall is about 210nm thick,comprisingabout 50% w/w peptidoglycan

and 40% anionic polymers. The anionic polymers thread through the peptidoglycan layers
and are classified into two types, namely teichoic acids and lipoteichd. &oth anionic
polymers are considered to make W{%of the mass ahe bacterial cell wall, which has an
influence on the overall structure and the functions of the bacteria (discussed in more detail
below). Underneath the peptidoglycan is the cytaplasnembrane. The Grapositive cell

wall also contains a range of proteins and these can change in response to growth conditions
[39]. The major structural componentsSfaures areillustrated as follow.

Peptidoglycan

The S. aureus peptidoglycan comprisesN-acetytD-glucosamine (NAG) and N-
acetylmuramic acigNAM) joined by 1,4b | i nkages. A tetrapeptide
MurNAc and is crosslinked to adjacent peptdains via a pentaglycine bridge to form a
meshlike networ10]. The tetrapeptide chain comprisesAlanine, D-Glutamic acid, E
Lysine and DAlanine in most organisms but the degree of crosslinking vargsndéng on

the type of bacteria. The proportion of peptide crosslinks. iaureugpeptidoglycan is about
80-100% of the total glycan strajdlO, 39] These peptide substitutes serve as binding sites
for covalentlyassociated proteins, in which the crosslinking process can be halted by the
removal of terminal PAlanine through the action of carboxypeptidases. Additionally, these
peptide substitutes are also associated with the action of certain antilpiattcs)brly the b-

lactam antibiotics and the glycopeptides, vancomycin and teichoplanin. Both classes of



antibiotic inactiate the crosslinking process of peptidoglycan synt&6is39] A schematic

diagram of peptiddgcan ofS. aureuss shown in Figure .2.
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Wall Teichoic Acids (WTASs) and Lipoteichoic Acids(LTAS)

Teichoic acids are anionic polymers consisting of large repeating units of glycerol phosphate
(polyglycerol phosphate, polyGrop) or ribitol phosphate (polyribitol phosphate, polyRboP),
which is commonly found in the cell wall &. aureusTeichoicacids are divided into two
groups, which are wall teichoic acids (WTAs) and lipoteichoic acids (LTAs). WTAs are
covalently coupled to peptidoglycan via phosphodiester linkage to hydroxyl grot#s\vbf

while LTAs are anchored to the head groups of liprdsytoplasmic membrane. LTAs are
similarly composed of polyglycerol phosphate, but they are functionalised witlarine

and their chirality is different. WTAs are located perpendicularly through networks of
peptidoglycan, whereas LTAs insert into thesimand lipid membrane of the bactenvhich

can be seen in Figurell Teichoic acids are considered a significant component of the
bacterial cell wall because of their negative charge which influences both cation homeostasis
and interaction with other anged structures such as surfaces. Thus, teichoic acids are
involved in the localisation of metal ions between the network of WTAs and metal ions,
which affect the porosity and strength of the bacterial cell wall. The charge of the cell wall
can be modifid by introducing a positive charge, which has a significant effect on the
interaction between the cells and other molecules. For instance, couphifemibe with free
hydroxyl groups on polyribitol phosphate B. aureuscausesthe bacteria to be more
sugeptible to cationic antimicrobial peptides due toldok of D-Alanine ester$39, 42] As
mentioned above/NTAs also playa role in colonisation, such asediating bindingo the
epithelium of the nosgB9, 43].

Surface proteins

For adhesionto host tissue or other molecules, several parameters are involved. These
include teichoic acids, as mentioned previously, as well as surface proteins, which
specifically adhere to aumber of host proteingor example the extracellular matrix proteins
(ECM), elastin, fibronectin, and collaggb]. The surface proteins acting as adhesins are
often referred to as Microbial Surface Components Recognising Adhesive Matrix Molecules
(MSCRAMMS) [44, 45]

The particularly important MSCRAMMSs irS. aureuss protein A, which plays a role in
adhesion to surfaces and in pathogenesis of disease. Protein A consistbl-téramnal
fraction with immunoglbin (Ig) binding sites and a-@rminal threonineontaining portion

which links to the peptidoglycan. Protein A is capable of binding to the Fc fragment of Igs

10



during infection, resulting in prevention of the opsonisation progeks46] andis a major
component that is responsible for the hydrophobic propéi®y aureu$46, 47}

_________________________________________________________________________________
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Synthesis of surface proteins and other types of proteins, which is essential for adhesion and
cell division, occurs during the exponential phase, while toxins and exoproteins are produced
in the pod-exponential phase leading to relocalisation to new places during the stationary
phase. MSCRAMMs produced during the exponential phase mediate adherence to
components of host tissues, resulting in colonisation of host tissue sites, whereas expression
ofsecreted pr o-orr and entsrotaxin B ars produced during the stationary
phase.

While the cellwall components of Graspositive bacteria are related to virulence and
resistance to antibiotics, other factors, such as the hydrophobiditg oéll surface and the
surface charge of bacteria, will have a significant influence on interaction with polymer
surfacegb, 44].

Functional properties of bacterial cell wall components and their role in relationto
adhesion

Bacterial surface charge

Adhesion to host tissues and ECM is considered the initial stage of bacterial infection. There
are severdiunctional properties of bacterial cell surfaces that are related to bacterial adhesion
to the host cells, suchs bacterial surface charge. Grpositive bacteria consist of both
negatively and positively charged groups. However, the net surface charge is negative at
physiological pH. This is due to phosphate and carboxyl groups from proteins in the bacterial
cell wall. In many Granpositive bacteria, including. aureusteichoic acids are present and
provide a negative charge. In aqueous suspenSioayreusells therefore have a negative
charge which results in electrostatic repulsive force between the lalatetls. However, not

only does surface charge play a role in the interaction between the cells, buhealso
hydrophobicity of the bacteriaan contribute to specific binding between the bacteria and
target moleculdsr biomaterial surfacesuch asbiomaterial implant§48]. The degree of
hydrophobicity depends on the type of strains tnedage of the cultur@g?7]. Gristinaet al.

found that,at a certain distance (about 15nm) from a negatively charged substrate surface,
hydrophobic forces could overcome electrostagpulsion betweeB. aureusacteria and the
substrate leading to adhesion. While bacterial surface constituents confer physical properties
that influence adhesion, other surface structures can also play a role e.g. the extracellular
capsulg48, 49]
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Extracellular capsule

The extracellular capsule of bacteria is composed of polysaccharide and other types of exo
polymers such as uronic acids apibtein or hyaluronic acidsAlthough, the capsule is
involved n the attachment of cells to surfaces, its primary function appears to be protective

by reducingphagocytosis anbly providing a barrier foantimicrobial agentfs0].

S. aureusassociated infections and antibiotic @&sistance inS. aureus

S. aureuswas one of the most common pathogens causing surgical wound infection and
bloodstream infectior}5, 50]. Generally, the human nose and skin are considered to be
natural reservoirsof S. aureus Infection occurs when the skin barrier is broken, allowing
access to the underlying tissue and blood ves$hks.effect of bacteria in a wound can be
described in three stages: contamination, colonisation and inf¢gtioGontamination ishe

first step where there is the presence of bacteria in the wound but no harm to the tissue. After
that, the number of bacteria will multiply, this is called colonisation but at this stage there are
no signs or symptoms. Bacteria can then either renoai@ised or spread to nearby areas
through the tissugsl, 52] due to the production of extracellular toxins and protefsis
Cellulitis is a spreading form of infection progressing through the fat layers below the dermis.
Localised infectioa present as abscesses, often associated with hair follicles but can also be
more deep seated and more seJd@. S. aureushas several mechanisms to protect itself
from the host response during @nfection. For instance, it can produce antiphagocytic
microcapsules. Abscess formation can be induced by the zwitterionic capsule comprising a
WTA of ribitol phosphateN-acetylglucosamine and-Bla repeating units. Weidenmaiet

al. compared the biolgical activity of strains exhibiting a zwitterionM/TA with strains

having negatively charged WTAs. They found that strains with the zwitterionic WTA

resulted in larger skin abscesses in mice than strains with a negatively chargd84NTA

Antibiotic resistanceas the term most commonly uséat when an antibiotic losgts ability

to control bacterial multiplicatio and allow the bacteria to continue to grow in the presence
of a therapeutic level ofirug. More recently the term antibiotic neesponsiveness has
become used to help explain why some bacteria are not controlled by an antibidtcnioat
display the ame genetic features of fully resistant strains. These are referred to as showing
antibiotic tolerance since they are not killed by antibioticstfyeyare not growing eitherin

otherwords they are in a state of dormanéjowever,sometime ater aftera therapeutic
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regime is finished the bacteria camerge from their dormant state astart growing as
onor mal 6. This state of affairs pertains pa
their physiology differs markedly from that of planktonaxcteria.

Conventional antibiotic resistance arises from mutation or the acquisition of resistance genes
from other bacteriaand is selected for by Darwinian evolution in an environment that is
relatively high in the drugrhe aquisition of resistance gemsas mediated byiptake of free

foreign DNA (e.g. plasmids) by conjugation between bacteriar by viral transfer
(transduction). An important example of plasmid mediated resistance is the acqoisfiion
lactamaseby S. aureus which hydrolyse the b-laccam ring of the penicillin group of
antibiotics. This leads todrug inactivationbut there are other mechanismis providng
resistancencluding the alternation ofirugtarget sitesdecreased uptake of drygspulsion

of drugs from the cytoplasm, ovproduction of the drug target and by genetic modification

of the drug targetAn example of the latter is @hangein the structureof penicillin binding

proteirs (PBPs) which leads to low binding affinityfor the drug

The significance of antibiotic esistance is that it makes many healthcare and surgical
procedures that we currently take for granted almost impossible. Resistance has now become
a worldwide problem ands effects are made worse by increased human and animal transport
from placeto-place and countrto-countrywhich allows efficient spread of resistance strains

and their genesAlso, there is asignificant economicost of resistancehroughtreatment
complicatiors, longer hospital stays and loss of working dayeveralapproaches caneb
takento reduce the incidence afntibiotic resistanceincluding the development of new
classes of antibiotic, theontrol of public access to antibioticamproved prescribing of
antibiotics and improving the speed and accuracy of diagnosis of infectidhis thesis

addresses one aspect of the latter approach.
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Vancomycin antibiotics

As mentionedabove,resistancgo benzylpenicillin antibiotics irs. aureushad emergedby

the late 1950l ue t o t he p rlantamase erizyone. Te@ dombiatlthes méthicillin
was synthesised, which consisted of phenol groups disubstituted with methoxy groups,
providing a steric hindrance effect on amide bonds, so redacicess othe b-lactcamaseto

the sensitiveb-lactam bondHowever, n the 1980s methicillimesistantS. aureus(MRSA)
strains began to appear, the mechare$mesistancehis time being due tthe production of

low affinity penicillin-binding protein 2, which is involved in transpejatiion (crosslinking)

of new peptidoglycan units. The main drugs left to treat infections caused by MRSA were
glycopeptide antibioticgs5, 56]

Several types of natural glycopeptide antibiotics are known, iicpkar vancomycin and
teicoplanin. Vancomycins classedas a Type | glgopepide antibiotic because tontains

valine-1 and asparag#3, or glutamine3 residues in its structufgs].

OH

NH,

Cl

(e}
3 H \\\\\\\ 1
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Asparagine

Figurel.4 The structure of vancomycin

Vancomycinis a product ofAmycolatopsis orientadi andwas discovered by Eli Ly
(Indianapolis, USA) in 1953A few years latertwo morerelated specieffom Indiawere
foundto be able to producgancomycinln the early use of vancomygiside effects, such as

nephrotoxicity, were noted which was due to the presence of impuritiedtingsn its
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nNi ckname sspfpi A MudDi. However, optimisation
preparations enabled it be a more useful therapeutic and in 19&8 dlinically certified for
MRSA infection[55, 57] However, it was nountil 1982 that the structure of vancomycin
was described by Harris usingrdy crystallography58]. Biochemical studies revealed that
glycopeptideantibiotics inhibit the synthesis of peptidoglycan. Vancomycin interferes with
the transpeptidation reaction by forming a complex witAlB-D-Ala dipeptides via five
hydrogen bonds (sl in Figure 1.5(A)as dashed lines) with the backbone of the
glycopepides[59-61].

OH

N-acyl-D-Ala-D-Ala

Figurel.5 (A) The formation of the stoichiometric complex between vancomycin aAthb
D-Ala dipeptides terimus of precursors, (BlPhase contrasimageof S. aureuscells (BIl)
An image of the same samgl with fluorescentvancomycin viewed with fluorescent

microscopeFluorescence is concentrated at recent division[§i#s
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This results in a weak cell wall and osmotic cell &8, 64] The strength of interaction
between vancomycin and theAa-D-Ala binding site can be increased if the vancomycin is
in a dimeric form. Beauregar@t al. showed that cooperativity between dimers of
vancomycin provided rigitly to the structure fixing the binding pocket of vancomycin into
the right conformation for maximum interaction with its taf&&i.
Mackayet al.suggested that thegsence o& chlorine atomin the metaaromatic substituent
can increasalimer formation of vancomycifecause he electrostatic attraction between
partially positively chargedhydrogen atoms othe amino groupon vancomycinand the
negatively charged carkglate anion of DAla-D-Ala peptide plays a vital role in initial
binding Thus, the presence of chlorine atomnearthe binding regiondirectly affects the
activity resulting in an increasein vitro activity of vancomycir{56, 66, 67] Moreover,
Kaplan et al. stated that the addition of sugar to position 6 in vancomycin enables
vancomycin to form dimers more efficientlyecause the sugaesidues can provide a
hydrophobic interaction between the disaccharideganh vancomycinThis resuls in a
limited conformational freedom of vancomycin moleculeading toincreasd cooperative
ligand binding and ligand affinity{56, 68, 69] Also, introducing a lipophilic tail to
vancomycin can enable the drug to remain close to its target adjacent to the cell membrane
because it becomes anchored in the membrane near to where the new disaccharide
pentapeptide is transported out of the &8, 65, 70]

] \MOH

™~NH,

HO
. HO . .
Increase dimer m ?I Increase dimer formation

o}
o
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ormation o o
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Figurel.6 Structural aspectd @ancomycin involved in dimeraion[70]
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Mechanism of resistance

Despitevancomycin still being a useful therapeutic antibiotic, resistant straiSs afireus

and other species have been reported. The mechanism of vancomycin resistance is due to
substitution of one of the 4la groups in the terminal dipeptide by eitheiLBctose or D

Serine. Such substitutions reduce the number of hydrogen bonds between the vancomycin
and the terminal moietiesf the pentapeptidand changes the conformation resulting in
lower binding affinity[55, 71} The replacement process ofAba with D-Lac is shown in

Figure 1.7

NH,

N-AcetytD-AlaD-Lac

Figurel.7 Schematic of the replacement ofAla with D-Lac in resistant strain, leading to a
decrase in binding affinity with vancomycin due to the repulsion between oxygen atoms
[55]

An alternative form of vancomycin resistaBt aureusfirst appeared in the form of
vancomycinintermediateS. aureugVISA) with increased minimum inhibitory concentration
(MIC) values. VISA exhibits a thicker cell wall with a higher amount eAlR-D-Ala termini

but less patterfi72]. It enables peptidoglycan to cage vancomycin molecules and prevent
their reaching the cytosolic membrart¢owever, if the dose of vancomycis increased

higher than thenumber ofD-Ala-D-Ala residues, VISA stragican also no longer resist
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vancomycin. Additionally, because VISA has to export a greater amount of peptide
precursors than sensitive strains, their cell wall strength in an dittivee environment is
affected and in the absence of vancomycin the selective advantage is lost and so reversion
occurs. This is called the hetevdSA phenotype (hVISA]55, 57, 71]

Antibiotic resistance toancomycin or any antibiotic will inevitably arise in an environment

of high usage of the drug. As mentioned earlier, part of the approach to managing this
important healthcare problem is to improve detection and diagnosis of infection, particularly
in comrmunities or situations where the technology and infrastructure to achieve this routinely
is lacking. In this regardthe study reported in this thesis investigates aspects of

thermoresponsive polymetisathave been suggesteduldbe used as a detectiorstsym.

1.3 Thermo-responsive polymers used in biological applications

I n the | ast few decades, Aismart material so
can undergo reversible physical or chemical changes in response to the environment, such as
changes in pH, temperature or ionic strength. Additionally, some of them acerbjatilbe

and so are able to be used in biomedical applicaf¢8:g6].

Thermaresponsive polymers are one of the smart polymemich have attracted
considerable attention for biological applications, such as multivalent molecular recognition
by bifunctional polyacrylamide, protein and bacteria absorptiGanliffe et al. were
interested in surfaegrafted PNIPAM copolymers for these of bacterial attachment.
PNIPAM was grafted to an amine functionalised glass surface via carboxyl terminated groups
on PNIPAM. They found that there was an increase in bactesalrtion on the surfaee

grafted PNIPAM above the LCST of the polymerhis was explained byhanges irthe

surface property of the polymer due to an increase in hydrophobfdhe grafted polymer

when the temperature was raisabove its LCST[77]. Krishnamurthyet al. designed
multivalent polyacrylamide polymers and employed them for modifying bacterial cell
surfaces which resulted in an antibedgdiated opsonisatioand subsequent phagocytosis.

The binding functionality for bacteria was mediated by vancomycin groups and a fluorescein
moiety in the polymer provided a means of visualisafigis]. Approaches of this type hold
promise as the basis for diagnostic systems. Althawglstated by the authors, it is assumed

that because the vancomycin was tethered to a surface that there would be less chance of

direct killing of bacteria and less chance of selecting an antibiotic resistant population.
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Thermoresponsive glymers, whitv have a Lower Critical Solution Temperature (LCST),
switch from soluble to insoluble upon heating to above their LCST. The change in solvation
state is associated with intrand intermolecular hydrogen bonding between polymer and
water moleculesThe citical miscibility behaviour can be divided into three categories,
namely the classical FloiAuggins miscibility behaviours Type |, Type Il and Type lll. The
critical point of miscibility of Type | is dependent on the polymer chain length. Increasing
molecular weight shifts the critical point to a lower value. At the limit of infinite chain length,
it is specified by a limiting critical concentration, with the volume fraction of the solute in
solution being zero at theta condition. In contrast, the dripioit of Type Il is independent

of the chain length of the polymers. For Type lll, at low concentration of the polymer, the
critical point of miscibility is characterised by the limiting critical concentration, which is
similar to Type |. However, at higconcentration of the polymers, it behaves like Type Il and

the polymer chain length does not affect the critical point.

There are several types of themmasponsive polymers that have been studied and here
comparisons will be drawn between a selectibrthem, including PNIPAM, pofN-vinyl
caprolactam) (PVC), poly (methyl vinyl ether) (PMVE) and natural polymer e.g. elastin
like-oligo and polypeptides. These polymers have LCSTs within the physiological[i2jge

1.3.1 Poly (N-vinylcaprolactam) (PVCL)

=

Figurel1.8 The chemical structure of poliN{vinylcaprolactam) (PVCL)

PVCL is a temperature sensitive polymer, and its LCST in pure water is close to human body
temperaure (34°C), leading to some significant attention in the field of biomedical
applicatiors. It also hashigh solubility in water and various types of organicveuits, and
biocompatible propertieshat are attractivePVCL has also been used as a model in
biomedical studies such as controlldug release because it does not produce toxic low

molealar weight amines under strongly acidic conditions dug¢htamide groupbeing
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directly connected to a dzon-carbon backbondg78]. Although the phase transition
temperature of PVCLsi close to PNIPAM, the mechanisms are different to those of
PNIPAM. PVCL shows continuous phase transition behayiethich depends orthe
molecular weight andhe polymer concentrationDuring heatirg, the phase transition of
PVCL is driven bythe transbrmation of hydrogen bowrd carbonyls with water toelease
one,and followed by the hydrophobic dehydratiohside group$79]. PVCL mesoglobules

can continuously expel water molecules miparther increase of temperature accordmthe
absence of selissociated hydgen bonds in the dehydrdtstate On the other hand, the
globular form of PNIPAM exhibits seHlissociated hydrogen bondsthout a distribution
gradient of water molecule$hus, PNIPAM shows discontinuous phase transition behaviour
and does not change whére temperature increas¢80, 81] Both PNIPAM and PVCLs
exhibit unique properties for biomedical applications due to theustalle size and LCST.
However, PNIPAM has been more extensively studied because functional group modification
can be designed, while it is easy for VCL monomers to be hydrolysed and turned into
caprolactam and acetaldyde under acidic environment. Theref copolymerisation with

other comonomer such asrylic acidhas to be taken into accourue to the presence of

carboxylic acid groups comonomef80].

1.3.2 Polymethyl vinyl ether) (PMVE)

ok

O

CH,

Figurel.9 The chemical structure of poly (methyl vinyl ether) (PMVE)

Poly (methyl vinyl ether) (PMVE) haa LCST at 37°C, which makes it potentially useful i
biomedical applications. It can be synthesised only by cationic polymerisation under inert
conditions[12]. Aqueous solutions of PMVE can be transformed to hydrogels by irradiating
with electrons, leading to crosslinking between radicals from water molecules and PMVE
moleculesThe hydrogel of PMVE shows theramesponsive properties as itrstks above its
LCST. The kinetics of the volume transition of PMVE is controlled by the cooperative

diffusion coefficient of the polymer chains (cAfsecond)[82]. Thus, a decrease in network
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dimensions &sults in a dramatic increase in shrinking rates of the polySwerukiet al.
showed that PMVE gels with fine pores responded to a change in temperature quicker than
other gels with comparable dimensif@8]. PMVE is often used in hydrogel formation, the
shape and conformation of which aremited due to its thredimensional network.
Copolymerisation with other types of polymers such as maleic anhydride or PNIPAM to
enhance its properties is essential to improve and provide broader ranges of-phgsical
properties of PMVE used in biomedl applicationg84]. The copolymer oPMVE typically

is a widely used thermstimulus material as a cell scaffold for tissue engined846].

For wound care applations, PMVE has drawn interedtie to its ability to absorbxadate

and balance the hydration of the wound. Recently, @alal. exploited unique properties
between polyvinyl alcohol(PVA) and poly (methyl vinyl ethealt-maleic anhydride)
(P(MVE-alt-MA) for developing hydrogels exhibiting antimicrobial activity aagst S.
aureus It was found that such an antimicrobial hydrogel could be synthesised by autoclaving
the mixture of PVA and @®VE-alt-MA) resulting in good mechanical and adhesive
properties, which can be proposed for novel wound dre$8B]g Nonetheless, copolyens

of chemically crosd$inked PNIPAM and radiation crossmked PVME hydrogels have also
often been used as a model to investigate the responsive swelling befgRjour

However, there are some limi@ts of PMVE in terms of synthesis because only cationic
polymerisation under inert conditisncan be used for synthesigi PMVE because
nucleophiles used in the reaction are not ablbettolerated[12]. Moreover, a purification

step is needed because unreacted monomer and crosslinking agents are norm@d§]toxic
Even though electron irradiationsed to provide thredimensional networks has been
developed to avoid the use of any additives for the preparation of PMVE hydrogels, this

technique requires expensive facilities and genehadat[82].

1.3.3 Elastintlike polypeptides(ELP)

ELP is an attractive thermaesponsive materialsed in biomedical and tissue engineering
applicationsbecauseit displays an LCST in aqueous solution similarthet seen with
PNIPAM. ELP iscomposd of repeats of entapeptidesf which repeding units are valine
proline-glycine-valine-glycine called ValPro-Gly-Val i Gly [87, 88] ELP consiss of both
hydrophobic and hydrophilic parts, which are isopropyl side chains, hydoscdackbone

and amide groups, respectively. They can undergo a phase transition upon heating depending
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on the hydrogen bonding interaction between polymer chains and water molecules and the
effect of hydrophobicity of the polypeptides, which are sintibathe behaviours of PNIPAM

[89]. Below the LCST of ELPs, the polypeptide chains are fully hydrated and opened. As the
temperature is increased abov-spiral formation @aT, t h
result of the hydrophobic dehydration of valindowever, thedehydrated conformation of

ELP above LCST is different from PNIPAM in aqueous solution. The collapsed form of
PNIPAM chains are disordered whereas the chaindton of ELP is au n i f esprah b
conformation stabilised bg hydrophobic effet [90]. The LCST of ELHAs 20-30°C, where

the initial dehydrated form of ELP still contains water of abdgfo6w/w. However,the
irreversible transition takes place whitie temperature is raiseéo 80°C, at whictthe water
content is decreszd to 32% w/w. The LCST of ELWKs dependent on the overall
hydrophobicity of peptide sequences, which can be adjusteldebghtange in residue group
composition in the peptide sequen{®3]. This is one of the most interestifeatures for the
design of ELRused in thermaesponsive systems. To date, Bi#sattracted intense interest

for the promise of incorporating into poher side chains or polymer backbones for various
biomedical applications, such as cancer therapy, thanks to its biocompatibility and
biodegradable properties. Drehatral. synthesisedn ELP block copolymer functionalised

with RGD and NGR tripeptides, ubdor tumour vasculatargeting. They showed that these
ELPs block copolymer selassembled into multivalent micelles at about 40°C that exhibited
higher affinity for the targets compared with freely soluble polymer, which dsplay
monovalenceavith low-avidity for target cell§91]. Bitton et alalso found that the topology

of polypeptides plays a sidicant role in the ICST of ELRP They proposed that dendritic
ELP showed a higher phase transition temperature than [podgreptidesvhich indicates

that the phase transition temperature of ELP can be tuned by not only the ratio of
hydrophobicity/hydrophilicity, but also the conformation of HBF]. The results from Bet

al also showed that therrresponsive polymer based on Eistuneable by the structure of

the polymen87]. It is clear that polynrearchitecture of thermoesponsive polymer plays a

role in phase transition behaviour and its properties, especidabtyms of binding to targets.

ELP remairs a promising material to be developed for further biotechnological applications.

There are seral other types of therrm@sponsive polymers such aslygethylene oxide)
(PEO), and polfN-vinyl pyrrolidong (PVP). However, their LCSTs are very high, above
100°C. Therefore, they will not be discussed in this review.
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1.3.4 Naturally-derived polymersand synthetic thermaresponsive polymer system

Dzwolak et al. revealed that a polyL¢lysine) chain formedan U-helix structure below its

phase transition temperature and displayed@matir a isHeetd whethe temperature was
raised[92]. Polypeptides can exhibit three different secondary structarasme-h g | U x , b
sheet-tua ma . Melixifaematibn is sibilised by hydrogen bonds between C=0 and

HN groupsin ther esi dues, |l eading teshaetheil scalbmposté
strands, i n which the backb-strams dgarsbe finked iy e xt
hydrogen bonding resulting intleet a b i | i s-shéei[88ln | mt b h4urng theye o f

are aligned in invese direction to the polypeptidehainsand are stabilised bliydrogen

bonds from ande nitrogen and carbonyl oxygen
Collagen and gelatin

Collagenis the main component of the ECMs of several mammaisaués andynthesised

by fibroblasts and osteoblasts. is composed of triple helixes assembled into complex
structures. Moreover, collagerontainsArg-Gly-Asp (RGD) adhesiondomains, which is
one of the key motifs for the interaction between ECMs\artus cells that enable it to be
widely used for skin repaif93, 94] Even though collagen is not classified as a thermo
sensitive polymer, the singlghain molecules of gelatin, ar&elatin is a naturally thero-
responsive polymer, which can betaibed bythe hydrolysis of collagemto singlechain
molecules Amide groups of asparagine and glutamineheftriple helix of collagen can be
hydrolysed resulting in carboxyl groups that provide a negative charge for the gedditin
exhibits revesible phase transition at 35°@bove the phase transition temperat of
gelatin, unimer chains are in random coils. As the temperature decreases, the gelation process
occurs. The gelatin chains form Kifanded helixes held together by hydrogen bon{h3g
Van Den Bulckeet al. showed the modification of gelatin by using the addition of

methacrylate to the side chains leading to plootsslinkable synthetigolymers[95].

The folding structure of proteins mainly driven by hydrophobic interactn. It is welt

known that mostly protein is denatured and undergoes irreversible changes upon heating. The
higherorder structures of proteins, the secondary and tertiary structures, can be perturbed by
several factors such as pH and temperature. As taoperincreases, a breakage of
hydrogen bonds betwedine water network surrounding proteins occurs. Protein denaturation
generally occurs, leading to the loss of biologmetivity and a change in isructure, such

as an unfolding. The unfolding struot of proteins upon heating originates from
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hydrophobic interaction between hydrophobic amino acid residues in aqueous environment,

resulting in irreversible protein precipitation or aggregat8s 97]

In contrast, an increase in temperature of a theresponsive polymer causes polymer
aggregation. However, the thernesponsive system is switchable. The polymer undergoes
conformational change from insoluble to solulbbem in response to a decrease in the
temperature. Therefore, the developmeniprotein stabilisersto exploit their propertiefas
become an important subject in biochemical engineefiihgre are several studisBowng

that theincorporationof natural polymer#nto thermeresponsivebased pgimers in order to
obtainthe reversible nature of synthetic therrmesponsive polymerexhibits advantageous

ore propertiescompared with the use afach alone Rimmer et al. also exploited the
properties of the RGD peptide lipking it to the chain endsf stimulusresponsive highly
branched PNIPAMto provide a cell adhesiveroperty. They firstly revealed the effect of
peptidefunctional end groups on particle dispersion above its LCST. They found that
functionalisation of HBPNIPAM with RGDat the chairends led to stable dispersion of sub
micron particles in aqueous solution above the LCST thanks to the polarity of the chain

groups[98].

Moreover, in order to make use of some globule pretdiat have a potential for biomedical
applications, such as bioelectronics, some propestiesild be improved (i.e. stability and
threedimensional orientation).am et al. exploited globular proteins for synthesising self
assembly block copolymers by conjugating with two kinds of proteins, which have similar
structure but different chemical mpositions. They found that both protein conjugated
PNIPAM showed slight differences in the LCST of PNIPAM compared with homo PNIPAM.
The phase transition temperature of mCh&NIPAM displayed a twgphase region and was
lower than EGFAPNIPAM while EGFPPNIPAM formed a homogenous structure. It
suggested that the s@fsembly of mCherry ptein conjugates were preferentiak the
dehydration state of & polymer compared with EGFP mg to the effect of chemical
composition, which are responsible fofumlity and surfacepropertyof the polymef99]. It

is obvious that nosswitchable phase transition behaviour of a natural polymer is less useful
for potential biomedical applications. Incorporation with synthetic therewmersible

polymers is necessary so that desirable propertiesecahthined.
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1.3.5 Poly (-isopropylacrylamide) (PNIPAM) and lower critical solution temperature

(LCST)

PNIPAM is a smart polymer that has generated considerable interest since it can be easily
synthesised by conventional free radical polymerisation amdigld. CST can be tuned by
copolymerising with different types of comonomers, consequently changing the balance
between hydrophilic and hydrophobic domains. As its behaviour changes in response to
temperature at 32°C, it provides a number of potentialgfulisbiomedical applications,
including in regenerative medicine and tissue engineefird. Over many decades,
PNIPAM has become one of the wkliown prototype thermoesponsive polymers due to
reversithe liquid-solid phase transition behaviour at its LC$0r instance, several workers
have shown that hydrogel wound dressings synthesised from thmesmansive polymers
provide moisture locally, whichas a vital effect on wound healift0, 101] Mi et al.have
worked on the synthesis of thermesponsive multifunctional hydrogeto be used as a
wound dressing. The polymer was synthesised via reversible aefgégmentation chain
transfer polymerisation (RAFpolymerisation) in order to obtain triblock copolymers, of
which one of the blocks is an antimicrobial drug and is hydrolysable. Their ideas were that
the polymer solution could change into a sticky gel at body temperature and release the
drug into tle wound. They concluded that the PNIPAM block copolymer is biocompatible
and has the potential to be used as a hydrogel wound dr¢8sit@R] This usefulthermal
behaviour of PNIPAM can be explained by its stuve.

Hydrophilic part

Hydrophobicpart 6

Figurel.10 The chemical structure &fNIPAM

PNIPAM consists of both hydrophilic and hydrophobic segments. The backbone and
isopropyl groups are hydrophobic whitee hydrophilic part results from the side chain
amide groups. When PNIPAM is dissolved in water, there are three possible interactions:
polymerwater, polymeipolymer and watewater interaction. The switching from soluble

expanded coil structure to insile compact globule form of PNIPAM chains is in response
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to the LCST. Belowthe LCST (32°C), PNIPAM is soluble in water due to the formation of
hydrogen bonds between water molecules and amide groups qdlytmeers This resultsin

two types of hydratedhells, namely a thin shell of water molecules around a hydrophilic
section, and an iekke structure of water molecules around hydrophobic groups of the
polymer, called the solvated std@d, 103107]. The chang in aqueous solution temperature
makes PNIPAMwater interaction mfavourable. Above the LOS increasing temperature
leads to the cleavage of hydrogen bonds between water molecules and the amide groups in
the PNIPAM. It brings about the release of theeawanholecules from the hydrated shell.
Then, hydrophobic interaction originating from isopropyl groups becomes dominant. This
stage is called a ceib-globule transition of the polymer. Hydrophobic parts in the molecule
induce the chain collapse in orderrhinimise water contact, resulting in compact globule
conformation[104, 108] There are two stages relevanttie collapseof PNIPAM chains,
which are the intramolecular and intermolecular staddéwe conformatnal switch of
PNIPAM can be physically verified in several ways, such as investigation of the solution
viscosity or turbidity measurement. The viscosity of PNIPAM solution decreases
dramatically wherthe temperature reaches the L34, 105, 109] Ringsdorfreported that
thereare two step# the phaseeparation mechanism of PNIPAM, which can be confirmed
by timeresolved anisotropy measurement (TRAMS). The first step of the mechanism
involves intramolecular clw collapse, and the second step consists of the intermolecular
aggregation of hydrophobic collapsed urjit40]. The conformational change of PNIPAM,
resulting in the change in turbidity of solution, can btedeined by UWVis spectroscpy.

The temperature at whidANIPAM is no longer soluble and so aggregates, resulting in an
observed increase iturbidity of the solution is usuallgalled the cloud point. The cloud
point is defined ashe temperatureat which the first sign of cloudinessoccurs and
corresponddo the absorbance at a specific wavelength, which is 450nm in the case of
PNIPAM [111]. The turbidimetry measuremecdn determinghe LCST atthe macroscopic

level because the information is obtained by detecting the clouding of the polymer owing to
the hydrophobic interaction of the polymer clwiill]. However, micro differential
scanning calorimetry (microDSC) is also one of popular teghes used for observing phase

transition behaviour of PNIPAM. Both technigueill be discussed in Chapter 2
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1.3.6 Thermodynamics of low critical solution temperature
In order to explairthe favourability ofa polymer solution, the Gibbs free energy egquatset
out below, can be usedO05]. A detaileddiscussion is outside the scope of this study;

however,an understanding of this system is certairdiuable
Yo Y YO Y WY Y Equation 11
Where, 2 Gix is Gibbs free energy of the system

aHnmix is enthalpychangeof mixture

&Smix IS entropychangeof mixture

T is temperature (K)

The favourable polymer solution occurs when the Gibbs é&eergy of the system is
negative. Therefore, there are two main factors related to the system, which are entropy and
ent hal py. The emptishradatep tp boodchfarmagian and aéhvage between
polymer molecules and water molecules, which aesldsr explaining the favourability of

t he system. I n terms of the general Pl ymer

always positive and small, which does not have a significant impact on the system, while

hydrogen bonding interaction beten the polymer and water molecule provides negative

ent hal py. Therefore, I Nmix, Whiictl i the dolabilisaton af then t h e

polymer, it is essential to increase the temperdfiQ4¢, 105, 11P

In contrast, a change in the entropy of water is the main driving force for the phase transition
behaviour of the thermpesponsive polymer, PNIPAMat theLCST. Below the LCST, the

thin shell ordering structure of the water molecules around hydroggalits stemming from
hydrogen bonding between the polar amide units and water maesuke favourable
interactionand leads to the negative value of enthalpy of the solution process at a low
temperature. Moreover, the Hike formation of water molecak around thenonpolar
regions of thepolymer leads to a decreaseenthrgp y ¢ h a n gherefdreseGihbs free
energy of the system is negatieed makes the polymer able to dissolve in water at a
temperature belovihe LCST. When the temperature rises 38°C, the entropyfunction
becomes dominant.HE Hbond interactions are cleaved and the formation of thdikee
structure of water is destabilisedhic h r esul t s i n aanincrrasaie as e

enthalpy changesTherefore, positive Gibbs freenergy at LCST leads to the phase
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separation of the polymgf05, 113, 114]Nonetheless,hiere are several factors that have

significant effects on the LCST of PNIPAMb just the local temperature

Li et al. showed that themolecular weightand end groups opolymer structures crucially
affect PNIPAM properties. One of the most influential factors is the architecture of polymers.
Recently, many scientists have attempted to take advantage of these properties to ord
overcome the limitation of the LCST so that wide ranges of applications can be obtained.
Cheeet al.studied the effect of the balance of hydrophobicity of the polyménehCST. It

was found that the LCST of theoly(N,N-dimethylacrylamide) BMAC-g-PNIPAM was

lower than the PDMAC homopolymer due to the PNIPAM being grafted to the polymer.
They concluded that the change in hydrophobicity balance in the polymer directly affected
the phase transition behaviour of thermesponsive polymers. Moreovelhe degree of
branching had an insignificant effect on the conformadiochange oPNIPAM-g-PNIPAM,

and that it would be interesting to study the effect of the degree of Ibmgndrighly
branchedPNIPAM on the phase transition behaviour of PNIPAM. Rinahn interesting
suggestion was that variation of enthalpy and entropy of the stimulus responsive polymer
with polar or norpolar end groups could be used to manipulate the LCST of the polymers
[105].
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1.4 Reversible additionfragmentation chain transfer (RAFT)-mediated
self-condensing vinyl polymerisation (SCVP)

Self-condensing vinyl polymerisation (SCVP) is considered a versatile synthetic method used
for preparing highly branched polymers from vinyl monomers that can be synthesised via
radical polymerisation.The process of SCVP combines vinyolymerisation and
polycondensation. Vinyl polymerisation provides oligomeric species, which contributes to
growth of the polymer, followed bw stepgrowth reaction between two oligomers and
initiation from a side chain initiating group, eventually formgina highly branched
architecturg115]. The mechanism of SCVP polymerisatiis illustrated in Figure.11

.-~ One vinyl group

External activation Vg
H,C=—=CH » H,C——CH

B B ~€----- One initiating centre

B B ! B——CH,—CH —€----- One propagating group

One ';/inyl group k

One‘initiating group
Figurel.11 The mechanism of SCVR15]

SCVP can be accomplished using several kinds of polymerisation techniques, such as
cationic/or anionic polymerisatigi16], photemediated polymerisatiofi17] and reversible
additionfragmentation polymerisation (RAFT) that depend on the types of initiating group
[118]. RAFT polymerisation is one the foremost controlled radical polymerisation )(CRP
techniques, having attracted interest for over a decade due to its many advii8ges
Firstly, it can be used for synthesising a variety of polymers and copolyntbrsomplex
architectures, suchsagrafted copolymers and highbranched polymers. In addition, this
technique can avoid the drawbacks of the conventional free radical polymerisation by
providing narrow polydispersities with high conversi@20]. This is because, @ie main
equilibrium of the reaction, the probability of both actively propagating radicals and the

dormant macro chain transfer agent compounds to fragment is equal, therefore allowing all
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polymer chains to grow equal[jt21, 122] Nonetheless, RAFT is compatible with various
different functional monomers and can be conducted under mild corsdjfidB]. RAFT
polymerisation is considered aenrgatile technique for synthesising complex architecture
polymers and copolymers with diverse kinds of functional groups due to the use of different
types of chain transfer agent (CYL20]. Moreover, the degree of branching can also be
controlled by the ratio of monoer to CTA[115].

The process of RAFT polymerisation is similar to the conveatiofree radical
polymerisation involved in homolytic or addition substitution. However, an essential
difference is th@resencef chain transfer agents in the system, which is a key component in
the proces$123]. Introducinga polymerisable vinyl group to chain transfer agents, resulting
in chain transfer monomer, is one of theaal steps in SCVP to create highly branched
PNIPAM used in this study. However, to understand the process of S&8WP, it is
essential to consider the basic mectanof RAFT, as shown in Figurel2[123].

Initiation

Initiator  ——— | - > Pn.
Chain transfer
. Kadd kg .
P, + S §—R =——= p, S §—R =— p,—S S + R
K.add y ks
M
ko z z z
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M . M M .
R. —_— R—M —  » — » Pn
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Chain equilibration

P' + S kadd — s S—FP L —— 5 S + P;
m s Pn —_— Pm . n T Pm
k.
kp z Z Zz kp

Termination

ki

P'n + P, —> dead polymer

Figurel.12 Mechanism of RAFT polymerisatidi24]

From the above scheme (Figureld, the mechanism of RAFT polymerisation can be
explained as follows. As in conventional free radical polymerisation, initiators decompose
into two free radicals so that they are able to react with susceptible carbda doob of

monomers, resulting in propagating polymer radicals'%‘.(Frhis stage can be called the
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addition stage. In order to start the polymerisation, the appropriate amount of initiating
radicals from a suitable source is essential. Generally, the ratio of the initial concentration of
chain transfer agents to the ialtconcentration of initiator (CTAg)1)o is higher than one,
ensuring that there is a greater amount of chain transfer agents than free radicals in the
solution. The number of chains is controlled by the concentration ofT#ewhereas the
concentratio of free radicals is controlled by the degree of initiator fragmentation.
Furthermore, the key stage of RAFT polymerisation is the reversible equilibrium of addition
fragmentation, of which a small amount of initiator fragmentation allows chain transfer
agents to be activated. It is necessary for the activation step that primary radicals from the

initiators react with the chain transfer agents, resulting in the releasing of new primary
radicals. At this stage, propagating radical.é%‘(r%act with thethiocarbonylthio compounds
(RSG(2)=S) and then the fragmentation of the intermediate radicals occurs. The products

from these steps are a new radica'ﬁ‘(&hd a polymeri¢hiocarbonylthio compound (PnSC

(2)=S). After that, a new propagating radica@?mill be formed by the reaction between the
new radical from the previous step and monomers in the system. This is called reinitiation. In
order to obtain efficient ranitiation, new radicals (R groups,'SR)f the chain transfer agents

need to effectively fragent and be able to reinitiate the reaction, because almost all of chains
in RAFT polymerisation are initiated by these radicals. Only a few chains are generated by

initiators. One of the key characteristics of this system is the equal probability of the
polymeric thiocarbonylthio compounds and the active propagating radiq;é@ﬁ at rapid

equilibrium for all chains to growwhich leads to uniform chain growfth21, 124]

At moderate conversion, living chain ends can be extended and made to react with a second
monomer to provide btk copolymers. It is apparent that RAFT polymerisation can provide
homopolymers or polymers with advanced architectures, such as starblocktiand
statistical polymers. However, when the polymerisation is completed, the products still
consist of thiocabony |l t hi oat e tends)tieadeg te oddur amna aolaup ie the ¥
pol ymers, which may have an ef f ec-endgroupsmany
from polymers have recently been explofd@5]. End group elimination could be an issue
because the degradation of the polymer comprising of thiocarbonylthioate cause odorous

materials due to the presence of sulphur. However, the end groups camdyedeor
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functionalised by a n dembneodificatidn, therenal eliminajiane s s u

radical induced end group remoya0, 125]

There are several important factors that have an influence on RAFT polymerisation. In order
to obtain efficient control over the molecular weight distribution, some requirements need to
be fulfilled. Firstly, it is vital for the chains to be initiated in a short period of time, similar to
ideal living polymerisation. Moreover, it must be ensuteat the number of monomer units

in each active/dormant cycle is low so that every chain grows at a similar rate. Thirdly, any
factors that bring about the chain termination need to be minimised. Moad et al. reported that
retardation of RAFT polymerisationccurred when high concentrations of RAFT agents
were used123]. Thus, the concentration of the active species must be as low as possible so

that the possibility of termination reactions will be minimi§&2i].

1.4.1 Factors that affect RAFT polymerisation
In this review, factors influencing RAFT polymerisation is briefly described andidered

separately in both the addition and fragmentation stages.

1.4.1.1 The structure of chain transfer agents (CTA

1) The influence of CTA structure on addition reactions

The structue of chain transfer agents (CY# one of the factors that play aucral

role in the addition reaction of radicals to double bonds in the system. The addition
rate coefficient Kag9 depends on the reactivity of the radicals and the chain transfer
agents. Therare several parameters involved this reactivity, such asotarity,
resonance ansteric hindrance of CTAL26]. The diferent types of substituent @T
directly affect the double bond activation, which results in an increase &fgtha

the system. T h e s uorbitalj such asrplhenycgooups, iwidl haven g o f
a higher addition rate coetfent than the CTA comprising substituent that bears an
atom with a lone pair such a®R, -NR; or halogen. In addition, the polaritf the Z
substituent also contributes to the rate ofitall reaction. The substituenthich

bears the electron withdrawing groups, such as halogens, cyano or cagbmyyl
brings about an increase kgyq value because almost all of the attacking ragiare
nucleophilic. Finally, steric hindrances of Z groups can also decreasgsihalue.

Therefore, CTAtransfer activity needs to be considered in order to obtain an
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appropriate condition because too bulky a structure of the substituent grouusan ca
a reduction in the transfer activity21, 124]

In this work, the main monomer chosen was one of the acrylamide families, which is
NIPAM monomer Therefore, this review will focus on the Z and R groups that a
used for NIPAM in RAFT polymerisation.

2) The influence of CTA structure on fragmentation

Generally, fragmentation is an irtmaolecular reaction that is completed by an
intermolecular reaction, where the rate of fragmentation relies on the intermediate
radical substituent and the conditions of the experiment, such as steric hindrance of
intermediate radicals, monomer concentration or experimental temperature. In the
case of RAFT polymerisation, a weak bond between carbon and sulphur next to
intermediate teiary radicals induces the fragmentatiogaction (See Figure 1.13
below).

8 VR Kfragp
Pn——g5 . e Pn° + S
Z

O N
S—R .
kfng .
Pn——-s . J — Pn S + R
Z

Z

Figurel.13 A scheme showing the possible fragmentation dfliRl]

The fragmentation rate coefficienkq{g) depends on two factors. The first is the
weakness of the-8 bond, which is directly related to the R group. Another factor is
the stabilization of intermediate radicals, which stems from the Z group. However, for
the polymerisation of acrylates or acrylamides, the fragmentation rate coefficient
(krag) May be low wekn strong stabilizing Z groups such as dithiobenzoates are used.
This is due to the high strength of thé’Sbond. Therefore, dithiobenzoates are not
suitable for polymerisation of acrylates/acrylamides and vinyl egt2i§. One of the
important roles of the Z group is to activate the thiocarbonyl groups in RAFT agents
and stabilize the intermediate radicallsticat the addition reaction is able to compete
with the propagation reactigth24].
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The R group is the maifactor in terms of the effect on the fragmentation and re
initiation reaction in RAFT polymerisation. The main role of the R group is to make

the SR bond as weak as possible so that a high fragmentation rate can be obtained.
Furthermore, the R radical 6Roriginating from fragmentation should be a good
leaving group rather than a propagating radj¢@8]. To obtain fast and effective
initiation of new polymechains, it is necessary to ensure that the R radié%‘als(ﬁot

too stabilized. Rimmeet al. synthesised HEPNIPAM using a CTApossessingn

imidazole functionality, which exhibited a decrease in phase transition temperature
(LCST) compared with a lineanalogous version. They suggested that a decrease in
LCST of the polymer resulted from the aggregation of hydrophobic chain ends

because of the imidazole groyag9].
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Table 1.1 Types of Z and R groups of CTAs used in RAFT polymerisation for NIPAM

monomerg124]

Types of CTAaused in RAFT polymerisation for Structure of Zgroups
NIPAM

Z= RyDithioesters

PhCH,-

Z= RyTrithiocarbonates

S S\ CioH2sS
Y R (HO(CHy),0,C)(Et)CHS
S
R
Z= NR;R,Dithiocarbamates
/
S S N-----
Y \R ~
N
Rl/ \R2

1.4.1.3 Influence of the concentration of the polyerisation medium

The viscosity of the system resulting from the concentration of the monomer and the

percentage of the conversion affects the kinetics and the control of molecular weight
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distribution. The high viscosity of the polymerisation medium deatdsrthe reaction
between the active chains and the dormant species, leading to a reduction in the

number of active/dormant cycles and broad molecular weight distrikja@dh

1.4.1.4 Impurities

Impurities originate from chain transfer agent synthesis or from chain transfer
degradation. They can cause retardation of the polymerisation process. In order to
prewent the oxidation of RAFT agents (such as thiocarbonylthio compounds) by air it

is essential to store them in an inert substfhge].

1.4.2 The success of highly branched PRAM synthesised by reversible addition
fragmentation chain transfer (RAFT) mediated selfcondensing vinyl polymerisation
(SCVP) polymerisation used in biological studies

Many workers have concentrated on developing not only the properties of PNIPAMsdut al
the architecture of the polymer. Ideally, changes in architecture of PNIPAM could provide
different physical and biological properties of the polymer, leading to various types of
polymer applications. Comparing the linear and advanced branched stafdchedPNIPAM
polymer, it is obvious that the latter is more useful and attractive than the linear p&dymer
many reasons, such as loweiscosity of polymer melt, higher solubility and more
functionalitiesin structures that are ready to be modifiecbldain desirable end groups,

16, 17, 104, 13133]. However, the linear polymer is easier to synthesise and so cheaper.
Despite thighe unique properties of branched PNIPAMkes them of particulamterestfor

maximum develpment

There are several methods for synthesising branched polymers, such as condensation
polymerisation, seltondensing ringopening polymerisation and s&bndensing vinyl
polymerisation (SCVP). However, in this work, only SCVP willdiscussed. SCVP can be
accomplished by many types of polymerisation techniques, such astratwfer radical
polymerisation (ATRP) or RAFT polymerisation. RAFT polymerisation has been studied
especially for the PNIPAM129]. The polymerisable RAFT agent was designed in order to
produce a highly branched polymer by using the SRMFT polymeisation technique.
Carteret al. created two kinds of polymerisable RAFT agents, which avenflbenzyl1-
imidazolecarbodithionate and -vnylbenzyt1-pyrrolecarbodithionate, i.e. RAFT1 and
RAFT2 respectively. The structure can be seen in Figuré Both kinds of these RAFT
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agents are appropriate for polymerisation NilIPAM because dithioate group, which is
leaving group, is located at chain ends rather than the branch point so that further chain end
modifications can be carried odi29, 132, 134]However, RAFT1 was chosen to use in this
work because, according to Carter et al, it was found that polymer with imidazole end groups
can only dissolve in DMF and has limited solubility due to consideradtedihg béween

imidazole groups, whereas polymer with pyrrole ends can dissolve in water and other

) 2

N

SR

solvents.

S,
S

Figurel.14 The structure of vinyl RAT agents synthesised by Caréal.

With the emergence of such advanced techniques, RAFT polymerisasobeen used for
synthesis oflifferent types of polymer used in biotechnology including PNIPAM. \&gl.
synthesised branched PNIPAM with varyiMy from 5,00012,000 g/mol usinghe RAFT
technique. They showed thidite phase transition temperature of the polymer decreased with
an increase in degree of branchjagd5, 136] Plenderleitret al.also found hat the LCST of
highly branched PNIPAM with varying degree of pyrrole chain ends prepared by-SCVP
RAFT polymerisation decreased with increased brancHi8d@]. This information is one of

the keyvaluesfor the use of PNIPAM in biologicand pharmaceuticapplications because

its LCST can be tuned and useder awide range of temperature by varyitige degree of
polymer branching. RecentlyWanget al. synthesised PNIPAM via RAFT polymerisation in
order to study the interaction between PNIPAM and piceatannol, which is a polyphenol
having antiinflammatory and chemopreventive pespes PNIPAM was chosen in their
studies because piceatannol is durel compound with high hydrophobicity and low
bioavailability leading to some limitations for ithrect usein pharmacology. They found
that, belowthe LCST of PNIPAM, piceatannol firstljooundto the hydrophilic part of
PNIPAM, which isthe amide groupfollowed by hydrophobic interaction witthe isopropyl
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group and the backbone of PNIPAM. However, above the LC$37°C), hydrophobic
interaction between piceatannol and the polymer occurred fiidwed by hydrophilic
interaction site. They suggestdtt phase transition behaviour of PNIPAM has a significant
influence on the binding of its targ¢t38]. PNIPAM architecture and properties have
continued to attret interest and be developed in various types of applicationsm8ubn
PNIPAM partices with celladhesive peptide (RGxhain end was prepared via SGVP
RAFT technique and used as substrates for transferring cultured cells to another substrate
thanksto the thermally responsive behaviour of PNIPANI39]. Following the success of
Carteret al.developingthe two kinds of polymerisable RAFT agents, Shepletrdl. have
applied this knowledge in microbiological applications. Interestingly, they found that binding
bacteria to HBPNIPAM functionalised wh vancomycin, which is one kind of antibiotic
used for Granpositive bacteria, can reduce the coil to globule transition temperature from
above 70°C to 24 °C. It could be concluded that the binding of the bacteria to the polymer
causes the collapse of thelymer coils and the formation of insoluble complexes of polymer
and bacteria. From this work, it was also discovered that the number of bacteria in a wound
could be decreased when suchadymer was applied and removed from the woli&]. To
confirm that the HBPNIPAM-vancomycin was binding directly to the ba@e Shepherat

al. incorporated the fluorescent probe anthracene into the polymer. It was found that the
bacteria and the polymer were present in the same complex. These findings indicate that HB
PNIPAM has the potential to be an alternative, clinicafigful material for wound dressings

[16, 17] It is evident that SCVARAFT technique is one of the promising methods used for
developing the polymer properties such as chain end functionality, polymer archif&8fjre

134]that could be appropriate for each application.

1.5 Ideal features of a detection systemfor binding bacteria to polymers

functionalised with antibiotics

The dassical diagnosis of wound infection relies on the recognition of symptoms, such as
redness and swelling of the infected area, and of conventional microbitoggtimise
treatment but thigakes a minimum of 24 hourBurthermore, linical diagnosis of the stages

of wound infection is difficult because a range of factors can influence the overtness of the
symptoms, and this can lead to misdiagnosis. There is therefore a clear clinical need for an
improved and more ragitest for the presence of infectidRecently, there have been many
attempts to develop materials for the identification of Gpasitive or Grammegative
bacteria, such as the bacteiii@tructed synthesis of polymers that can bind to specific
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pathogensor fluorescent sensors, and which could provide a rapid probe for increased

bacterial load and possibly to bacterial identification.

Simple colourimetric or fluorescent change of the polymer indicating binding of bacteria
would be the most valuable. Themee several chemicals that have previously been used as
fluorescent markers, such as anthracence, but this does not change in character with change in
the microenvironment. Therefore, the addition of alternative dktloomes to the polymers

that do chang with the microenvironment needs to be investigated.

In this work, nile red, a polaritysensitive chemical, has been introduced to act as a
fluorescent probe to investigate the system. Nile redi€thylamine5H-benzophenoxazine
5-one) is an uncharged/tirophobic chemical, on which the polarity of the environment has a
direct effect on its fluorescence behaviour. The colour and fluorescence change with the
polarity of environment due to the electron donor and acceptor groups in its structure. In non
polar solvents, it fluoresces with a high quantum vyield at an emission maxima of about
530nm, whereas the quantum vyield is significantly less in a polaerg falling by 5Gim

[140]. Furthermoe, this dye is considered photochemically stable and capable of working in
a wide range of wavelengths andgldetween 4.5 and 8.5). OnetbE interesting properties

of nile red dye is its high partition coefficient in a broad range of solvents, fromobiydic

to hydrophobic solvents, such as methanol apclohexane. The mechanism afe red
fluorescence in different polarity environments can be explained by its chemical structure
[141].

Figurel.15 The structure ofile red dye

From the above figure, it can be seen that it Nile red consists of an efé@etron acceptor
and a donomgroup, leading to the expectation that it is potentiakgited in the dipole
moment and it is this that results in sensitivity to the change in the polarity of its

environment. Additionally, the chemical structure shows tilatred has poor solubilitin
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polar solvent§140, 141] Danet al.found thatnile red showed differ# emission spectra in
variouskinds of solventmixtures [141] and he emission maxima of thale red decreased
when the polarity of its environment changed from hyHiop (methanol) to hydrophobic
(dioxane). Furthermore, the shift in the emission maximailefred does not occur only in

dioxane, but in various solverts42].

Table 1.2: Emission maxima of nile red in \aus$ types of solvents [144]

Type of solvent |Emission max. (nm) (Index of polarity |Dielectic constant
Water 665 94.6 80
30% Ethanol 657 91.6 64
50%Methanol 655 90.9 58
40%Dioxane 653 88.4 44
Diethylene glycol 652 85.1 37
60%Dioxane 644 85 27
methanol 642 83.6 34
Dimethyl sulfoxide 635 71.1 44
Ethanol 635 79.6 24
Butanol 633 77.7 18
80%Dioxane 633 80.2 11
2-propanol 628 76.3 18
Acetonitrile 627 71.3 38
Dimethyl formamide 625 68.5 37
Acetone 615 65.7 21

In recent timesnile red derivatives have been used as a stain for intracellular lipids and they
can interact wi t h var i-lacogloblin[1MY, d43]oMoreoger, ot ei n
recently, Nile red has been used to probe the relative polarity of various degrees of branching

of HB-PNIPAM with carboxyl end groups across the temperature rang@5ID) [137].

In this study, it was hypothesised that additiomité red into HBPNIPAM-van polymer

could provide a change in emission maxima and a decrease in fluorescence intensity when
bound to bacteria due to the change inrmenvironment of the dye from polar to rpolar.
Moreover, development of a detection system for bacteria bound to thespansive
polymers, based on PNIPAM functionalised with vancomycin and usieged as reporter,

could provide important applidans for this material such as an improvement in efficiency

of infection diagnosis. However, in order to develop the system to its full potential,
understanding of the factors that have an effect on binding of bacteria to the polymer

modified with antibioics is necessary.
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1.6 Hypothesis,Aims and Objectives

The development of new devices for the detection of bacteria seeks to reduce thesampece
use of antibiotics and sminimise the rise of drugesistant bacteria. PNIPAM @ne such
material and reently highly branched (HB) PNIPAM has been modified to respond to the
presence of bacteria by addition of antibiotics at the chain ends. However, until now, the
behaviour of HBPNIPAM with antibiotic end groups has not been explored fully and it has
not keen directly compared to a linear versionRNIPAM) that would be easier to

manufacture.

When starting this work certain parameters about thePNB°AM-van were known from
previous work in this laboratory. This included the observation that in the peesétower
concentrations of HBPNIPAM-van (1mg/ml), aggregates @&. aureuswere formed in
suspension but they were only small. However, the size of the aggregates increased-in a dose
dependent manner with polymer concentration and for ease of obsertaticoptimum
concentration appeared to be 5mgfim]. Consequenlty, this work was not repeated directly
and most work was performed at this concentration. Furthermore, we needed a rapid and
simple assay for monitoring interaction of the polymer with bactamd we settled on the
aggregation assay (mat/button assay), which had la¢ésm described previouslji7].
However, the method suffers from requiring relatively high numbers of bacteria to visualize a
button or a mat, which limited the range of bacterial numeecould use to study polymer
interaction. Nonetheless, using microscopy, Shepherd had shown that the size of bacterial
aggregates varied not only with polymer concentration but also with bacterial number (the
higher the number the larger the aggregates)around 10bacteria per ml was optimfl7].

Again, we did not seek to merely repeat that work but to use varying bacterial number of
concentration of target for vancomycin to explore the behaviours e NIBAM-van and its

linear homologue in more detalhdeed, until the work of this thesis, little work had been
done using linear PNIPAMs with functionalized end groups and in particulartleaviour

with bacteria. Consequently, taking into account the concept that linear NIPAMs are thought
to collapse bove their LCST but with the end groups folding in on the polymer globule
[144], so being hidden, and that end group interaction with targetdigesults in desolvation

of the polymer as well, we hypothesized thaPNIPAM-van should not be able to bind to
bacteria very effectively because the van groups would become hidden early in the

interaction.
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This project focuses, therefore, on undemitagn the behaviour of HBPNIPAM
functionalised with vancomycin at the chain ends in the presence of bacteria and a linear
analogous polymer as a comparator. The hypothesis to be explored was that-the HB
PNIPAM-van can be driven through a ctotglobule tansition when the vancomycin
binding groups interact with bacteria, whereas th&NIPAM, which has pendant
vancomycin groups would dissociate because the limmet interactions become shielded
when the polymer collapses to the globular form. Furthezmsince the response to the
bacteria is a desolvation process, it was expected that bacteria that are more hydrophobic

might interact with the polymer more efficiently.

To test this hypothesis, both types of polymer were prepared with equivalent vamcomyc
composition but because of their differemthitecturestheir behaviour was compared in a
number of ways. These included the ability to bind to a range alireusstrains that have
varied features (hydrophobicity and charge) both below and abov€®E of the polymers,

the effect of DAla-D-Ala on the polymers as a low molecular weight target for the
vancomycin, and exploration of their phase transition behaviotlreirpresence of bacteria
using nle red as a reporter system. The latter aimedotdien that desolvation does occur
when the PNIPAMSs interact with bacteria.

The speific objectives of the projeatere

1. To investigate the effect of chain architecturetiom phase transition behavioluCST)

of HB-PNIPAM modified with antibiotics and tHmear versiorof the polymer

2. To confirm that vancomycin end groups of both linear and highly branched polymers are
still functional and able to bind to their targatng DAla-D-Ala

3. To develop and optimise techniques for determining the amourdgnaomycin binding
sitesin both types of polymer

4. To determineany antimicrobial activitiesf polymers functionalised with vancomyaoom
strains ofS. aureus

5. To examine the effeaf hydrophobicity and electrostatic chargetloé bacteria orthe
binding abilty of the polymers

6. To investigate the change the LCST caused ybinteraction withbacteriaand the

potential fornile redto act agluorescenceeporter

43



Chapter 2: Materials, methods and polymer characterisations

2.1 Materials

N-isopropylacrylamide (SigmaAldrich, 97%) was recrystéded three timesfrom n-
hexane/toluene (60:40). Vinyl benzoic acid (Sigaidrich, 97%) was used as received. 1, 4
dioxane AnalaR NORMAPUR and NN-dimethylformaldehyde (DMF) AnalaR
NORMAPUR) and diethyl etherAnalaR NORMAPUR were obtained from VWR and used
as purchased. 4,-&obis (4cyanovaleic acid) Alfa Aesar 98%), Nhydroxysuccinimide
(SigmaAldrich, 98%) andN, N-dicyclohexylcarbodiimide (SigmaAldrich, 98%) were used
as supplied. Vancomycinydrochloride hydrate (Sigmaldrich) was used as received.
Pyrrole (SigmaAldrich, 99%) was distilled over calcium hydride (GaHo obtain a
colourless liquid. Carbon disulfide (Sigmddrich, 99%), sodium hydride (60% in mineral
oil) and 4vinyl benzyl chloride (Sigm&ldrich, 90%) were used as supplied. Nile red
(SigmaAldrich) was used as supplied. Toluen&laR NORMAPUR and ethyl acetate
(AnalaR NORMAPUR reagent grade) were used as received.

2.2 Synthesis

2.2.1 Synthesis of 4inylbenzyl pyrrolecarbodithioate

A 250ml 3neck ound bottomed flask (RBF) was purged with nitrogen in order to
remove any moisture. Sodium hydride (2.98g, 74.53mmol, (N.B in mineral oil
dispersion)) was added to the RBF and followed by DMF (8@nfl)rm asuspension.
Pyrrole (5.00g, 74.53mmol) with DMK10ml) was added dropwise at room
temperature to the rapidly stirring suspension of sodium hydride ovetiadpf 30
minutes to obtaima yellow foam. This solution was continuously stirred at room
temperature for 30 minutes. Then, the product was caole@’C in an ice bath.
Carbon disulphide (5.68g, 4.50ml, and 74.53mmol) with DMF (10ml) was added
dropwise for 10 minutes using a pressure equalising funnel. A dark red solution was
produced.This solution was stirred at room temperature for 30 minutestlaen
cooled again to 0°C on icé-vinylbenzyl chloride (11.37g, 10.50ml, and 74.53mmol)
with DMF (10ml) wereadded dropwise over a period of 20 minutes usipgessure
equalising funnel. The solution was stirred for a further 16 hours at room temeeratu

In order to obtain the product, a 1 litre separating funnel was used to separate the
product with diethyl ether (80ml) and distilled water (80ml). The organic layer,

containing4-VinylbenzytPyrrolecarbodithioateyas recovered whereas the aqueous
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layer consisting of residue was extracted with diethyl ether (160ml) three times. The
extracts were dried over magnesium sulphate and filtdiesl.©lvent was removed
by rotary evaporation to yielbrown oil.

The product was purified by flash chromatograpising 100% hexane or petroleum
ether as an eluent. The Walue ofthe product(bright yellow oil) is 0.180 in 100%
hexane. The solvent was removed by rotary evaporaitmithe final productwas
stored at18°C under an atmosphere of.N

4-vinylbenzyl pyrrolecarbodithioate: *H NMR (CDCE, ca. 5% CROD, 250 MHz):
a/ ppm: 7 . CH=( @&rrble); 74, (4HNSs, £H,-); 6.7 (1H, ddJss = 10.9Hz,
Jirans= 17.6Hz, vinyl); 6.3 (2H, m, =CHl pyrrole); 5.8 (1H, dJirans= 17.6Hz, vinyl) ;
5.3 (1H, dJ:is =10.9Hz, vinyl) ; 4.6 (2H, s, ACH»-S").

3C NMR (CDCl3, ca. 5% CD;OD, RT, 62.5 MHz) U/ p p miC, SI89;. 5
137.5 (C, aromaticC-CH,-S); 136.51C, Ar-CH=CHy, vinyl); 134.12 {C, aromatic
C-CH=CH,); 129.8 @C, aromatic); 126.742C, aromatic); 120.852C, -N-CH=CH,
pyrrole); 114.551C, -CH=CH, vinyl); 114.42 @C,-N-CH=CH, pyrrole); 41.68 1C,
S-CH.-Ar). The 'H NMR and**C NMR spectra were similar tihe prior literature
[145].

Figure2.1 The chemical structure ofvinylbenzyl pyrrolecarbodithioate

Elemental Analysis, % found (expected)Carbon 65.8% (64.83%); Hydrogen 5.00%
(5.05%); Nirogen 5.8% (5.40%); Sulphur 2294 (24.72%).

2.2.2 Highly branched PNIPAM (HB-PNIPAM -pyrrole)
RecrystallisedN-isopropyl acrylamide (NIPAM) (5 g44nmol) was dissolved in
dioxane (25cr) 4-vinylbenzyt1-1-pyrrolecarboditioate (RAFT monomer) (0.435g,
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1.7mmol) and 4,4-azobis (4cyanovaleic acid) (ACVA) (0.4704g,1.7mmol) were
dissolved in dioxane (5cthandthe solution was added to each ottiEe mixture

was transferred to a glass ampoule and degasgddur freezepumpthaw cycles
under vacuum. Then, the ampoulas sealed and the reaction was conducted at 60°C
for 48h To obtain solid polymer, the viscousactionmixture was precipitated from
dioxaneinto diethyl ether three times. Then, the polymer {ABIPAM-pyrrole) was
dried overnight irmvacuumoven at romtemperature% yield= 92.8%).

HB-PNIPAM -pyrrole:

'H NMR (400 MHz,CDCl3) (ppm): d 0.91.1 (6H, s-N(CH3),), d 1.31.7 (2H, m -
CH,-CH-Ar-), d 1.82.5 (2H, m,-CH,-CH-CO-NH-) and (1H, m, CiCH-CONH -),
d 3.8 (1H, s, (CHCH-), d 6.4 (H2, sN-pyrroleH), d 6.67.6 (m,-Ar-), d 7.7 (2H, s,
N-pyrrole-H). The®H NMR spectra were similar to the prior literat(t87].

FTIR: 3200 cntt (spf aromaticC-H), 1630 cm® (sp” amide C=0), 1570 cn (spf
benzene C=C), 1540 ¢hisp’ pyrrole GN), 1500 cm"* (sp’ C-C).
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Figure 2.2 'HNMR spectrum ofHB-PNIPAM with pyrrole end groupswith the expanded
region shaving the peaks due to the pyrrole groups (m and I) and the peaks due to the styryl

groups (e and f)
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2.2.3 Carboxylic acid terminated highly branched polymer (HBPNIPAM -
COOH)

HB-PNIPAM with pyrrole end groups were convertedat@olymer withcarboxylic
acidchain ends by using 20eq of 4a4obis (4cyanovaleic acid) (ACVA). 3g of HB
PNIPAM-pyrrole was dissohain DMF (10cn?). Then, 20eg.mol of AVCA (5.22 g)

was added. The reaction was carried out at 60°C under nitrogen for 24 hours. Then,
the addition of A/CA was repeated two more times. To obtain the final- HB
PNIPAM-COOH preparation, the polymer was precipitated in diethyl ether three
times and purified by ultrafiltration three times in a mixture of acetorkethanol

(9:1) (200cr). The solvent was remed by rotary evaporation, then HENIPAM-

COOH was dried under vacuum at room temperature over(¥ighteld =80%).

HB-PNIPAM -COOH:

'H NMR (400 MHz, DMSO) (ppm): d 0.91.1 (6H, s-N(CHa),), d 1.31.7 (2H, m-
CH,-CH-Ar-), d 1.82.5 (2H, m-CH,-CH-CO-NH-) and (1H m, C®CH-CONH-), d
3.8 (1H, s, (CH).CH-), d 6.4 (2H, sN-pyrroleH), d 6.67.6 (m,-Ar-), d 7.7 (2H, s,
N-pyrroleH), d 12.0 (m, COOH)The *H NMR spectra were similar to the prior
literature[137].

FTIR: 3400 cnt (O-H), 3200 cm'(sp’ aromatic GH), 1710 crit (sp’ carboxylic acid
C=0), 1630 crit (sp* amide C=0)1570 cm* (sp’ benzene C=C), 1500 ¢h(sp’ C-
C)
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Figure2.3 tHNMR spectrum of HBPNIPAM-COOH , with the expanded region showing the
peaks due to the carboxylic acid groups (k)

2.2.4 Synthesis of HBPNIPAM with vancomycin at the chain ends (HB
PNIPAM -van)

HB-PNIPAM-COOH (1g) wasdissolved in DMF (10cf). N-hydroxysuccinimide
(NHS) (0.16369g,1.4mmol) and N, N-dicyclohexylcarbodiimide (DCC) (0.2930g,
1.4nmol) was dissolved in DMF (5cthand then added to HBNIPAM-COOH in

DMF solution. The reaction was conducted under an atmospbieneitrogen
overnight. DMF was removed by rotagyaporation and the product was precipitated
in diethyl ether. The solid (HBNIPAM-succinimide) was purified by ultrafiltration
three times (1 hour each) in a mixture of acetone and ethanol (9:1). To alstalid
product, the solvent was removed by rotary evaporation and the polymer was dried
under vacuum at room temperaturelB-PNIPAM-succinimide (100mg) was
dissolved in deionised water (58nover ice and then vancomycin (30n@g02mmol)
solution in dednised water (2cf) and phosphate buffer pH 8.5c(&) was added.
The pH was adjusted with sodium hydroxide (0.1M) to obtain a final pH of 9.5. The
solution was stirred over ice for 24 hours. Following the reaction, th® NIPAM
functionalised with vanaoycin (HB-PNIPAM-van) was purified by ultréiltration
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with deionised water three times and fredred to obtain the final solid polymer,
which was stored aR0°C (% yield = 68%6).

HB-PNIPAM -van:

'H NMR (500 MHz, D;0) (ppm): d 0.91.1 (6H, s,-N(CH3),), d 1.31.7 (2H, m,-
CH,-CH-Ar-), d 1.82.2 (2H, m,-CH»-CH-CO-NH-) and (1H, m, CkCH-CONH-),

d 3.9 (1H, s, (E€3),CH-), d 6.4 (H2, sN-pyrrole-H), d 6.57.6 (m,-Ar-), d 7.7 (2H, s,
N-pyrrole-H).

FTIR: 33003500 cm® (phenol GH), 3200 cri(sp’ aromatic GH), 1630 cn (spf
amide C=0), 1570 cih(spf benzene C=C), 1500 ¢h{sp’ C-C)

0.15+
1.00—
1334
5.36—

-
@
=]

10.5 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
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Figure2.4 "HNMR spectrum of HBPNIPAM-van in D,O
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2.25 Synthesis of linear poly N-isopropylacrylamide)-co-vinylbenzoic acid (L-
PNIPAM)

The linear analogue of the carboxylic acid terminated pahs@propylacrylamide)
was synthesised by copolymerisiNgPAM with vinyl benzoic acid (VBA) using 4,
4-azobis (4cyanovaleic acid) as initiator. Recrystallised NIPAM (5¢4nmol) and
VBA (0.249g, 1.7mmol) were dissolved in dioxan(25cn?). AVCA also was
dissolved indioxane (5crf) and added into the mixture. The solution was transferred
to a glass ampoule and four cycles of frepamp thaw were carried out. Following
the degas sfe the ampoule was sealed and the reaction was conducted at 60°C. To
obtain a solid polymer {PNIPAM), it was precipitated in diethyl ether three times
and dried at room temperature in a vacuum oven overnighdrder to obtain the
same amount of vancomiy groups along the main chains as the highly branched
polymers, modification of carboxylic chain ends was achieved udiig
hydroxysuccinimide (NHS) andll, N-dicyclohexylcarbodiimide (DCCin the same
way as for the HBPNIPAM method % yield =92%).

L-P(NIPAM -co-VBA):

'H NMR (400 MHz, DMSO) (ppm): d 0.91.1 (6H, s-N(CHa)y), d 1.31.7 (2H, m-
CH,-CH-Ar-), d 1.82.2 (2H, m,-CH,-CH-CO-NH- and 1H, m, CkCH-COONH),
d 3.9 (1H, s, (ChH)CH-), d 6.67.6 (br m,-Ar-), d 12.2 (br m CO8).

FTIR: 3300 cni (O-H), 1710 cnt (spf carboxylic acid C=0), 1630 cin(sp’ amide
C=0), 1570 crit (spf benzene C=C), 1500 ¢h{sp’ C-C)

\(

Figure2.5 The chemical structure ofB(NIPAM-co-VBA)

HO
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2.2.6 Synthesis of linear poly N-isopropylacrylamide)-co-vinylbenzoic acid
functionalised with vancomycin (L-PNIPAM -van)

L-PNIPAM (1g) was dissolved in DMF (10ch N-hydroxysuccinimide (NHS)
(0.16369g,1.4mmol) andN, N-dicyclohexylcarbodiimide (DCC) (0.298, 1.4mmol)

was dissolved in DMF (5chand added to the-ENIPAM solution. The mixture was
stirred under nitrogen atmosphere overnight. Following the reaction, DMF was
removed by rotargvaporabn and the product was precipitated in diethyl ether. L
PNIPAM-succinimide was purified by ultfdtration over three times (1 hour) in a
mixture of acetone and ethanol (9:1). Then, the solvent was removed by rotary

evaporation and the polymer dried under vacuum at room temperature.

L-PNIPAM-succinimide (100mg) &s dissolved in deionised water (5yrover ice.
Vancomycin lydrochloride hydrate (30md).02nmol) was dssolved in deionised
water (2cni) and added into the polymer solution. Phosphate buffer pH 8.5 (2ml) also
was added. The pH of the mixture was adjusteth sodium hydroxide (0.1M) to
obtain a final pH of 9.5. The solution was stirred over ice for 24 hours. Following the
reaction, the EPNIPAM functionalised with vancomycin was purified by utra
filtration with deionised water (200cinthree times and dezedried to obtain the

final solid polymer. The tPNIPAM-van was stored aR0°C, (% yield = 70.8%).

L-PNIPAM -van:

'H NMR (500 MHz, D,0) (ppm): d 0.91.1 (6H, s,-N(CH3),), d 1.31.7 (2H, m.-
CH,-CH-Ar-), d 1.82.2 (2H, m,-CH,-CH-CO-NH- and 1H, m, CkCH-COONH),
d 3.9 (1H, s, (Ch.CH-), d 6.57.6 (m,-Ar-).

FTIR: 33003500 cm' (phenol GH), 3200 cri(sp’ aromatic GH), 1630 cn (spf
amide C=0), 1570 cih(sp benzene C=C), 1500 ¢h{sp’ C-C)
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2.3 Polymer characterisation

2.3.1'H NMR spectroscopy
All 'H NMR spectra were measured and recorded on Bruker AC250 and AC500
which were operated at 250MHz and 500MHz w@bCl;, DMSO, D,O as the

solvent at 2@hg/ml concentration.

2.3.2 Fourier Transform Infrared Ramen spectroscopy (FTIR)
FT-IR measurements were carried out on a Thermo Scientific Nicolet iSAR FT

Spectrometer. Solid samples were dried in a vacuum oven overnight before use.

2.3.3 SizeExclusion Chromatography (SEC)

The average molecular weight {Mof polymes was determmied by SEC with
methanol as elue. Samples wererepared in prdiltered methanolt 1mg/ml and
injected through two Agilent PolarGeblumns at a rate of 1ml/min,amtained at a
constant 30°C. They were analysed via comparison to a universal calibration using
PNIPAM standards viaAgilent Refractive Index and Viscometri@gilent 1260
Infinity detector Suite)detectorsto give absolute molecular weight averages, (M
Mw/M, and two forms of dispersity (B) MM,and M/M,,).

2.3.4Determination of LCST

Micro Differential Scanning Calorimetry (MicroDSC) was conducted using a VP
DSC microcalorimeter. The transition temperature (LCST) of polymer preparations
was defined ashe temperature corresponding to the peak of the thermogram. The
samples were prepared in deionised watetmgcm®, degassedising ThermoVac.

The LCST was determined over a range of temperaftwas 1040°C at a heating

rate of 0.5°C/min. The vancomyemodified polymer concentration was 10mgfcm
Turbimetry was used to measure the cloud point of polymers with a Cary 300 bio UV
Visible spectrophotometer. The cloud point was determined at 550nm over a range of
temperatures from 100°C. For this the samgd were prepared in deionised water at

a concentration of 1mg/ml andhaating rate of 1°C/min. The onset temperature was
defined as the first stage of onset of turbidity. In the case of vancomguiatised
polymers, the concentration was 10mgicm
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2.35 Zeta potential measurements

Zeta potentials were measure on a BrookhawstrumentsCorporation ZetBALS
Zeta potential analyser. Samples were prepate@l1% w/v concentration (1mg/ml)
in ultrapure HO. 15l of sample was added to 148®f 1mmol KCI solution.

Measurements were carried out at 25°C in triplicate for each polymer in 5 cycles.

2.3.6 Particle sizing analysis

Particle size analysis was carried out on a Brookheaven Instrument Corporation
ZetaPALS90PIlus Samples were prepared at 0.1% w/v aaoriration (1mg/ml) in
ultrapure HO. 30ul of sample was added to 2970ul of 1mmol KCI solution.

Measurements were carried out at 25°C in triplicate for each sample in 5 cycles.

2.4 Results and discussion

HB-PNIPAM-van was synthesised via SVERAFT polymeisation, witha 25:1 ratio of
NIPAM to RAFT monomer which is 4vinylbenzyl1-pyrrole carbodithioate containing
alkene functionalityThe styryl group of RAFT monomer provila branching point while
the pyrrole groups located at the polymer chain endlitides further chain end
functionalistion. Highly branched polymer with pyrrole end grougn be achievethanks
to the dual action of the RAFT monombecausecopolymerisationcan occurvia the
dithioate group anthe styryl double bonaf RAFT monome The pyrrole end groups were
then converted to carboxylic acids by radical addifragmentatiorcoupling with radicales
obtained from ACVA.This was then modified with vancomycin to achieve binding to Gram
positive bacterighroughthe surface uncrossked D-Ala-D-Ala grous in the peptidoglycan.
The synthesis pathwagf HB-PNIPAM-van followed the previously report routgd-igure
2.7).
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HB-PNIPAMpyrrole

l 20eq AVCA (x3), DMF,°6D

HBPNIPAMCOOH

HBPNIPAMsucdénimide

HBPNIPAMvan

vancomycin

Figure2.7 Schematic diagram showing synthesis &-PINIPAM-van
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The first step of the IPNIPAM-van synthesis was copolymerisation of NIPAM and VIBA
form a statistical copolymer arsb that the polymer contains the same fraction of repeating
units of aryl groupsas the HBPNIPAM. The carboxylic acid gups were activated using
dicyclohexyl carbodiimide (DCC) to provide tidHS esterwhich was therreactedwith
vancomycin. Theynthetic pathwayo L-PNIPAM-van is shown in Figure .

k ACVA

D|oxane 60°C

HO

L-P(NIPAMcO-VBA)

NHS, DCC| RT, overnight

L-PNIPAMsuccinimide

l Vancomycin, pH9.6

Vancomycin

L-PNIPAMvan

Figure2.8 Schematic diagram showing synthesis é?INIPAM-van
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Highly branched polymercan often be prepared ira onepot reaction using a variety of
synthetic methods. SCVP is onetbé verstile techniques because vinyl monomers can be
used and polymerised by various techniques depending on types of initiating [@/kipt

this work, we synthesised HBNIPAM via SCVP-RAFT polymerisation andPNIPAM via

free radical polymerisation with an equal amount of vancomycin using VBA as a
comonomer SCVRRAFT polymerisation is a promising technique, having been used to
prepare highly branched polymers with controlled brargipoint and functionalised end
groups andresulting in unique properties thanks to the controlled nature of RAFT
polymerisation [115, 146] An advantage of the RAFT technique is that chain end
modification/or reroval can be achieved due to functional group tolerance of the RAFT
monomer. In this work, pyrrole end groups were removed by using an excess amount of
ACVA (O 20:1 mol ar rati o of A CV A -fragmentBtidd P A M)
couplingresulting in arboxylic acid end group§ his technique involves heating-60°C a
solution of the polymer with large excess of -@atator [98, 147] NHS/DCC carbodiimide
chemistry was used to produce active sites for thehattant of vancomycirDCC is used to
activate carboxylic acid groups by forming highly reactive activated acid intermediate and
NHS is used to improve efficiency of acid intermediate for comjugating to primary amine on
vancomycin to yield stable produ@oth types of polymers were analysed by NMR to
investigate functional modification of pyrrole, carboxylic acids, and vanconiy/gijrn.37]

2.4.1 Nuclear Magnetic Resonance (NMR)

NMR is a well-known technique forcalculating functionalities measurement of
polymerisation conversion and degree of brancHimggrationof *H NMR spectra was used

to determine theaveragemolar ratios of comonomergcorporatedinto the polymers by
comparing the integrals of thENIPAM methylene peak against the benzyl peak of
comonomersThe actualratios of RAFT agentto NIPAMs in theHB-PNIPAM were 0.04

which were similar to the monomer feed ratibhe presence of pyrrole groups was
demonstrated by the p&ranmde it THRMRespaotrmasnc e s
shown in Fig 2.2 The %pyrrole functionality of HBPNIPAM was 59.3%, which was
calculated fromHNMR spectra and the calculation was followed from previous work by
Plenderleith et dl137], as shown in appendix Then, the pyrrole end groups were converted

to carboxylicacid ends. The chain end modification was confirmed by the decrease in the CH
r es onan.d gps ana the preSence of broad carboxylic acid region arouthd pam

as showrnn Fig 2.3. Elemental analysis was also used since the polymers should not contain
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sulphur.The degrees of branching (DB), which is number of branch points per number of
NIPAM monomer, were also calculatémm *HNMR spectraand the calculation is shown in
appendix 1 DB of HB-PNIPAM was 0.8. For a statistical linear random copolymer,
'"HNMR (Fig 2.4) showed that thactual ratios of benzyls groups to NIPAMs in L
P(NIPAM-co-VBA) weresimilar tothe molar feed ratiosntegration ofH NMR spectra was

also used to estimate the percentage vancomycin functionality incorporated into the polymers
by a rise of th@eak at.2-5.60pm (1H integrals per vancomycin) compared to thergoy

peak (1H integrals per backbone unit) frAfNMR of purified products in BD. Figure 2.3
shows the spectra of (A) HBPNIPAM-vanand(C) L-PNIPAM-van To more clearly show

the chemical shifts of aromatic hydrogen from vancomyeipanded regiomnare shownof

the spectrumtracesin Fig 2.3 of (B) HBPNIPAM-van; of (D) LPNIPAM-vanboth at U 6-

8ppm As can be seertheH NMR spectra of both polymers included the usual resonance
for PNIPAM along with the resonances ascribabléhwaryl groups and vancomycin. The
signals fromthe hydrogen atoms othe benzene rings in the vancomycin angrgt
comonomer were observed in both #BlIIPAM-van and LPNIPAM-v a n  @&tppml 6
However, calculation for functionality of the polymers with vancomycin erms this
approachcould be limited becaugbe hydrogen from vancomycin functional uare broad

ard overlaps the benzyl peak. For this reasnalternative technique was developeaich

is shown in section 2.4.6.
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D ExpandedH NMR of (D1) HB-PNIPAM-van and (D2 L-PNIPAM-van
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Figure 2.9 Examples ofH NMR of (A) HB-PNIPAM-van and (C) EPNIPAM-van in DO
and(B) magnified region from @.5ppm and®) ExpandedH NMR of (D1) HB-PNIPAM-
van and (D2) EPNIPAM-van
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Table2.1 Ratio of benzyl groups: NIPAMand % vancomyai from*HNMR

Polymer Conversion? (%) B-ratio " Van loading ° (%)
L-PNIPAM -van 96 0.043 2.6
HB-PNIPAM -van 92 0.040 3

Apercentage conversion baseddhMR

P Ratio of benzyl groups: NIPAMs calculated froliINMR of purified products,by
comparing the irggrals of benzyl group at 702ppmto the integrals of the isopropyl
NIPAM at 4.0 ppm

¢ Percentage vancomycin functionality estimated by rise of pe&k2dt.6ppm (LH integrals
per vancomycin) compared to the isopropyl peak (1H integrals per backbdhdram
'HNMR of purified products in BD

'HNMR is consideredo be auseful technique for analysinipe chain endstructuresof
polymersand estimatingheir M,. However,this techniques restricted by the requirement
that the end group signals dot overlap with polymer signal§ hus,analysis ofvancomycin
functionality and estimation of by *"HNMR of the polymers in this workould be limited
because thsignals ofbenzylgroup at the polymer backbone overliye pyrrolepeakand
also vancomycinunit at 7.08.0 ppm Therefore, in this workto monitor chain end
modification and obtain reliable estimatiohvancomycin functionalityFTIR andan ELISA
were utilisedrespectivelyto comparethe polymers Also, the average molar mass was
determined by BC instead.
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2.4.2 Fourier Transform Infrared Raman spectroscopy (FTIR)

FTIR is a useful analytical technique which is simple and widely used for identification of
functional groups. Also it is suited to qualitative analysis of both the startingiatstend

final products.Modification of chain ends and pendant functionalities to-PNBPAM-van

and L-PNIPAM-vanwereobserved via infrared spioscopy as shown in figure 2.10.
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Figure 2.10 FTIR spectra of (A) HEPNIPAM and (B) linar PNIPAM (15001900cn)
during chain end modifications (original = red, acid modified = dashed red, succinimide
modified = blue, vancomycin modified = black).

The chain end modifations of HBPNIPAM-pyrrole to HBPNIPAM-van and EPNIPAM

to L-PNIPAM-van were investigated via infrared spectroscopy. The FTIR spectra -of HB
PNIPAM-pyrrole showedC-C stretching of pyrrole at540cni', then when pyrrole ends

were converted to carboxylicias the presence of carboxylic C=0 stheshows the peak at
1710cm*. Eventually, this peak disappeared after the NHS/DCC carbodiimide reaction. A
new peak of C=0 antisymmetric and symmetric stretch and cdr(esigr) stretch appeared

at 1730, 1780 andi800cni* respectively when carboxylic acids end groups were converted.
The FTIR spectra of the final product, HBNIPAM-van, shows that all these peaks were
diminished when vancomycin was attached. The full spectra also show the large broad peak
of phenoic (O-H) obtained from vancomycin aB80cni'. The changes in the IR spectra of

linear analogous polymer were similarly observed at all steps.
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2.4.3Size Exclusion Chromatography (SEC) analysis

Over the past few decaddhlge controlled radical polymerisain (CRP)technique has been
employed to synthesise various types of complex polymer architectswmel as star
polymersand highly branched polymer SEC analysiss one of the techniques thatovides

the average molar massand alsad i s p e r ad hasythe @dvantage thatrious detectors
can be used , which in this case includl®d absorption(295nm), reflective index (RI) and
viscomety [148]. The signal is proportional to thensount of polymer sample eluting from
the columnand thetime of elutionis related totheir hydrodynamic radiusR(). Early
applications of SEC used onlysingle detectqrsuch as Rl or UMo provide comparative
molecular weight by reference tcalibraion curve generated from a series stndard
polymers of knowmmolecular weightHowever, he accuracy of this approadepends on
the polymer composition andifferences inchemical structure between the samples and the
standardsA UV detector can asseshe distributiorof chromophores in the polymebsit a

RI detecor measures the change in refrae index of any sample without regard to
chromophoreslt providescomparable information atie concentration dheanalyte, which

is considered an advage over a UV detectoHowever, samples containing mixed
components may display a wide range of refractivexrsbme of which could be close to
that of the solvent phase making them undetectable. Consequiatlyise ofa single
detectorhas limitationsand it is ideally employed as part of multi-detection system,
comprising aRI detector with a viscometer or light scattering detector. A viscometric
detector provides a response du¢hwviscosity of the polymesolution compared to solvent
aloneandthe molecular weight data can be obtaineddfgrence to ainiversal calibration
curve using the relationship shown in equation [147]. The intrinsic viscosity dof the
polymersamplea canalsobe used to derive the hydrodynamic radiRs) (using theStokes
Einstein equatioii3), which is sensitive tthetype of solven{149]. However, the analysis of
amphiphilic polymers requiresareful consideration in types of stationary and mobile phase
to prevent adsorptionThere are several kinds ebmmoneluentsused inSEC such as
dimethylformamide (DMF) and tetrahydrofuran (THF).

In order to choose the solvents used for analysing polymers bys&Sia@ge of factorbave

to be consideredlhe polymers used in this studgntained different types of functionalities,
namely pyrrole, carboxylic acid and vancomycin, for which a change in eluent might
normally be neededdowever, it was found that all types of polymers despite the different
end groups were soluble in methanidhe use of methanol as the mobile phase for SEC was
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rare butSwift et al. [150] recently described its use witnd a new stationary phase,
PolarGel This producis marketed for use with polar solvebist anunexpectedinding was

that it wasnot suscptible to absorptionA series of linear PNIPAMN were prepared and
analysed by SEQwith viscometric detection in THF to obtain absolute molar masd

DOSY NMR in deuterated methantb obtain intrinsic viscositiesThen, both values were
used to calibie a SEGmethanol systenfil50]. To analyse the sagmes in this work, e
polymerswere prepared in methanol at 1mg/ml concentration and analysed using refractive
index (RI) and visometric detectorsThe molecular weight was obtained via a universal
calibration curve, which is shown in figurel2. Excluded polymers passed throughe
columns with a retention time of 13.97 minutes, and toluene flow rate markers eluted at 33
minutes Figure 2.12showsthe examples omolar mass distribution of-PNIPAM-van and
HB-PNIPAM-vanby methanol SEC

Log (M x V)
o = N w E= O, (@)

16 18 20 22 24
Retention Time (Minutes)

[y
iy

Figure2.11 The universal calibration curve of methai8#C generated by retention time of
series of PNIPAM standard polym@rovided byDr T Swift and publishedn 2017 [150])

The universal calibration procedure uses the observation that SEC sepatgtesr by

hydrodynamic volum€Vy) defined by thd-lory-Fox equation.
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For different polymers of the same, \n the same solvent,
-0 -0 Q)
[ E] = i ocositydof stamda polyiness
M; = molar mass of standard polymers
[ E] = intrinsic viscosity of unknown
M, = molar mass of unknown

Thus, M can be calculated by usidg E } fdm calibraion curvea n d , fork ¢apillary
viscometry odiffusion-ordered NMR pectroscopy@OSY NMR) shown in equation (2)

0 — (2)

The intrinsic Viscosity [ d] of t he pol yme.
hydrodynamic radiusRy) or hydrodynamic volume (¥ using the Stokes Einstein equation

shown in equation (3).

Y — (3)
Kg = Boltzmann constant
T = temperature
d = solution viscosity

D = diffusion coefficient

The calibration curveised in this workvas provided by Dr. T Swift following a procedure
designedto determi n e ar{d ®]of specially prepared PNIPAM standard. According to

Gaborieaa et al, the universal calibration procedure is valiokémched polymerd 51].

Table 2.2summarises the numbaverage molar mass (M the weightaverage molar mass

(Myw) di s p e rtleiMakyHoWirk-Pakwmadad x ponent U values of |
branched polymer with different chain end$ie data include the normal dispersity variable

b1 = My/M,. However, these ne@aussian distributions are not well described by@&ven

the bimodal distbution we consider thathe wse of both andb, (B2 = M/M,,) givesa

fuller description D, is affected by the lower molar mass tail, while $hows the variation

indicating the broadness of the higher molar mass component. As shown in Table 2.1, both
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types of polymers were considered as high molecular weight which were greater than
10°g/mol. Changes in Eun) were found during the different stages, which reflect some chain

chain coupling and the removal of low molar mass fraction during ultrafiltration

Table 2.2Molar massand dispersity of the synthesised PNIPAfsn methanol SEC

Type of polymer My My M, awn 8w U
(kgmol)  (kgmol)  (kgmol™)
HB-PNIPAM-pyrrole 550 3,020 5,990 5.4 198 0.26
HB-PNIPAM-COOH 226 3,900 7,400 174 187 0.23
HB-PNIPAM-van 2,000 6,970 10,550 348 152 031
L-PNIPAM-co-VBA 555 661 730 1.19 110 0.68
L-PNIPAM-van 640 850 990 133 116 0.51

M, = the numbeiaverage molar mas$/,, = weightaverage molar mas#/, = z-average

molar mass =alispersity

w
1

:

dw dlogM
N

Figure2.12 Molar mass distributian of HB-PNIPAM-van (b) and L-PNIPAM-van (--) from
determined bynethanolSEC

— HB-PNIPAM-pyrrol¢
HB-PNIPAM-COOF

— HB-PNIPAM-van

Log M

Figure2.13 Molar mass distribubns of HB-PNIPAM with different type of chain ends
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Figure 213 shows that the low molar mass fraction%10°) was eliminated during chain
end modification from pyrrole to vancomyaitue to theuse of ultrafiltrationto remove the
lower molecular weighfractionin the purification processeading to the changes in.)

because R is affected by the lower molar mass tail, whilgy# shows the variation

indicating the broadness of the higher molar mass comp{isiijt

SECanal ysis al so pr ovi dhleuthtedtbly MarkdoxwinkBakmada U v a |
(MHS) equation, shown in Equatiah

- 00 4
[d] = intrinsic viscosity
K and U = constants for polymer/solvent pair

M = molecular weight

Intrinsic viscosity[ di a useful propertin characterising polymers in dilute solutioasd
recently it has received considerabégtentionfor determiningthe topological structuref
poymers and themolecular weight especiallyof highly branched polymersThe [ di$
defined by

no —n
d = viscosity of solution
do = viscosity of solute alone
n = volume fraction of the solute in solution

The[ dig the ratio of a specific viscosity to the concentration of the polymeapotated

zero concentration. It is relatedriwlar masdy MHS equatior{4).

- 00 4

I 11|10 (5)
T h eis alparameter that defindse effect of molar mass on the intrinsic viscoaityl relates
to the space occupied by the polymer coitscan be obtained frona MHS plot from

equation (5)and used to describe the émmation of the polymersA la r g ealuddresults

from large effects oimolar mass o d Generally, i ne ar pol ymers tend t
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with polymer/solutorma nd t he | ower |thetaisdvenf (@ solution i asstatdé . 5 i
of incipient preciftation) and 1 in good solvent®On theother handfor more compact
structuressucha branched polymerghe molar massfaf ect s [ d] to B | esse
lower than 0.5because as concentration of HB polymers increases; their viscosity increases

less than linear versiofil52]. From Table 21, the architecture othe highly branched

pol ymer can be indicated by the -PNPAMvanal ue o
was 051 Luetal.r e v e al e daliredr adymetFollavé the MarkHouwink-Sakarada
equation relationship. They found that the
with decreamg in molecular weight, whichsi consistent with a reduction the intrinsic

viscosity []. However, athe same molecular weight, an increase in degree of branching also

led to a decrease in the intrinsic viscosdgiginating from increased degree of branching

[152]. Generally, for a linear polymer the lower limiarfUis 0.5 in a Theta solvent but
branched pol yn#fls attain | ower U

Reporting the size of polymers is also as important as the molar mass distributions for several
applications such as biomedical applications especially for a study of antimicrdbidy a¢
materials. Therefore, hydrodynamic radof the vancomycinfunctionalisedpolymers are
characterisedThe number averagesRRyn) can bealsoobtained from methanol SEGsing

equation (6) and {7

(6)

® =Y @)
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Distributions of R of HB-PNIPAM-van and LPNIPAM-van in figure 2.14hows that HB

PNIPAM-van, althoughit has a much higher molar mass, exhibit similar distributionsof R
to the linear plymer.

1.5

-
o
1

dw dlogRy

o
()]
1

Figure 2.14 Hydrodynamic radii distributions lofPNIPAM-van ¢-) and HBPNIPAM-van
( bdetermined by methanol SEC
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2.4.4 Low critical solution temperature and cloud point of the polymers

The phase transition temperature (LCST) of &mper is a crucial key characteristic of
interest, because the temperature used for further applications, such as response to a stimulus,
directly affects [158e154) mithysmerk, HBPNIPAVMhane Lo u r
PNIPAM with vancomycin end groups were synthesised and their properties compared in
terms of interactiorwith bacteria Thus, the influence of end group modification of highly
branched and linear analogue polymers on their properties, especially¥, LW&
investigated. It is welknown the change in hydrophobicity and shape of the PNIPAM
polymer results in a change in the phase transition behaviour of the poljtérsi53]
PNIPAM is an amphiphilic polymeawhich is soluble in water below the critical temperature

and turns insoluble when its temperature rises above its LCST, resulting in phase separation
which is driven by hydrophobic interactions and hydrogen bonding interactions between
polymer chain$155-157].

There are several parameters that play a significant role in the phase behaviour of PNIPAM
in aqueous solutions, which have brought about extensive studies and controversial
discussion relating to the struceé of the polymer, end group functionalities, the ionic
kosmotropes of solute and types of comononjigrs 105, 154, 15862] Previous studies
showed that various polymer architectyrgsch as block copolymergraft copolymers and
dendrimersdirectly affect the critical solution behavio[88]. Li et al.also found that the
LCST of poly(N-(4-vinylbenzyl}>N,N-diethylamine) (PEVA) could be increased by
copolymerising with PNIPAM. Also, various morphologies of such a copolymer could be
obtainedby adjusting the mixture of solvents. However, in this study, only polymeststes

and types of chain erfdnctionalities will be demonstratg#i54].

There are several steps the chain end modifications carried out in this work to obtain
highly branched and linear polymers with vancomyearial groupe.g.from pyrrole graip to
carboxylic acid and vancomycin chain end$ierefore, it is inteesting to investigate the
effect of different types of polymer chain ends and polymer architecture on the phase
transition temperature of the polymers in aqueous solution so that both polymer properties

can be compared and made further use of.
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2.4.4.1 LCST and aggregation behaviour of EPNIPAM and HB-PNIPAM
polymers with different chain ends.

In this research, two techniques were used for determining the phase transition
temperature of polymers, namatyicroDSCand turbidimetry. Firstly, the LCST of

the polymers were determined byieroDSC and are shown in Table32The LCST

is given as the temperature corresponding to peak maxima ondhemsliich can be

seen in Figure .25.

HBPNIPAMvan L-PNIPAMvan

0.0020 0.0015
~ 0.0015 @)
®) % 0.0010 A
© A=)
S 0.0010 A o
) © 0.0005

0.0005 A

0.0000 : : . 0.0000 : : .

10 20 30 40 10 20 30 40
Temperature {C) Temperature {C)

Figure 2.15 Example endothermic cursef HB-PNIPAM-van and L-PNIPAM-van from
microDSC

Table 23: LCST of HBPNIPAM and LPNIPAM analogues with different end groups,

determined by microDSC and example arthogram obtained from microDSC

Types of polymers LCST (°C) measured by microDSC
HB-PNIPAM-pyrrole 18
HB-PNIPAM-COOH 22
HB-PNIPAM-van 31
L-P(NIPAM-co-VBA) 33
L-PNIPAM-van 37

As shown in Table .3, the LCST or pyrrole terminated highlgranched polymers was 18°C.
This value increased to 22°C when the chain ends were modified to carboxylic acid. When
vanomycin was attached it was 31°C, indicating the increased hydrophilic nature of
polymer. The linearanalogus has an LCST of 33°C which increased to 36°C when
vancomycin was attached. tine case othe highly branched polymer, there was a significant

increase in LCST when the polymer chain ends were modified from pyrrole to carboxylic
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acid and vancomycin.This could be explained by the increase in hydrophilicity of the
polymers.The presence of hydrophobic aryl units and pyrrole groups decrease sobfation
the polymer. However, these hydrophobic effe@se to pyrrole end groups and styryl
branching unitswerepartialy balanced by the presence of carboxylic acid groups after chain
end modificationChunget al. suggested that the effect of hydrophopioups on the LCST

of PNIPAM was particularly significant when such groups vettiated at free chain termini
Thus, the LCST of HBP’NIPAM-pyrrole was much lower than typical PNIPAM, which is
about 32°G163].

However, the HBPNIAM-pyrrole is still able to dissolve in water at low temperatures
becawse the ratio of amide groups originating from NIPAM to pyrrole, stemming from RAFT
monomer, is 25:1 (mol/mol). Therefore, it was expected that the solubility e?MBAM-
pyrrole resulted from hydrogen bonds between amide groups of NIPAM and water
molecules. The LCST was increased from 18°C to 22°C when pyrrole chain ends were
converted to carboxylic acid. This was due to the change in chain end functionality from
hydrophobic to hydrophilic. It could be explained by the fact that in solution, there weze mor
hydrogen bond interactions between -RRIPAM-COOH and water molecules compared
with that in HBPNIPAM-pyrrole, and this led to a rise in the LCST of the polymer.

With HB-PNIAM-van, there was also a significant increase in LCST from 22 to 31°C when
the @rboxylic acid end groups were modified to be vancomycin. Moreover, it was noticed
that a thermogram of HBNIPAM-van determined by microDSC #ite same concentration
gave a very broad peak making the LCST difficult to determine and this was different from
other types of polymers. The behaviour can be explained by the structure of the vancomycin
molecule. Vancomycin consisté severalamide linkages and ormarboxyl groupwhich are

all able to form hydrogen bosdavith water moleculesThus t wasreasonale to expecthat
modification of HBPNIPAM chain ends with vancomycin should raise the LCST of the
polymerabove that ofthe unmodified versiofiL7]. Additionally, it was observed that it was
easier for HBPNIPAM-van to dissolve in water at room temperaturenpared with HB
PNIPAM-pyrrole and HBPNIPAM-COOH. Nakayamand Okano suggested that terminal
groups of thermaesponsive polymeric micelles synthesised from pPéigopropyl
acrylamideco-N,N-dimethyl acrylamide) (PID) and poly(benzyl methacrylate (PBzMA)
affected the LCST of the polymefhe LCST of such a polymeric micelle was decreased
when the chain ends were phenyl grogpspared with hydroxylated PID/PBzMAS53].

Recently,work by our group showed that chain end modification using the argghyoae
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aspartic acid (RGD) peptide provided a stable colloid ofraidoon particles in solution
above its LCST. RGD could stabilise aggregates of hyper branched polymers dubig the
polar property of such a peptifi8].

From comparisons of three different types of functionalitighose of pyrrole, carboxylic
and vancomycin end groups, used in this wiorkis obvious that the pyrrole group has less
hydrophilic properties than carboxylic acid and vancomyoespectively. Therefore, it was
reasonable that attachment of vancomycin tePNMBPAM could raise the LCST to be much

higher than umodified polymers.

MicroDSC is not the only method to determine the LCST of thenesponsive polymers.

The technique diurbidity measurement is another popular way to investigate phase transition
temperatures of smart polymers. Generally, the turbidity technique is used for measuring
cloud points based on UVis spectrophotometer in the range of Znm and at low

polyme concentrations (0-5% w/). The turbidity of a thermoesponsive polymer solution

is caused by the presence of aggregates when the temperature of the polymer solution rises
above its LCST, i.e. it appears cloudy. The cloud point determined by turbigimas

defined as the onset temperature that corresponds to the absorbance value at which there is

the first sign of opaqueness occurr[ad1].

In this study, the cloud points of all polymers were determined from absorbance at 550nm
using a U\WVis spectronetry with the range of temperature of-I0°C. The temperature
cycle (heating and cooling) wastdn thetemperature range at 1#in. The cloud points of

HB and linear analoguversions are shown in Figurd @

A Cloud point of HBpolymers
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B Cloud point of Epolymers
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Figure2.16 Cloud point of HBPNIPAM (A) and linear analogue PNIPAM (B) with different

chain ends measured byhidimetry

Table 24: Summary of cloud points of variouslpmers measured by turbidimetry

Types of polymer Onset Middle peak Peak
L-P(NIPAM-coVBA) 33 38 48
L-PNIPAM-vancomycin 37 46 62
HB-PNIPAM-pyrrole 25 35 46
HB-PNIPAM-COOH 27 38 50
HB-PNIPAM-vancanycin None None None

As can be seen from Figurel@, L-P(NIPAM-co-VBA) provided a sharp peak of phase

transition temperature that was similarly to ordinary PNIPAM and its LCST obviously

increased when the vancomycin was attached as polarity of endsgragpincreased. In all

cases the cloud points of the various polymers increased with functionalisation of the chain

ends, but with the exception of the vancomycin-PIBIPAM. In this case no cloud point
could be determined even when the polymer conceotrattas increased to 15mg/ml.
Moreover, theabsorbance valued HB-PNIPAM-pyrrole and HBPNIPAM-COOH solution

did not remain stable, and decreased after a certain temperature. This is due to the polymer

aggregates precipitatingofin solution and settlingadvn tothe bottom of the cuvette, so the

solution becomes more transparent and the absorbance decreases.
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As previous reportedurbidimetry could prowle cloud poins of HB-PNIPAM-pyrrole and
HB-PNIPAM-COOHbut a cloud pointwas notobtained when theanmmycin derivativeof
HB-PNIPAM was examinedAlso, it was obvious that linear and highly branched polymers
functionalised with vancomycin at the chain ends exhibited significantly different

aggregation behaviours in solution upomtieg, which can see figure 217.

L-PNIPAM-van HB-PNIPAM-van

Figure2.17 L-PNIPAM-van (left) and HBPNIPAM-van (right) in deionised water at 37°C

Figure 217 shows the differences in phase transition behaviour betwéddlRAM-van and
HB-PNIPAM-van in deionised water above the LGSTThe samples were prepared at
5mg/ml and incubated at 37°C for 30 minutes. It was found that the solutioRNfRAM-

van turned cloudy due to the precipitation of the polymer, whereas there was no change in
opacity of the HB-PNIPAM-vanmixtureat 37°C.

It is interesting that the calorimetry technique detected the LCST of all polymer types
including HB-PNIPAM-van, whereas turbidimetry did not. Whilerbidimetryis a versatile
technique that can be used for measuring liebaviour of thermeresponsive pgimer
solutions over a range of temperatumescroDSCprovidesthe LCST from endothermic and
exothermic transition peaks upon heating and cooling at the microscopic level and from our

data is clearlghe moreappropratemethod[111, 164, 165]

Calorimetryprovides information on the heat released from the dehydration process between
water molecules and the polymers. Endothermic peaks obtained from the thermogram
describe co#to-globule transition, while exothermpeaks describe globute-colil transition
temperature data. Therefore, during the heating process, the phase transition of the polymer
could have occurred from opeoiled to globular state but the turbidity of the solution might

not change due to a stalcolloid structure, which leads to failure to produce macroscopic
aggregates and an optical density change. Sebhviours have been studied Byou Y. et
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al.[166] and a fuller consideration of the conformations of the polymers in agueous solution

is given in section 7.1.

The aggregates of highly branched PNIPAM could be defined as plizepolymers which
consist of a hydrophobic core and hydrophilic shell. The increase in temperature above the
LCST of the polymer results in the breaking of hydrogen bonding between the water
molecule and PNIPAM, leading to the exclusion of water from polymelecules. The
densely paad core of PNIPAM stems from the hydrophobic interaction, which is the result
of intramolecular hydrogen bonds between amide and carbonyl gradple the shell
structure surrounding the hydrophobic core originates from higblgrpend groups of
vancomycin, which maintain provide colloidal stabilityin dispersion|t is suggested that
vancomycin chain ends stabilise the polymer collapse by electrostatic repulsion leading to

nortaggregation of polymer above its LCST.

HB-PNIPAM-van consists of five ionisable groups from vancomycin that affect the charge of
the molecule at different pHs. Firstly, there is the carboxyl group, which hag af [,
which means that above pH 2.18 most of the carboxylic acid will be dissociated #ed

form of negative carboxylate. Secondly, there is also a secondary amine with &8pK
which also means thaielow pH 8.8it will be positively charged form and finally, there are
three phenol groups with high pKof 9.6 10.4 and 12. Thereforehe charge of HB
PNIPAM-van depends on the pH of the solution. The primary amine was removed during the
reaction of vancomycin with the polymer, thus it could affect the overall charge of the
polymer. To confirm thesffect of vancomycirchain ends on colidal stability of theHB
polymer in solution, HBPNIPAM-van solutiols werepreparedat 0.5% w/v concentration
(5mgmi*) in deionised wateat pH 2 and7.6, which was the solution pH without any
addition of acid The opacity of the polymer solutionwas inwestigated above the LCST
(40°C). The results are shown in talfles.
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Table2.5 The effect of ionisable groups from vancomycintba colloidal stability of HB
PNIPAM-vanin solution above the LCST

pH of solution pKa=2.2 pKa=8.8 pKa =1012 Opacity (at 40°C)

pH =2 -COOH ——NH,—CH; <_> Cloudy

pH=7.6 -COO —NH,—CH; 4<:>7 Clear
\_/

The data in table 2.5, suggests that the charge oRMIBAM-van end groups results from

the carboxylate anions and that electrostatic repulsion tihese preventaggregation above

the LCST mainly. The protonated secondary amine group did not provide sufficient
electrostatic colloidal stability to the polymer above the LCST to maintain solution and so the
polymer precipitatedAt pH 7.6, carboxylic acid groups on HBNIPAM vancomycin ends
were fully deprotonated, which would lead tonegative chargeepulsion between the
carboxylsand the secondary amine grogmn vancomycinwere protonated, which would
result in positive chargand balance the net chargetbé globules. Howevert should k@

only partialy protonatedwhich would not fully balance the total net charge on the polymer
surfacebecause the pH of the solution was close to its {iK&]. To further explorethe

effect of electrostatic repulsion between polymer molecules, the charge of the polymers was
measured. The charges of both linead &B-polymer with vancomycin chain ends were

determined by zeta potential values using ZetaPALS.
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2.4.5 Electrostatic charge of HBPNIPAM -van and L-PNIPAM -van

The stability of particles in suspension can be inferred frim magnitude of the zeta
potential This can be determined from tledectrophoretic mobility which is the ratio
between particlevelocity and the applied field. The data canthen converted to zeta

potentialusingthe Henryequationas follow.

G G- m'rg(‘b
YO —
o
Z = zeta potential
UE = electrophoretic mobility
0 = dielectric constant

f(ka) = Henry function (f(ka) = 1.5 for aqueous suspensions in Smoluchowski

approximation)
Q = viscosityof solution

If the particles contailmigh negative opostive charges, which denotehigh zeta potential
valug they tend not to aggregate in suspension because of electrostatic repulsions between
each other. On the other hand, if the zeta potential of the particles is low, tmegrati&ely

to aggregate imqueous suspension due to van der Waals attrgddt&8). Particles with a
zeta potential between +30 mV a3 mV are usually considered as unstable while particles
with a high absolute zeta potential of more than +30 m\30rmV are classified as stable
colloids in suspensiorHoweve, it should be noted that zeta potenighlsoinfluenced by

pH due to protonatiomleprotonationof surface functional groupsconductivity of the
medium orpresence of electrolytes such as anionic molectibaseret al. suggested that the
electrostatt charge of the precipitated particle of PNIPAM is associated with the phase
transition behaviour of the polymgr57]. In order to determine the charge of {#BIIPAM-

van and EPNIPAM-van, zeta potential measurement was perfori8acthples were prepared

at 0.1% wi/v concentration (Img/ml) in ultrapurgCH 15 ul of sample was added to 1485

of Immol KCI solution. Measurements were made 25T by Brookhaven Instrument
Coporation ZetaRLS analyser These studies were carried out at pie of solutionwithout

any addition of acid or base (pH 7.®heresults for bdt polymers are shown in Figurel@.
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HB-PNIPAM-van L-PNIPAM-van

Zeta potential (mV)

Figure2.18 Zeta potential values of HBNIPAM-van and EPNIPAM-van at 25°CThe pH
of thesolution was 7.6The degree of significance is defined®yaluefrom unpaired ttest
*whenPO 0. 05

From zeta potential measurement, at [H7 deionised water, the charges of both linear and
highly branched PNIPAM functionalised with vancomycin weregative owing to the
carboxyl groups ithevancomycin Themeasuredeta potetial values for HB-PNIPAM-van
were close t0-30 mV which is generally considered to bwderatelystabledispersions
whereas the zeta potential ofANIPAM-van was significantly lower {19mV), indicating
instability in the surface charg&his indicates that when themperature was increastte
coil-to-globule transition of.-PNIPAM-vanformed chairfolded structuregn which some of
the vancomycinpendant groupsvere shielded within thglobule resulting in less ionised
groups and stabilised aggregates of the linepolymer. Therefore, the coilo-globule
transition produced @oud point.Sincethe turbidity of the HBPNIPAM-van solution hardly
changed when the temperature was raigasd thought that due to the highly branched nature
of HB-PNIPAM, the polar chain ends were not shieldedwithin the collapsed polymer
structureand remain at the surfackiring heatingso contributingto colloidal stability in
dispersionPerhapsnore importantlythough they wouldstill be functional in terms of their
binding property167]. Therefore, when the temperature was increased atoW€ET, the
carboxylate of vancomyciand some unmodified carboxylic acid residuesild stabilise the
collapse of the polymer idispersiondy providingelectrostatic repulsiobetweenparticles
and so reduce the aggregation of the polyfh8®]. This would result in no detectable cloud

point by turlidimetry measurememtbove its LCST.
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There are several studies showing that the phase transition behaviour of PNIPAM depends on
the polymer architecture. This includes the type efmmomers that lead to highly branched
polymers or block copolymers, aradso the nature of the chain ends which influence the
charge density of the particles and hydrophilicity of the polyjh€é9]. Balamuragaret al.
reporteda broad range of transition temperature of a PNIPAM brush grafted onto the surface
of gold particles. They indicated that the phase transition temperature of PNIPAM occurred
over a wide temperature range from-4@C because the outer segments of thernpety

brush remained in the opeoiled state until it reached its LCST, whereas the inner segment
of PNIPAM close to the surface of the partielelowertemperatures and became densely
packed[170]. Lou et al. also showed the effect of cesbell formation on phase transition
behaviour of micelles comprising hyper branched polyester with PNIPAM brushes. They
showed that strongnierchain repulsion between brushes can cause a broad phase transition
of the polymer, which was associ atfldldOwi t h tF
findings are consistent with this concept with the vancomyuanctionalised chain ends
influencing the aggregation behaviour of the polymer. Recently further support for-a core
shell morphologyhas been provided by Plenderlegthal.who studied the effect of degree of
branching of HBPNIPAM on its transition behaviour. They fourtdat HB-PNIPAM
polymerwith acid ends habiphasic morphology, which means that it has a collapsed inner
core and rare open outer shell in aqueous environments. Moreover stiggestedhat HB-
PNIPAM-COOH with a high degree of branching did not exhibit a cloud point at its LCST
because electrostatic repulsion originating from carboxyl end groups prevented aggregation
of the polymerf137]. Moreover, Rimmer et al suggested that-ARIPAM with RGD end
groups forms colloidally stable dispersions above its LCSTkthao RGD-erd groups
located at the surface of the partick@milarly, there iselectrostatic repulsiobetween chains

that havevancomycin end group3herefore, the undetectable cloud point of-ARIPAM-

van is explained by the effect atoreshell stucture to the polymer (see Figurel@).

The cloud point of linear PNIPAMan was detected usingthanicroDSC and turbidimetry.

In this caseduring the heating process, the increase in absorbance above the LCST could be
attributed to the polymer archdteire In these linear polymers a high fractionvaincomycin
becamdrapped inside the polymer globulehese trapped vancomycin groups do not provide
electrostdic repulsion and do not contribute to the colloidal stability of the globules. This
then reslis in precipitation Schematics of both -PNIPAM-van and HBPNIPAM-van
behaviour in deionised watat 37°C are shown in FigurelQ.
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A L-PNIPAMvan at 37°C B  HBPNIPAMvan at37°C

L-PNIPAM-van HB-PNIPAM-van

Figure 2.19 Schematic diagramepresentingthe behaviour ofA) L-PNIPAM-van and(B)
HB-PNIPAM-van in water above their LCSTs-RNIPAM-van precipitates from solution
above its LCST whereas that does not occur withRMBPAM-van (C) shows an image of
L-PNIPAM-van and HBPNIPAM-van at 37 °Gn deonised water

In summary, according to the LCST determinationLePNIPAM and HBPNIPAM with
different kinds of chain ends using microDSC and cloud point measuremeran kie
concluded that the hydrophobicity of polyrarain ends and polymer structurglays a
crucial role in determining theCST of thermaresponsive PNIPAM. The addition of RAFT
agents or vinyl benzoic acid to PNIPAM results in a decreafeinlCST of compared to the
linear homopolymeof PNIPAM. This isdue to the hydrophobic influea of the aryl group
on the LCST However,with chain end modification from pyrrole to carboxykecid the
LCST of HB-PNIPAM-COOH was increased because of the hydrophilic effect of carboxyl
chain ends. Againa stable colloid of HBPNIPAM-van was obtainedue to highly polar
molecules at the chain ends of the highly branched structure. This fsrevetoud point
being detectedHowever, microDSC could identify the LCST of HBNIPAM-van because it
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monitors the amount of heat consumption and heat released) gphase transition, whereas

turbidimetry can only record macroscopic aggregate formation.

The above findings were obtained when the polymers were dissolved in iWateever,
phosphatéuffered saline (PBS) (pH 7.4) is theostcommonlyusedsolvent in biological

work. To investigate a biological sample in vitro, it is necessary to maintain the conditions
that would apply in the natural environment saslat physiological pH and osmolalitBS

is a watetbasedbalanced salsolution consistingof sodum and potassiundihydrogen
phosphate and sodiumand potassiunthlorides giving a pH 7.4 and 137 mM sodium
chloride However, formore than a century, it has been known thatolubility of proteins

in aqueous solution is affected by the presence andenitration of saltL72]. This is known

as the Hofmeister effect, or salthogt effect and it applies tother polymers as well. It was
reported thasalt in buffer solutions has a notable influence on theTLGSPNIPAM owing

to interruption of the interaction between the polymer and water, and also a change in the
structure of water surrounding the hydrated polydgranionic salt§173, 174] It was
interesting thereforg to investigate the phase transition behaviour of lpatlymers in this

PBS The polymer waprepared at 5mg/ml aritie conditions set for microDSC and turbidity
measurement were similar to those employed in the vbateed experiments. It was found
that the cloud point of HBPNIPAM-van in PBS could be detected at 40°C ébnhdy
turbidimetry (Figure 2.20
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HB-vancomycin in PBS=—HB-vancomycin in water

Figure 2.20 Comparison of the cloud points of HBNIPAM-van in water and in PBS

showing the effect of salt on the behaviouagfregates
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To observe the effect of salt on the phase separatibAnRMIPAM-van and HBPNIPAM-
van the LCSTs of both polymers were measured in PBS and in water by microDSC and

turbidimetry.The results are shown in Tabl&2

Table 26: Summary ® phasetransitions of polymersn PBS and in water measured by

turbidimetry andnicroDSC

Type of polymer Cloud point measured byrhidimetry (°C, onset)
In PBS In water
L-PNIPAM-van 34 37
HB-PNIPAM-van 40 0
Type of polymer LCST measured by microDS\E,(OC)
In PBS In water
L-PNIPAM-van 32 35
HB-PNIPAM-van 28 (33)

~——

From table 2.6it is evident that there was no cloud point of-RRIPAM-van detected in
water, but a cloud pointould be detected (40°Cin PBS A small decrease in phase

transition temperaturef L-PNIPAM-van was observed in PBS buffer compared with water.

The effects of salt on phase transition temperatures of thersponsive polymers have been
extensivelystudied, especially the temperatimduced aggregation behaviour of PNIPAM
[175]. The LCST of PNIPAM was shown to reduce with increasing aunaon of sodium
chloride [176]. According to the Hofmeister effecit was suggested that inorganic ions in
solution caneither disorder or promote the water structurimghe aqueous systeft77].
Eeckmaret al.showed thathe additim of salt results in a reduction in the LCST of PNIPAM

and e kind of salt, salt concentration, electron valence and size of salt anions also play
crucial roles in the phase transition temperature of PNIFARS]. Geeveret al.studied the

effect of salts in pH buffers on the phase transition temperaturelywfipgd pyrrolidinone
(PVNP)PNIPAM random copolymer, since the LCST is a most important factor for such a
material used in controlled drug delivery system. They reported that the presence of salts
incorporated in the PBS decreased the LCST of the PRNIPAM copolymer to below

37°C, leading to it becoming less soluble in aqueous solution due to a-ealtieffect[173].

It is not only anionic salts that cause a cleamy phase transition behavioaf thermo

responsive polymers; cationic salts do as wétlwever, the effestof anions on the phase
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separation behaviowf PNIPAM are more pronouncegéspecially for divalent ion (SO,
because abnns are more polarisable, thtteeir hydration is typically stronger when it is
compared with cationd.79, 180]

It is interesting howthe presence of salt ions in HBNIPAM-van solution have a notable
effect on the cloud pot of the polymer. From Figure. 2D, it appears that the presence of
inorganic salts in PBS could affect the stabilisation ofHBIPAM-van collapse/aggregates

in sdution, leading to a change from transparent to cloudy.

The mechanisms behind the effect of a specific salt oAPNB°’AM-van solutions are
complicated, primarily because there argreat many kinds of intermolecular interactions
that are relevant to theg@ocesses: i.e., polymer and water, ion and water, and ion to
polymer molecule interactions. Therefore, when salt is added not only is there a reduction in
the number of hydrogen bonds between polymer and water, but also the interactions between
cations 6 electrolytes and negatively charged pogmicome into playt is obvious that the
nature of polymers plays a role in this system, such as the negative chargind6flPlBM-

van [180]. Zhanget al. suggested that there were three mechanisms involved in the phase
separation of PNIPAM ithe presence of salt ions in aqueous solutiomestabilisation of
hydrogen bonding betweemmide groups of PNIPANNd water moleculby anions ii) the
surface tension effects originating from the hydration of hydrophobic segments of PNIPAM,;
and, iii) the interaction o&nionson the polymer moleculgl75, 179] The first and second
situations lead to a decreaseLCST (saltingout) while the third one results in saltimg

effect. In this work,not only didthefirst two mechanisms occur, but the interaction between
cations andthe negative charge of vancomycin located outside of the-sloe# of HB
PNIPAM-vanwas also involvedit is believed that the phase separation ofHMBPAM-van

in PBS is strongly relevant to tldgsappearancef electrostatic repulsion originating frotime
vancomycinend groups The presence of cations in the polymer solution could cshiel
negative charges stemming from the carboxylate group of vancomycin, which stabilise the
collapse of HBPNIPAM-van in solution above its LCST.hilis, when the temperature rose
above its LCST, there was no effect of electrostatic repulsion preventing I{fmeepdrom
precipitation, resulting in the detectable cloud point of-PfBIPAM-van by turbidimetry

[177].

These studies show that the presence of salt in botPHIBAM-van and LPNIPAM-van

solution can induce a significant decrease in the LCST of the polymers and also causes
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precipitation as detected by turbidimetry, becatlse presence of salim the polymer
solution causea change in the orientation of water molecules in the hydration shells
surounding the polymeby inducing water molecules to form a rigid structure around the
inorganic ions so allowing an enhanced drpphobic nature of the polymeAdditionally,
catioric salt can reduce the effect dflectrostatic repulsion between HBNIPAM-van
molecules by shielding negatively charges on vancomycin, resulting in the collapse of the
polymer in the solutiofil73, 176, 178]

In summary, it can be confirmed that the effect of chain end modificatiotiseodCST of

the amphiphilic polymers, PNIPAM, is directly correlated to the hydrophobicity and
hydrophilicity of the polymers and polymer architecture. The phase transition temperature
could be triggered by not only a variety of polymer end groups, soitpalymer architecture.

In order to investigate the phase transition behaviour of theesponsive polymers like HB
PNIPAM, appropriate andigal methodseed to beemployed This work has shown thait

iS more appropriate to use microcalorimetry toedetine the LCST of HB’NIPAM-van
because of the complexities of tbereshell structuref the polymer The negative charge of

both linear and highly branched polymers functionalised with vancomycin at the chain ends

is likely to resultfrom thecarboxylde groups in vancomycin.

2.4.6 Development of assay for quantifying amount of vancomycin in polymers

2.4.6.1 Vancomycincopper(ll) complex

In order to compare the properties between-PNMPAM-van and EPNIPAM-van,
especially in terms of their interactiomith bacteria,it is necessary to know whethany
differences in their behaviour could loeie to differences in the amouat vancomycin
functionalisationin each type of polymer. Vancomycin can be used not only as a
glycopeptide antibiotic, but alsmsa chiral selectofor the separation of anionic compounds
due to itsunique combination of structural characteristics that can form hydrogen bonding or
dipole-dipole interactionwith chiral analytesAs it consists offive ionisable groups in its
structure namelycarboxylic acid groupphendic, primary amineand especially secondary
amine moietieyancomycin is positively chargasdhder its pl of 7.2181]. Previously, several
studies proved that vancomycin shows dominant enantioselectivity by forming a complex
betweencopper(ll) ionsandthe secondary amine ®-methyl leucire of vancomycin, the

deprotonated nitrogen atom of amide groups, and the oxygen at aspafragiremaining
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position is occupied by watefhis results in a violet compound when at 1:1 equivalent
molarity at pH 7.4. Thus, vancomyeaopper complexing wasied as a method to determine

the amount of vancomycin the polymers[181, 182]

Cul+

Figure 2.21 Chemical structure of vancomycin coordinating with copper (I Dasled
lines show the coordination of copper (II) witie secondary amine of-idethyl leucine of

vancomycin, the deprotonataitrogen atom of amide groupad the oxygen at asparagine

Materials

Copper (1) nitrate trihydrate ((Cu(Ng)..3H,O) (Sigma Aldrich, 99%) and Copper(ll)
sulphate pentahydrate (Cu$8H,0) (Sigma Aldrich, 98%) and Copper(ll) chloride (Cp)Cl
(Sigma Aldrich, 97%) was used as received. Sodium hydroxide (Sigma Aldrich, 97%) and
Sodium bicarbonate (Sigma Aldrich) were used as redeiWancomycin hydrochloride
hydrate (Sigma Aldrich) was used as received. Citric acid monohydrate (Sigma Aldrich),

Trisodium citrate dehydrate (Sigma Aldrich) were used as purchased.
Methods

The vancomycircopper(ll) complex was prepared by mixing 0.06Mvancomycin solution

with 0.05M of copper(ll) nitrate trinydrate solution in deionised water. The pH of the mixture
was adjustedby titrationto 7.4 using dilute sodium hydroxide (0.001Mihe absorbance of

the violet mixture was scanned over the wavgflemange300-800nm to obtain the optimum
excitation wavelength. Then, the calibration plot was created by varying the concentration of
vancomycin solution from-0.05M. 100ul of each mixture was pipetted into 96 well plates

and the absorbance was measatesl7/Onm using a UWis spectroscope.
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Polymer samples were prepared by dissolving in deionised water and then assayed by mixing

with 0.05M of copper(ll) nitrate trihydrate solution. The pH of the mixture was adjusted as

previously described.
Results and dscussions

On initial mixing of the vancomycin solution with copper(ll) nitrate trihydrate, the colour of
the mixure was as shown in Figure 2.@2ft), which was light blue from copper(ll). The
colour started changing frofight blue to deep violet whemlilute salium hydroxide was
addedhoweverwhen the pH reached 7.4, the solution turtzediolet permanentlyas shown

in Figure 222 (right).

Figure2.22 Images of the mixture of vancomycin and copper(ll) solution: {e&)mixture
before adjusting pH with diluted base solution; (right) the mixture of vancorepgper(ll)
complex at pH 7.4. The absorbance of the violet solution was measu8ég@-&d0nm, as

shown in Figure 23
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Figure2.23 The absthance spectra of vancomyetopper(ll) complex
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It was found that thenaximum excitation wavelength of the violet complex was 570nm,

which was similar to that reported by previous work&sd ].

However, in the case of-BENIPAM-van and HBPNIPAM-van, the result showed that when
vancomycin was linked to the polymetsdid not form a complex whit copper(ll) ions.
Raising the pHy adding a small amount of dilute sodium hydroxide (0.001M NaOH) to the
polymer mixtures resulted in a light green cloudy sotytwhich can be seen in Figure 2.24
(B). This is because the anui group on the sugamvolved in copper(ll) coordinatiowas
used to react with the polymers. Thus, the absentieedfey amine groumn vancomycin
linked polymer resulted ifailure of copper (ll)to bindto either L-PNIPAM-van or HB-
PNIPAM-van. Addition of hydroxide resulted in the precipitation of Cu(@Bgcause the
copper had notomplexed with thevancomycin in the polymefhis notion is supported by
the observations of Brzezowska et al [179] who reported that the modificatiotenmiihal
strudure of teicoplanin, a member of the group of glycopeptide antibiotics with a similar

structure to vancomycin, significantly decreases the binding affinity of teicoplanin toward

copper (II)
Cu(ll) + Polymervan + NaOH

Cu(ll) + Vancomycin + NaOH

Cu(Il) + NaOH
' 3
,f}-' j,)&j g
| y -
A B C

Figure2.24 Three different types of sates with copper(ll) nitrate solutiofA) copper(ll}
vancomycin solution at pH 7.4 (B) the mixture of copper(ll) and®MMBPAM-van at pH 7.4;
(C) the mixture of copper (Il) nitrate at pH 7.4

Cu (1) (ag) + 2 NaOH (ag)—> Cu (OH) (s) + 2 NaNQ
Cu (Il) (@ + NaCOs; (aq) ———> CuCGs;(s) +2 NaNQ@

Although this explanation seems the most likely, it is also possiiae the amount of
vancomycinbound toboth the linear and HBpolymess was below tk detection limit of the
method Vila et al. found that thequantitationlimit for vancomycin coordinated with

copper(ll)using a flow injection techniqueas around 0.25mmol/din
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Nonetheless, whilehere was no doubt that the polymers had vancomycin linked to them
(from *HNMR spectra of the polyms) the quantitycould not be determined usirthat
methodor copper(ll) complexingHowever, quantification of vancomycin chain ends of both
kinds of polymers remained an important goal therefore, an alternative technique was

developed.

2.4.6.2 Enzymelinked immunosorbent assay (ELISA) to quantify vancomycin

A fAsandwi elihkéd inemuzogorbent assay (mdkiyered ELISA) is a commonly

used method for quantifying a concentration of antigens in unknown samples. The sensitivity
of the technique can bedreased depending on the number of layers of antibodies used in the
system. There are different types of ELISA, namely direct ELISA, indirect ELISA and multi
layered ELISA. It depends on the underlying layer of capture, primary and detection
antibodieq183].

The multilayered ELISA technique was thought to be a possible method for determining the
amount of vancomycin in a functionalised polymer. There are several factors that influence
antibodyantigen reactions in ELISAs and these aresili@sl into two groups, namely factors
influencing the equilibrium constant, such as temperature, pH and ionic strength, and other
factors not affecting the equilibrium of reaction, such as concentration of antigens and
antibodies and incubation time. Irder to quantify the amount of vancomycin in each
polymer, a standard curve needed to be established and the various reaction parameters

optimised.
Materials

Vancomycinch 'y d r o ¢ h | o r-ietchmethylb&nzi8ind, (BVIB)5 phosphaterate buffer
tablets (pH 5.0), phosphate buffer tablets (pH 7.4), and sulphuric acid (98%) were all
obtained from Sigm&ldrich and useds received. Hydrogen peroxideas used as received.
Mouse monoclonal and rabbit polyclonal antibodies to vancomysiteep polyclonal
antibodies and goat antrabbit IgG conjugated to horse radish peroxidase (HRP) were

obtained from Abcam Plc, (Cambridge UK) and diluted for use as shown below.
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Optimisation of the ELISA

Methods

= Captureantibody

= Polymervan

= Detectionantibody

= Enzymelinked secondary aiftody

Figure2.25 Thedesignof the multi-layered ELISA used in this study

To prepare a microplate for standard curves and polymer samatdplate was coated with

100ul of the capture antibody in carbonated buffer (pH 9 5), called a coating buffer, then the
microplate was incubateak 4°C overnight. After that, the ptatvas washed with 200ul of
PBSTween four times, followed by blocking wells with 200ul of RB®BSA, and the plate

was then incubated at 4°C overnight. The next step was the addition of vancomycin and
polymer samplesA dilution series of vancomycin hydrate hydrochloride in PBS BSA

was established over the concentration rang2.6mg/ml and incubated at 4°C overnight for

24 hours. Then the plate was washed with HB&en four times and 100ul tfie detection
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antibaly in PBS1%BSA was added. The plate was incubated at room temperature for two
hours. Before adding the HR#®njugated antibodies, again each well was washed with 200l

of PBSTween four times. A HRonjugated secondary antibody solution was prepared in
PBS-1%BSA and added into each well. The microplate was incubated at room temperature
for 90 minutes. In order to measure the absorbance, one tablet of TMB substrate was
dissolved in 25ml of citrate buffer and 10ul of hydrogen peroxide (30%v/v). 100ul of TMB
solution was added. The reaction time between TMB and IgG conjugate was 15 minutes.
100ul of sulphuric acid (10% v/v) was added to stop the reaction. The absorbance was

measured at 450nm usiagnicroplate reader
Results and discussion

To quantify the mmount of vancomycin contained in polymérsELISA, the protocolneeded
to be optimised There were severalariables to be consideratamely the assay plate,
coating buffer, capture antibody, blocking buffer, washing step, detection antibody and

enzyme caojugated antibody.
Antibodies

For a sandwich ELISA, there are two different antibodies used in assays, which are primary
antibodies (the capture antibodies) and secondary antibodies (the detection antibodies). An
essential requirement is both antibodikeldd react with different epitop@n the unknown
samples. In addition, the primary antibody should not provide steric hindrance to the
secondary antibody leading to a decrease in signal. To choose the capture and detection
antibodies for a sandwich ELISA is also important that both antibodies are produced from
different kinds of animal so that matched pairs can be avoided. Concentrations of each
antibody are also a most important parameter that needs to be optimised.

Blocking buffer

The nonspecific binding of protein or antibodies to wells can cause a high background
signal. Thus, to prevent nepecifically bound reactants, an optimal blocking buffer is
commonly used, which are most commonly skimmed milk or bovine serum albumin (BSA).
In order to clbose a type of blocking agent for each ELISA application, cross reactivity
needed to be examined. The addition of a-iomc detergent (TweeR0) to the blocking
buffer is also commonlgone toreduce the hydrophobic interaction between antibodies and

any blocking agent consisting of protein. The typical concentration of TA28eis about
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0.05% (v/v). In order to obtain successful blocking, the appropriate blocking buffer volume is

essential.
Washing step

Efficient washing of the plate after the additiohthe capture antibodies, blocking agent,
detection antibodies and enzyme conjugated is a crucial step leading to low signal to noise
ratio. Washing should take place approximately imes for each step. The most common
buffer used for washing the plaie phosphatdéuffered saline consisting of 0.05% (v/v)
Tween20.

Considering all the factors mentioned above, the ELISA protocol for quantifying the amount

of vancomycin contained in the polymers for our study was optimised as follows. For the first
modd , whi ch we named #fEtan&myciMoad ased déeoapture ab b i t
antibody. Sheep anrtianmmycin was chosen as the secamtibody, and finally HRP
conjugated rabbit antheep IgG was used as the detecting layer. TMB was used as the
enzyme substrate. The absorbance was measured at 450nm. Th@nenged are shown in

Table 27.

Table 27: The conditions ofach parameter for ELISA Model 1

Dilution of capture antibody Dilution of detection antibody Conjugated - HRP
(Rabbit anti-vancomycin) (Sheepanti-vancomycin)
1:1,000 1:3,000 1:5,000
1:1,000 1:5,000 1:5,000
1:1,000 1:8,000 1:5,000
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Figure2.26 Standard curves of ELISA Modlé (A-C). The curves were fitted by-garameter
logistic fit (4PL) of the data pointgA) Dilution of cagure antibody was 1:1,000 and dilution
of detection antibody wak 3,000 (B) Dilution of capture antibody was 1:1,000 and dilution
of detection anibody wasl: 5,500 (D) Dilution of capture antibody was 1:1,000 and dilution
of detection antibody wak 8,000

From the data shown in Figure 2.26t was found that the negative control (Omg of
vancomycin) was too high when 1: 1,000 dilutiohthe capiire antibody and 1:,300
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dilution of the primary antibody were useHigh levels of antibodies used can cause-non
specific binding and high background results in the negative controls, which is reasonably
common in sandwich ELISAHL83]. Indeed,a decrease in the concentration of the primary
detecting antibody from 1: 1,000 to 1: 8,000 resulted in a significant decrease in background

colour obtained.

The main factors affecting muliayer ELISA are not only the concentrations of antibodies,
but also type of antibodies. Not all kinds of antibodies can work successfully with the ELISA
technique[184]. Each antibody must be evaluated specifically for individual applications.
Therefore, the properties of the antibodies were censtti There are several properties of
antibodies that have effect on the specificity of the binding ofjentio antibody, such as
purity andclonality. The $ieepantivancomycin antibodgmployed wasa polyclonal type
butalso whole antserum rather thaa purified IgG fractiorand thiscan lead to nopecific

binding. Therefore, other types of antibody were substituted.

Mouse monoclonal antiancomycin was used as the capture antibody. Rabbit polyclonal
antrvancomycin was used as the primary detgctintibody following by HRRonjugated

goat antirabbit IgG. TMBwas usedas substrate agameasured at 450nmA\ monoclonal
antibody was chosen to be used as the capture antibody thanks to the high specificity to its
antigen, and less background due teslerosgeaction with other proteins. Therefore,
another ELI SA model , referred Thediugosof@acBL | S A

antibody is shown in Table&

Table 2.8: The dilution of each antibody used in ELISA Model 2

Dilution of capture antibody Dilution of detection antibody HRP
(Mouse antivancomycin) (Rabbit anti-vancomycin)

1:5,000

1:100 1:10,000 1:5,000
1:15,000
1:5,000

1:250 1:10,000 1:5,000
1:15,000
1:5,000

1:500 1:10,000 1:5,000
1:15,000
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Figure 2.27 The standard curve ELISA using monoclonal mouse-aricomycin as the
capture and rabbit antiancomycin as the detector at various dilutidrise curves were figd
by 4-parameter logistic fit (4PL) of the data points.
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A 1:500 dilution of mouse antiancomycin was chosen as the capture antibody and a 1:
5,000 dilution of rabbit amvancomycin was used as the detector antibody for quantifying

vancomycin on the poigers. The final pratcol is summarised in Table 2.9

Table 2.9: The conditions of the nedéveloped sandwich ELISA used for measurement of
vancomycin in EPNIPAM-van and HBPNIPAM-van

Capture antibody Mouse monoclonal antiancomycin (1:500)
Blocking agents 5% w/v BSA in PBSTween20
Detector antibody Rabbit polyclonal antvancomycin (1:5,000)
Enzyme conjugated Goat anti rabbit Iga4RP (1:5,000)
Substrates TMB/H0,
0.20 19
E 0.154
o
n
N 0.101
S
S 0.051
< 0.00 —rr—— rrrm
0.01 0.1 1 10
-0.05- Vancomycin concentration (mg/ml)

Figure 2.28 Standard curve of vanooycin and quantification of the amount of vancomycin
in L-PNIPAM-van and HBPNIPAM-van The curve was fitted by sigmoidal;parameter
logistic fit (4PL) of the data points. X is log(concentration)

To quantifythe amount of vancomycin by ELISAye exploitel the effect of salt on the
solution behaviour of HBPIPAM-van toprecipitate it away from small molecular material,
including any urbound To do this, he polymers were dissolved in PB&)d thenheated
above their LCSTs. The precipitates were separfabed the bulk fluid by centrifugatioand
then redissolved at room temperaturéhe process was repeated until it was certain that
there was no free vancomycihhe resultanfinal preparations weréhen checked forfree
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vancomycin by mass spectrometryarnd biological assay The molecular formula for
vancomycin is ggH7sC12NgO24 and the molecular weight is 48 g/mol. There was no peak

at m/z 1450(associated with the protonated vancomycin ion, (M#+kund in the polymer
after purification by centrifugain in PBS.The biological assay involvedpotting the re
dissolved polymers and supernatants fron 2% and 3° precipitations directly onto BHI

agar that had been peoeated withS. aureus After incubation overnight at 37°C, the
presence of any inbition of growth could be seen as an area of clearing in the bacterial
6l awnb.

It was found that supernatant of the polymers oktirom the first and second washirgiill
had antimicrobial activity, whereas the supernatant and the polymer from the third
precipitation did natAn example ofthe biological assayis shown in figure 22 The
findings wereexpanded upon and confirmed using minimal inhibitory concentration testing

which is reported in Chapter 3.

Superngant from 3°

Polymer after washing

Supernatant from T Supernatant from 2
washing washing

Figure 2.29 The rapid test of bactericidal activity of polymers before and after washing by
heating vancomycinfunctionalised polymerin PBS andthe supernatants obtained by
centrifugation from eacprecipitationstepwere spotted onto lawns 8t aureusBlue circles

indicate aremof sampleapplication

When all polymer samples were purified as described above, an ELISA was carried out in

order to determine the amount of vancomycin in the polymers.
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Figure2.30 Standard curve of an ELISA of vancgaon andthe amount of vancomycifper
mg of polymer)ontained in HBPNIPAM-van (@) and LPNIPAM-van (* )

Table 2.10 Summaryf the determination of the amount of vancomycin in the polymers from
ELISA and'HNMR

Type of polymer Loading of vancomycin® %Vancomycin
(mg/mg of polymer) functionality "

HB-PNIPAM-van 0.025 3

L-PNIPAM-van 0.028 2.6

#Loading of vancomycin (per mg of polymer) from ELISA

PohVancomycin functionality estimated frotINMR in D,O by rise of peak at 5:8.6 ppm

(1H integral pewancomycin) compared to the isopropyl peak (1H integral per backbone unit)

Figure 230 shows a representation of the vancomycin standard plot. The vancomycin
concentrations were varied from20bmg/ml in 1%BSA (w/v)-PBSTween20 using 1:2
dilutions Theresult indicates that theancomycin contained in-ENIPAM-van and in the
HB-PNIPAM-van wasat very similar levels.e. 0.028 mg and 0.02 mg (per mg of
polymer) respectively.These data are based on repeat experinrntsising only a single
concentrabn of polymer for the assay. For a more accurate determination of the amount of
vancomycin present, a dilution series of each polymer should be assayed was not
done However,despite this weaknesthe finding thatL-PNIPAM-van and HBPNIPAM-

van polmers containeegquivalent amoustof vancomycinwas confirmedy othermethod,
namelythe binding of vancomycigroupsto its D-Ala-D-Ala dipeptide target, the details of
which are included in Chapter &nd by estimationfrom HNMR. The %vancomycin
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functionality estimated fromMHNMR showed it to be verysimilar to the %vancomycin
loading value obtained from ELISA(2.5% in HBPNIPAM-van and 2.8% in {PNIPAM-

van). The ELISA method may give amderestimate of the amount of vancomycin present on
the polymerbecause it relies on antibody being able to access all of the vancomycin groups
on the polymer molecules. It is possible though that some groups may be inaccessible,
however, the polymers were in the open coil morphology in the ELISA method we used so
the vancomycin in the outer shell of the HENIPAM should be accessible to antibody. It is
acknowledged, however, that vancomycin groups in the inner core may not be accessible to
antibody, although these would not be accessible to bacteria either, so th& deteated

could be considered to be that which are functionally binding groups on the polymer.
Interestingly though, the percentage vancomycin content detected by ELISA was very similar
to that detected by NMR suggesting that the amount estimated by B I®t a significant

underestimate
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2.5 Conclusiors

HB-PNIPAM-van was successfully synthesised by SERAFT polymerisation using -4
vinylbenzyl pyrrolecarbodithioate as a RAFT monomer to provide branching points. The
polymer chain ends weffenctionalised with vancomycin antibiotics to result in targefng
aureus The linear analogueersionwas synthesised with the same amount of vancomycin
and the same fraction of repeating units using vinyl benzoic acid as a comonortaeto p
aryl growps into the polymer and produce an equivalent monomer composition to the
branched analogu& HB-polymer anda linear polymer with different end groups, namely,
carboxylic acids and vancomycin, were characterised using several techniques. The results
from micro calorimetry and turbidimetry showed that linear and highly branched polymers
with vancomycin chain ends behaved differemthbove their LCST due to their architecture.
This observation could be explained by HBBIIPAM-van having a corshell structureThe
densely packed core originates from desolvated PNIPAM and the outer shell stems from
solvated polymer that is swollen witater with the charged vancomycin probably adding to
the osmotic component of the swelling by partial penetration of the engginto the shell

The particles innanoscale dispersiowere stabilised by electrostatic repulsion above the
LCST, resulting in an undetectable cloud pointimpidimetry However, the LCST of the-L
PNIPAM-van could be detected by both techniques lezaabove its LCST, vancomycin
would be shielded inside the globule, leading to aggregation of the polymer. Thus, it could be
concluded that the polymer architecture aimelnature ofthe end groups play a significant

role in the phase transition behaviafr polymers. In this work, an alternative sandwich
ELISA was developed to determine the amount of vancomycin in both linear and highly
branched polymer. This method proved to be reproducible and can be routinely ubed for
assay of vancomycin in thesggs of the polymers. From these results, it could be concluded
that both linear and highly branched polymers functionalised with vancomyd¢hekgbove
protocol contain the same amount of vancomycin which is useful for comparison of their
behaviour in futher experiments. Purificatioof the polymer is a most crucial step because
any trace of free vancomycin and small polymers molecules with vancomycin will confound

the measurement the polymer functionalisation
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Chapter 3 : Determination of the kiling capability of polymers

functionalised with vancomycin

3.1 Introduction

S. aureusis considered to be one of the major causes of severe infection leading to
bacteraemia and sepsis with potentially fatal outcpn®, 7 52, 185, 186]From 1942 to
theearly 195@,t h dactédm antibiotidbenzylpenicillin, was used for treatment&faureus
infection. However, by the late 1950s, resistanaureusstrains were discovered due to the
expression ofa b-lactamas enzyme In 1959, methicillin had been developed which
protected the sensitiie-lactam bond fronb-lactamases in resistant strains. Unfortunately,
methicillin-resistantS. aureu§MRSA) occurred as soon as it was applied clinically. With the
emergence of MRSA siedhe 1980s, glycopeptide antibiotics weeemp | oyed as 061 as
antibiotics and are still used todayancomycinwasthe first member othe group to beised
clinically for treatng MRSA infection [62, 187, 188 but theemergence of vancomyein
resistant enterococci in the middle of the 1980d subsequent transfer of that property to
MRSA strains haseightenedawarenes®f the antibioticresistance problemNow many
strains ofS. aureusare showing decreaseensitivity to vancomycin anich the hst decade,

the clinical and laboratories standards institute (CLSI) showedminénum inhibitory
concentration(MICs) of resistaoe, intermediate andsusceptibleS. aureusstrains for
vancomycin havetoh®B88e®g#t8mbeny / OB fghmoahdGrém

02 eg/ml to 0O4 [139)/ltm$ obvioessthae thdnireas |iny antibiotic
resistanceof S. aureushas focussed attention on the need for new strategies to thiskle
problem. Such strategies include the introduction of novel antimicrobial agents, improved
early detection of infection and improved antibiotic stewardship across the world.

Here, we have focussed on the idea of improving detection of infection awedusad
vancomycinrfunctionalised PNIPAMs as responsive binding moietieStaureusWhile we

have already describefiat the highly branched PNIPAM functionalised with vancomycin
(HB-PNIPAM-van) can bindS. aureusresulting inaltered LCST and consequ# coil-to-

globule transition and desolvatiamd that this could be useful for detection of infectibrs
essenti al t hat use of this O0detectoroé woulc
resistanceAlso, features of bacteria themselves coulfluence their interaction with the
polymersand sowve have extended the rangf strains ofS. aureustudied and explored their

relative sensitivity to vancomycin

102



There are several techniques used for measuring antimicrobial effect. The most common is
determination of the MIC, which is the lowest concentration of active agent that inhibits the
growth of the test organism. MICs are routinely determined by broth microdilution (BMD) or
breakpoint in agar. The BMD method was chosen as the most approjndke fform of the

drug i.e. polymerconjugated vancomyciiibecause it provides actual MICs rather than

sensitivity to a praletermined break poift89].

3.2 Materials

Vancomycin hydrochloride hydrate (Sigma Aldrich), Bragart infusion broth (BHI; Sigma
Aldrich), Brain heart infusion agar (Sigma Aldrich) were used as purchased. Four sti@ins of
aureuswere used;NCTC 6571 (Oxford), S235, Newman and L987@wo versions of
PNIPAM were tested; iIPNIPAM-van, 25:1 HBPNIPAM-van

3.3 Methods

3.3.1 Determination of Minimum Inhibitory Concentration (MIC)

All bacterial strains were cultured in BHI broth and incubated overnight at 37°C.
Vancomycin hydrochloride hydrate was sb$/ed in BHI broth and filtesterilised
(0.22mm). Twelve twaofold serial dilutions of vancomycin were prepared in 96 well
plates with control wells containing BHI broth but no drug. Suspensions of each
bacterial strain in BHI were adjusted to an optical density of@0nm)and 100pl

of each addetb the wells containing the vancomycin. The plates were then incubated
at 37°C overnight and the MIC determined by observing the lowest concentration
where there is no bacterial growth. Each MIC test was conductéd/mseparate
occasions. Figure.B shavs the layout of the wells with the relevant vancomycin
concentrations. The 96 wellates were designed as figurd.3The concentrations of

vancomycin ranged from 125@/mli 1.2ng/ml.

1250 625 313 156 78 39 19 98 49 24 12 0 pg/ml
Inoculated test

Uninoculated control

Figure 3.1 Schematic showinghe layout of the 96 well plates with the range of the

concentration of vancomyeciin this example the MIC for the strain is G§/ml

103



3.4 Results and [scussion

The minimuminhibitory concentrations (MITof vancomycirof the four strains 086. aureus
employedare shown in Figure 3.5train L9879 was the most sensitive (MIC dagZml), the
sensitivity reference strain NCTC 6571 (Oxford) and the clingmdate, S235 had an MIC of

2.4 ng/ml, while strain Newman was slightly more resistant (MIC digdml) (Figure 3.2)

The MICs oftwo vancomycinfunctionalised polymers, were tested with the fBuraureus
strains;L-PNIPAM-van, HB-PNIPAM-van. Incontrastto the free vancomycin, no polymer
demonstrated any inhibitory activity towards any of the strains up to a concentration of 1250

ng/ml (figure 33).

MIC of vancomycin of four S. aureusstrains

Oxford (NCTC 6571)
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Figure 3.2 MICs of vancomycirof four strains ofS. aureusThe lowest concentrations of
vancomycinrequired toinhibit the visible growth of bacteriarethe concentration between
the last wellsn which there is no bactetigrowth and thefirst well showing growth(cloudy)

after overnight incubatian

Table 3.1 MICs of vancomycin on the four strain§Sofwureus

Types of strains MICs (ug/ml)
Oxford (NCTC6571) 2.4
S235 2.4
Newman (Du5883) 4.9
L9879 1.2
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MICs of the two different types ofpolymers functionalised with vancomycin

We then testedhe linear and hyperbranched polymers functionalised with vancomycin,
which had been purified by repeated precipitation (as described abovehilotory activity.

The results are shown in Figure 3.3. Unlike free vancomycin, nditi#&IPAM-van nor
HB-PNIPAM-van had antimicrobial activity against any of eaureusstrains and this was

true for all batches of the polymers tested.

L-PNIPAM-vanwith Oxford (NCTC6571)strain

1250 625 313 156 78 39 19 9.8 49 24 1.2 0 eg/ml

Figure 3.3 Example images of antimicrobial activity testing ofPNIPAM-van and HB
PNIPAM-van with Oxford (NCTC 657)1strainwhich show thaneitherpolymershad any

detectablenhibitory activity towardS.aureus

Krishnamurthyet al. synthesised bifunctional polymer with vancomycin and fluorescein in
order to bind toS. aureus They showed that the bifunctional polyneuld recognise the
Gramypositive bacterial surface and also provide specific binding by-flantescein
antibodies used for promoting phagocytosis of opsonised bacteria. Interestingly, they
concluded that for bacteria to be bound to the polymer thrawagitomycin it is not
necessary for the polymer molecule to diffuse through the peptidoglycan of bacterial cell wall
[25, 36] This confirms the work reported here and is consistent with our interpretation that

HB-PNIPAM-van binds to bacteria and forms a polyrhacteria complex but without killing
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the organism. This can be explaineddmysideration of theacterial cell wall structure. The
peptidoglycan of bacterial cell walls comprises glycan chains withdppgndedamino acid
peptides that are creisked to an adjacent peptiadeg a glycan chainThat crosdinking is
mediated by cleavage of the terminal two amino acid8|d3D-Ala, and the linking of the
penultimate amino acid to the adjacent chaisuallyvia diaminopimelic acid or lysine
residueq10]. Much of this crosdinking is thought to occur near the cytoplasmic membrane
at the growing point§39]. The resultantrosslinked peptidoglycan isa three dimensional
structure with pores anthese pores provide an elementsaéving since there is a size
exclusionlimit [190]. The diffusion ability of molecules mainly depends on shapes, relative
sizes and the types ofoleculeq25, 191] However, the bacterial cell walls are not uniform
and poresizes can be changed dependingsenea factors such as ionic environment.
Additionally, the natureof solute, charge and hydrophaby, and chemical reaction between
matrix and solvent also have an effect on diffusion of moledu&]. Scherreet al.studied

the sieving properties dhe Bacillus megateriuncell wall using variougypes and sizeef
hydrophilic molecules. They concluded that tel walls of B. megateriumselectively
allowed molecules, of Mi70-120 kDa and a hydrodynamic radipfsapproximately 8.3 nm to
passthrough. Howeverthis size range is not necessarily applicable toGadim-positive
bacterial cell wallssince they demustratediversty in architectureand degree of cross
linking [191]. The staphylococcal cell wall is considered to be @highly crosslinked type

with about 8690%, crosdinking while other species are about-58% crosdinked [190,

193]. From ths it can be assumed that for molecules to penetrate int®. taereuscell wall

they would need to be smaller than 70kBawever, that conclusion is only valid for linear
polymers. Branched polymers are more compact and much higher molar masses can be
attained with hydrodynamic radii in the 5 to 10 nm rarigenkampet al. also showed that
antimicrobial activity depends on molecular weight of polymeric antimicrobials. They
synthesised doublgelective synthetic mimics of antimicrobial peptides (SMAMBwt
were able to differentiate betweé&n coli (Gramnegative) andS. aureus(Grampositive)
bacteria respectively and showed that SMAMPs with a molecular weight of 3000 g/mol could
penetrate into thé&. aureuscell wall and kill the cell, while SMAMPs 050000 g/mol
remained outside the peptidoglycan layeGofiureusvith concomitant loss of antimicrobial
activity. Theyreported that the higher molecular weight the greaterytisodynamic volume

of the SMAMP [194]. Reportingthe size of polymers is alsinportant for a study of

antimicrobial activity of materials. Therefordnydrodynamic radii of the vancomycin
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functionalised polymers are characterised. The number avera@® can be also obtained

from methanol SEC

Here we have shown that both thé®’NIPAM-van and the HB?’NIPAM-van did not have
antimicrobial activity aginstS. aureusut that the HBPNIPAM-van still bound to bacteria

and formed bacteripolymer complexesThe result from methanol SEC of owrANIPAM-

van and HBPNIPAM-van clearly showed that the average molar mass and hydrodynamic
radii of HB-PNIPAM-van was much higher than that of the SMAMPonsidering that the
average malr massof HB-PNIPAM-van and EPNIPAM-van was about 2000 kg/mol and

640 kg/mol respectivelytable 2.2)these are an order of magnitude larger th&SMAMPs

of 5000 g/molused in thestudy by Lienkamgtal.[194]. Moreover the peaknumber average
hydrodyhamic radii of HBPNIPAM-van and EPNIPAM-van obtained from methanol SEC
(Fig2.14)were approximately 20nmwhich was greater than the exclusion sizeSofauerus
peptidoglycan (~8nmijeported by Lienkamp et al (200®article sizes were also measured
using a Brookhaven Instruments 90Plus particle size analyser, which provides both average
diameter with the dispersity index and the size distribution. The average diameter of HB
PNIPAM-van was found to be 321+4.4 nm while the mean diameterRNIPAM-van was

380 + 93nm. The dispersity index of HEBNIPAM-van and EPNIPAM-van were 0.19+0.01

and 0.44+0.02, respectively. The intensity distribution is shown in appendix 3. The large
mean diameter of the polymer obtained from this technique is thought to indicate
considerable aggregation of both polymers in dispersion at that temperature. Moreover, a
high dispersity was observed for thePNIPAM-van, which coupled with a lower average
zeta potential indicates a less stable colloidal dispersion in suspensiors likaky/ito be due

to the polymer architecture.

There are several factors that can influence the quality of dynamic light scaterring (DLS) data
including long distance electrostatic interactions between the particles, the sample
concentration, viscosityffects and multiple scattering. Even though, the method can be used

to analyse samples consisting of a broad range of distribution of species, it is less reliable
when used for nenigid molecules, like our highly solvated coils of PNIPAM. Also, although

the Stokestinstein equation provides hydrodynamic diameter values from the DLS
measurement, it is only accurate when single scattering events are measured (i.e. that each
photon detected has been scattered by the sample only once). If the polymenyis high
solvated or contains large particles, it may significantly affect the precision of DLS analysis.
Moreover, DLS at a fixed angle can only provide accurate results for single scattered light
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and certain particles. Different sizes of particles scattegréifit intensities, which depend on

the scattering angle. Thus, multiangle DLS at several scattering angles is recommended in
order to provide the highest quality measurements. However, such an instrument was not
available to us at the time this work wasdartaken. More investigation using other
techniques is required to determine the hydrodynamic radius of our polymers such as
diffusion-ordered NMR spectroscopy (DOSY NMR3wift et al.found that DOSY NMR
provided a similar number averageygRof PNIPAM wsing the Stokes Einstein equation to

the value determined from methanol SEC when the polymers were analysed in deuterated
methanol[150]. Based on these results, we suggest that the vancomycin at the chain ends of
HB-PNIPAM-van bind only to the EAla-D-Ala peptides availablenear the surface of the
peptidoglycan and is not be able to diffuse through Sheaureuscell wall. Moreover
Demchicket al. studied the permeability of isolated saccule of the Gpasitive bacillus,
Bacillus subtilis using the flucesceinlabelled dextran. They found that, after an incubation
time of 24h, only molecules with a mean radig®.2 nm could penetrate tipeptidoglycan

which corresponded tolmear polymemM, of 24kDa. They concluded that any large globular
molecules ¥50 kDa) could not pass through their prepareitiwalls[195]. Nonetheless, our
hypothesis that actual penetration of the peptidoglycan by ewand HBPNIPAM-van
polymers is not required for binding is supportsdthe report of Krishnamurthgt al. who

found that a bifunctiongbolyacrylamide with vancomycin and fluorescein {g/AF), which

had a particle size of about 100 nm and a molecular weight was 136 kDa, could interact with
D-Ala-D-Ala of peptidoglycan of Grarpositive bacteria but did not diffuse through that
layer. Theyconfirmed that such a polymer was too large to pass to the membrane surface
and did not act as a lytic antibiof25]. These data and our data seem to suggest that the HB
PNIPAM-van interacts with a proportion of the-Ala-D-Ala peptide located towards the

surfaceof the bacterium, as illustrated in Figurd.3.

A schematic summarising how HBNIPAM-van could be interacting with the cell wall 8f

aureusis showed in figure & below.
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Figure3.4 A model explaining how HB?NIPAM with vancomycin chain ena®uldinteract
with D-Ala-D-Ala peptides in the cell wall without influencing the integrity of the cell wall

(notto scale)

3.5 Conclusions

In conclusion, we have shown tharification by repeated salt and heat pré@pon results

in highly purified vancomycin functionalised-PNIPAM and HBPNIPAM. Our data show
that these polymers do not k. aureusbecausehey are too large, in terms ™, and
hydrodynamicradii, to penetrate sufficiently into the cell wall tind to enough uncross
linked D-Ala-D-Ala residues to disrupt the integrity of the peptidoglycan.raitther work

is required to obtain definitivegpticle size data but all indications are that the polymers are
too large to penetrate through bacterial peptidogly®®e. conclude, therefore, that the
binding interaction involves only surfatecated DAla-D-Ala on the bacterial cell wall his

is mostlikely to be concentrated near cell division sites.
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Chapter 4 : The effect of hydrophobicity and electrostatic charge of

bacteria on binding ability of the polymers

4.1 Introduction

Over the last decade, several studies have focused on the development of pohatezrads

that can either detect or capture microorganisms for diagnostic purfa@&e©ne of the

major reasons for the interest in synthetic polymers is that they not only are able to interact

with microorganisms but also have desirable fumatiities that can be designgsd, 35]

The binding of microorganisms to their targets is a complex process. There are a variety of
factors that influence the system, such as hydrophobicity of the bacterialidatie and its
targets or electrostatic interaction between bacteria and recg®@@is The hydrophobicity

of various strains 0%. aureusas been considered an important property that plays a crucial
role in the interaction between the bacteria and targets, sucbsagissues or medical
devices[47, 48]andRosenberget al. showedthat the hydrophobic nature of bacteria plays a
crucial role in the attachment of bacteria to living and-indng target surfacefl92, 196]
Jonsson and Wadstrom showed that strair$s. @iureusvith high levels of surface protein A
exhibit better interetion with the hydrophobignteraction chromatography matrix, Octyl
Sepharose and it is thought that this feature also influences its ability to adhere to other
surfaces, including mammalian targ¢t®7]. However,given the apparent importance of
PNIPAM desolvatn in the response to bacterial interaction, we wishezkpborewhether
electrostatic charge and hydrophobicitfluence the interaction betwee®. aureusand

vancomycinfunctionalised®NIPAM polymers.
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4.2 Hydrophobicity test of S. aureusstrains

It is well known that there is variation in the hydrophobicitySofaureusstrainsand this can
affect their behaviour in terms of adherence to surfaces and other binding projp&dégs
This variation in hydrophobicity depends on the presence and amount of certarutaslon
the bacterial cell surface, for example raureughe structure and amount of protein A and
IsdA [46, 198] Given that ouresults in bapter 2 (section 2.4.4howed that the change in
hydrophobicity of the polymer chain end significantly affects the phase transition
temperatures and solubility odur PNIPAM polymers it seemed possible that the
hydrophobicity/hydrophilicityof a strainmay influenceits binding of our vancomycin
functionalised polyrars. We thereforecomparedthe hydrophobicity of strainef S. aureus
and correlated that with their ability to form aggregates with the vancosfiyoationalised

polymers

The method ofassessg bacterial hydrophobicity used in this work was based air th
partition between the ngpolar solvent, hexadecane, and an aqueous phase, (phessate
magnesium buffer; PUM). The degree of hydrophobicity correlates with the degree of
partition into the hydrophobic solvent.

4.2.1 Materials
Hexadecane (Sigma Aldh) was used as purchased. R@,.3H,O (Sigma Aldrich),
KH,PQO, (Sigma Aldrich), MgSQ.7H,O (Sigma Aldrich), urea (Sigma Aldrich) were

used as received.

4.2.2 Methods

Phosphataeireamagnesium buffer (PUM buffer) was prepared by dissolving 7.26 g of
KH-PO,.3H,0, 19.7 g of KHPQ,, 0.2 g of MgSQ.7H,0 and 1.8 g of urea in 1 dm

of deionised watelS. aureusNCTC 6571 (Oxford), S235, L9879 and Newman were
grown overnight in BHI broth at 37°C. The cells were harvested by centrifugation and
washed with PBS thestimes. After that, the bactdriatrains were resuspended in
PUM buffer to 18cells/ml. The hydrophobicity of each strain was determined using
the method of Rosberget al.[199]. Briefly 200 ul of nhexadecane was added to 3

ml of each bacterial suspension, vortex mixed2 minutes, and then left for 15
minutes at room temperatut® allow the two solventphasesto separate. The

agueous phaseyhich was the lower layer, was carefully collected @sdoptical
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density (OD) measured at 540 nm using a spectrophotometer. The % hydriiphobic

was calculated by equationl4

b'@Qi & i Q0 Qe Wp T T eq.41

Initial OD = Absorbance values @fqueousbacterid suspension before adding n

hexadecane

Final OD = Absorbance values afiueous phasddcteral suspensionafter mixing

with n-hexadecane

S.aureusst rains considered highly hydrophobi
between 20%0% are consideretb be moderately hydrophobic and hydrophilic
strains have values less than 20%.

4.2.3 Results and ascussion
The % hydrophobicity of the four strains &. aureusobtained by the hexadecane

partition methodare shown in figure 4.1.

ns

100- ”
—
> 801
o
S 604
=
Q.
o
5 404
>
I
= 204
0 '
N
&
«0
& ¥

Figure4.1 %Hydrophobicity of fourstrainsof S. aureusnamely Oxford NTC6571), S235,

Newman and-9897.The significance between differences in zeta potential were tested using

one way ANOVA incorporating Tukeyds multipl:
significance is defined bl value:*** PO 01, r® = not significan® > 0.05
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Figure 4.1shows that the % hydrophobicity of the NTC6571 (Oxfoady S235
strains was 89% 3.2 and 91% + 3.7 respectively, which indicates that they are
hydrophobic strains, whereas the % hydrophobicity oL 8&79 and Newman strains
was 41% = 2.1 and 43% + 1.4 respectiyaéhglicating that they were only moderately
hydrophobic strains.

Wilkinson et al. showed thatS. aureusis typically hydrophobic and its level of
hydrophobicity increases in stationglgasecultures compared with exponential
phase culturegl92]. The cultures used hemwere in stationary phase. Agentioned
above, there are several factors that influence the hydrophehyatgphilicity of S.
aureus.Rosaburg et al.revealed thahydrophobicityof S. aureis correlaed with
presence ofprotein A on the cell surfaceand Reifsteck et al. suggestd that
fibronectinbinding proteins, as well as protein A play a primary role in the total cell
suiface hydrophobicity of taphylococci. However, capsulation also ffects
hydrophobicity as this is a relatively hydrophilic layer on the cell {182, 196]

4.3 Assessment opolymer binding to bacteria
Having determined the relative hydrophobiafyfour strains ofS. aureuswe now wanted to
see if there was any correlation between that property and their ability to interact with the

vancomycinfunctionalised polymers.

4.3.1 Materials
UltraPure™ Ethidium bromide (EtBr) (Thermo Fisher) was used as received. Alexa
Fluor® 488 (abcam) was used as purchased. DMSO (Sigma Aldrich) was used as

received.

4.3.2 Methods
Bacteria preparation

Four strains o. aureusvere employednamelyOxford NCTC 6751) S235, L9879
and Newman. These were cultured in BHI broth at 37°C overnight, washed in PBS

and resuspended in appropriate buffer to obtain the desired concentration (cells/ml).
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Bacterial counting

1 pl of bacterial suspension waliluted with PBS (49 pl) and 5 pl of this suspension
was added to a Helber counting chamber to count the total nuib&cteria present.

Equation 4.2vas used to calculate the number of bacteria per millilitre.

® ek

v TMTMUT PTITIQQ FME 60 & WD ®OwWwo Vix W
X =the number of bacteria counted in one small square of the chamber
df =dilution factor (usually 1:50)

The volume of bacterial suspensitm provide therequirednumber of bacterigper
well was calculated using equatidn3 To visualise the bacteria in the mat/button
experiments, they were suspende®BS/Ethidium bromide

0Qi G QDOQI £ Qb %@ Qi Qo
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Mat/button aggregation i rapid method for assessing bacterial binding to

PNIPAM -van polymers

5mg of L-PNIPAM-van and HBPNIPAM-van was dissolved in 1ml of PBS. The
concentration of each strafh aureusvas prepared at 1xi@ells/ml. HBPNIPAM-

van and EPNIPAM-van solutions were incubated with each strain individually in
PBS at 37°C for 24 hours in rowhbdttomed 96 well platedn this method non
aggregated bacteria settle to the bottom of the well rolling down the sides to collect as
a tight button. Aggregated bacteria, however, settle as a thin mat and are unable to roll
down to form a buttonThe contols of the experimentwere HBPNIPAM-van, L-
PNIPAM-van, andS. aureusaloneandprepared under the same conditions. After 24
hours, the samples were viewed under UV light. The binding ability of the polymers
was extrapolated from their ability to form raat of polymetbacteria complex

compared with the controls.
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HB-PNIPAM-van [{6

37°C

Visualised under UV light

37°C

Figure4.2 The scheme of rapid Mat/button assay for-ABIPAM-van and EPNIPAM-van

4.3.3 Results and discussion

4.3.3.1 Aggregation &say (matbutton) comparing HB-PNIPAM -van and Linear
PNIPAM -van usingS. aureusOxford (NCTC6751)

Highly branched and linear polymers were incubated®BS without bacteria as
controls (Fig 4.3J, K). HBPNIPAM-van and EPNIPAM-van (samples were
incubatedwith 1x1Gcfu/ml of theS. aureuOxford (NCTC6751)in PBS(Fig 4.3B,

E, Hand A, D, G respectivelyBacteria alone are shown in fig 423 F, | After 2, 4

and 24 hours of incubation to allow the bacteria to attach to the polymer modified
with antibioics, the samples were visualised under UV light, and images were

captured. The bright area shetlie location ohonaggregatedbacteria.
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L-PNIPAM +S. aureu©Oxford HB-PNIPAM + S. aureusOxford S. aureuOxford

2 hours

4 hours

24 hours
Mat formation of Thefluorescent ring originated from
bacteriapolymer unbound bacteria starting to roll

complex down to the bottom of well

Contols: L-PNIPAM-van (left)

HB-PIPAM-van (righ)

Figure 4.3 Images capturedunder UV light of HB-PNIPAM-van and EPNIPAM-van

incubated withS. aureug1x10Pcfu/ml) for 2, 4 and 24 h (panels-). A central 6bu
cells represents no aggregationL-PNIPAM-van (Fig 4 3I), whereagpanelH shows a mat

of aggregated béeria andHB-PNIPAM-van (arrow). L-PNIPAM-van incubated withS.
aureusOxford (NCTC6751)(1x1Gcfu/ml) for 2, 4 and 24 hours imaged under-liyht (A,
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D and G respectivelyControl L-PNIPAM-van in PBS (J)HB-PNIPAM-van incubated with
S. aureuxford (NCTC6751)(1x1Ccfu/ml) for 2, 4 and 24 h images under Uight (B, E

and H respectively)Control HBPNIPAM-van in PBS (K).S. aureusOxford (NCTC6751)
(1x1C@cfu/ml) in PBS at 2, 4 and 24 hours (C, F and | respectively)

After incubation for 2 h, it was obsed that the mat was formed in HBNIPAM-
van whereas there was a bright ring #PNIPAM-van, which indicated that bacteria
had started to collect at the bottom of the well. Further incubation 24ftishowed
the collection bbacteria more clearly (§4.3 G v. H) with a clear mat forming in the
HB-PNIPAM-van but a button in the presence ePNIPAM-van which appeared

similar to the controls.

4.3.3.2 Aggregation assay (mabutton method) comparing HB-PNIPAM -van

and Linear PNIPAM -van in the presence obther strains of S. aureus

The previous results showed that the complete aggregation of baocibmiaer
complex was fully formed after 24 hourso
the aggregation of other strains, namely S235, L9879 and Newar4 h incubation

period was used.

Mat formation of bacteri@olymer complexmixed
i with small amount of unbound bacteria

___________________________________________________________________

L-PNIPAM +S. aureusS235 HB-PNIPAM +S. aureusS235 S. aureuss235 (Control)
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L-PNIPAM +S. aureus 9879 HB-PNIPAM +S. aureud 9879 S. aureud.9879 (Control)

L-PNIPAM +S. aureudNewman HB-PNIPAM +S. aureusNewman S. aureusNewman(Control)

HB-PNIPAM-van in PBS (J) (control)

L-PNIPAM-van in PBS (K) (control)

K

Figure 4.4 Images captured under UV light of HBNIPAM-van and EPNIPAM-van
incubated \ith S. aureusS235, L9879 and Newman (1>¥t€u/ml) for 24 h (panels A, B, D,
E. G and H) L-PNIPAM -van incubated withS. aureusS235 (A), HBPNIPAM-van
incubated withS. aureusS235(B), Control S. aureusS235 in PBS (C)L-PNIPAM -van
incubated withS. aureusL9879 (D), HBPNIPAM-van incubated witls. aureud 9879 (E),
ControlS. aureud.9879 in PBS (F)L-PNIPAM -van incubated witls. aureusNewman (G),
HB-PNIPAM-van incubated witls. aureusNewman(H), Control HBPNIPAM-van in PBS
(J), Control :=PNIPAM-van in PBS (K) L-PNIPAM-van fails to bind toS. aureusS235,
L9879 and Newman as thight buttons of noraggregated cellshow in the centre of (A),
(D) and (G) A slightly smaller button mixing with some aggregates was observed in HB
PNIPAM-van incubatd withS. aureuss235 (fig 4.48)
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LinearPNIPAM-van and HBPNIPAM-van were prepared using similar chemical synthetic
processes and with equivalearthount of vancomycin loadingummary of results for both

polymerscan be seen in tabiel

Table4.1 Summay of molar mass averages, vancomycin content, degree of functionality and
LCST of L-PNIPAM-van and HBPNIPAM-van

Polymer M*(kg/mol) B wn®  Loadingof  %vancomycin LCST®
vancomycir®  functionality® (°C)

(mgper mg of

polymer)
L-PNIPAM-van 640 1.33 0.028 2.6 37
HB-PNIPAM-van 2,000 3.48 0.025 3 33

% Data calculated frormethanol SEC

®| oading of vancomycin (per mg of polymetdtermined by ELISA

¢ Percentag&ancomycin functionality estimated by rise of peak.at5.6 ppm (1H integrals

per vancomycipcompared to the isopropyl peak (1H integrals per backbone unit) from

'HNMR of purified productsn D,O

4LCST determined by microDSC
The S aureuslaboratory strain Oxford (NCTC6751) is employed as a standard for in
vitro antibiotic sensitivity assaymd was usedereinitially as a representative of the
speciesHB-PNIPAM-van was efficiently bound tthis strain(fig 4.3), asit formed a
mat of bacterigoolymer complex, whereatke linear analoge versionL-PNIPAM-
van did not but instead a button wasrfoed which was similar to the control of

bacteriaalonein PBS.

For thesimilarly hydrophobic strain$235 which isa clinical isolateobtained from

the Royal Hallamshire hospital, HBNIPAM-van could also bind to the bacteria
showng mat formation in tb assayHowever, small amounts of unbound bacteria
still appeared as tiny buttons, but the amount of unbound bacteria was much smaller
than thatof the control.Again with the linear polymer, a button of unbound bacteria

was formed
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The L9879 and Newmastrains weremore hydrophilic than the other two strains.
L9879 is a clinical isolate from the RHH diagnostic laboratory and strain Newman is
a widely used strain in research labeeformer has a truncated protein A (I. Douglas,
personal communication) hle the latter does not retain the fibronectbinding
proteins on its cell surfad@00]. It was found that HEPNIPAM-van failed to forma

mat @ggregate with either strain and buttonsvere clearly visible However,
compared withthe control and thé-PNIPAM-van polymer, the buttons were less
distinctandslightly smaller. It could bepeculatedhat HB-PNIPAM-van was able to

bind to smallamounts of bacteria but was not efficient enough to cause aggregation of
bacteriacompared with the Oxford (NCT8Z51) and S235 strains. -RNIPAM-van

again failed to bind to either the L9879 or Newman strains as shown by button
formation in the assayl.here was no visible change in wells containing®NIPAM-

van and HBPNIPAM-vanpolymersalone after incubation.

To confirm that the mats seen in the above assay represent the formation of

aggregates;onfocalmicroscopy was used &xamine thenfurther.

Confocal microscopy is a versatile technique that is widely usettherfields of
biomedical and material scierscelt has the advantages oveaditional light
microscopy of higher resolutiorand the ability to visualisboth the lateral and axial
directionsas well as generatirthreedimensional images. This technique can also be

used to image living or fixed cells that are labelled with fluorescent dyes.

4.3.3.3Confocal imaging of all samples

In order to view samples by confocal microscopy, bacteria \abedled with Alexa
Fluor® 488 fluorescent dy&. aureudNCTC6571 (Oxford), S235, L9879, Newman
were studiedand P. aeruginosawas used asa control Gramnegative speciesAll
strains were subcultured overnight, then, the cells were harvested by gatitriiu
andwashed with PBS three timesng of Alexa Fluor® 488 was dissoldén 1 ml of
DMSO. 10 ml of Alexa Fluor® 488 solutions was added int@cflOof bacteria in 1

ml of carbonate buffer pH 8.5. The mixtures were incubated with shaking at 4°C for 2
hours. Afterwards, bacteria were washed with PBS three times in order to remove
unbound dye. HBPNIPAM-van and LPNIPAM-van samples were incubated with
fluorescentS. aureus(10°cfu/ml) in PBS at 37°C overnight. The controls w&e
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aureuswithout polymer ad the polymersvereadded tdP. aeruginosawhich should

not bind vancomycin.

After incubating for 24 h to allow the bacteria to attach to the vancomycin
functionalised polymers, the samples were visualised by confocal microscopy.
Representate images a shown in figure4.57 4.8. In figure 4.5,P. aeruginosathe
Gramnegative control species, was seen not to aggregate with eitherRiXitRAM-

van polymers, whereasS. aureusOxford (NCTC6751)aggregated with the HB
PNIPAM-van (fig. 45F) but not thdinear analogous versidfig 4.5E). This finding
conformed thespecificity of binding of the vancomycimoiety on the HBPNIPAM-

van by the observation th&. aeruginosadid not aggregatel'he control (fig 4.6D)

also showed no aggregates

Figure 4.5 Confocal magesof P. aeruginosaand S. aureusOxford (NCTC6751) ljoth
1x1Ccfu/ml) incubatedfor 24 h at 37 °C P. aeruginosain PBS (A). L-PNIPAM-van
incubated withP. aeruginosa10®cfu/ml) in PBS(B). HB-PNIPAM-van incubated withP.
aeruginosa(1CPcfu/ml) in PBS(C). S. aureusOxford (NCTC6751) (1&fu/ml) in PBS(D).
L-PNIPAM-vanincubated withS. aureuOxford (NCTC6751) (1&fu/ml) in PBS(E). HB-
PNIPAM-van incubated witts. aureug10°cfu/ml) in PBS(F). These assawere conducted
at 37°C.
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In figures 4.5and 4.8 the white spots/or green spots showed the location of bacteria. It was
observed that large clumps 8f aureusOxford (NCTC6571) and S235 cells were formed
with HB-PNIPAM-van whereasio clusters ofbacteriawere found inthe presence of-
PNIPAM-van or in the PBS control.

S. aureusstrain Newman did not form a proper mat with 4RBIIPAM-van and this
corresponded with the cardal microscope images (figureB¥ that show only small clups

of fluorescentS. aureusNewman. This also occurred whé&h aureusstrain L9879 was
incubded with HBPNIPAM-van (figure 47). Both the nat/button assay and the confocal
microscope imageslemonstrateahat HB-PNIAM-van is capable of binding t8. aureus
strains Oxford (NCTC6751) and S235 at 37°C, above its LCST. Although sti@8@9 land
Newman did develop small aggregates of cells when incubated wHANHBAM-van, they
were considerably smaller than that seen with strains Oxford (NCTC6751) and S&35. Al
L-PNIPAM-van was unable to bind to any strainSofaureusbovethe LCST of the polymer
suggestingthat the polymer architecture plays a significant role in the accessibility of its
binding ligand to its targeiThe binding of four strainsf S. auregto both types of polymers

aresummarised in table 4.2
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Figure4.6 Confocalimages ofS. aureusstrain S235(1x10cfu/ml) incubatedat 37T for 24
hin (G) PBS;(H) L-PNIPAM-van (I) HB-PNIPAM-van (J) Zoom inof HB-PNIPAM-van
incubated withS. aureusS235
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Figure 4.7 Confocal magesof HB-PNIPAM-van and EPNIPAM-van incubated withS.
aureusNewman(10cfu/ml) in PBS at 37°C for 24 im (K) PBS (L) L-PNIPAM-var (M)
HB-PNIPAM-van. (N) Zoom inof HB-PNIPAM-vanincubated witls. aureusNewman.
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Figure 4.8 Confocal images of HBPNIPAM-van and EPNIPAM-van incubated withS.
aureus L9879 (10°cfu/ml) in PBS at 37°C for 24 hith (O) L-PNIPAM-van (P) HB-
PNIPAM. (Q) Zoom inof HB-PNIPAM incubated witts. aureus.9879.

Another aspect to be consideredth® interaction between the polymers and the
bacteria attemperature below thér LCST, when both polymersvould bein the
solvated form. To investigate thispat/button assay were carried out at room

temperatee in PBS. Figure 4.QA-H) shows the results of this study.
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Controls: HBPNIPAM-van (left)

L-PIPAM-van (righ)

Figure4.9 Imagesof S. aureusstrains (1x18 cfu/ml) incubated wittHB-PNIPAM-van and
L-PNIPAM-van for 24 lours in PBS at room temperature (22°G)B-PNIPAM-van

incubated withS. aureugOxford) (A). HB-PNIPAM-van incubated witts. aureugS235)
(B). HB-PNIPAM-van incubated witls. aureugNewman) (C). HBPNIPAM-van incubated
with S. aureus(L9879) (D). L-PNIPAM-van incubated withS. aureus(Oxford) (E). L-

PNIPAM-van incubated witls. aureugS235) (F). LPNIPAM-van incubated witts. aureus
(Newman) (G). EPNIPAM-van incubated witls. aureugL9879) (H).

A summary of theesults of thee aggregation assaycompaing HB-PNIPAM-van
and L-PNIPAM-van with fourS. aureusstrains below and above the LC&Ishown

belowin table 4.2.
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Table 42 Summary of results of binding of fol#. aureusstrains to HBPNIPAM-
van and EPNIPAM-van at below and above the LCST of gadymers

Samples Oxford S235 Newman L9879

22°C | 37°C | 22°C | 37°C | 22°C | 37°C | 22°C | 37°C

HB-PNIPAM-van ++ ++ + + - - - -

L-PNIPAM-van + - - - - - - -

(++ represents complete mat formation, + represantsxture of aggregated and

nonraggregated bacterig;represents unbound bacteria)

To determine themechanismof phase changef PNIPAM-vancomycin withS.
aureus it is necessary to understand the basic mechanism of free vancomycin
interactions with the bacterial cell wals described earlierhe S. auras cell wall
consists of highly crosknked peptidoglycan, which is erosslinked structureof
strands ofalternatingN-acetylglucosamine (NAG) and-acetylmuramic acid (NAM)

and tetrapeptide chains -Alanine-D-Glutamic acidL-Lysine- D-Alanine) that ee

cross linked from the lysine component to adjacent chains by pentapeptide glycine
bridges[187, 201] However,during synthesis of new peptidoglycan urihg initial
NAM-NAG-peptide complex that is transportedross the cell membrane has a
pentapeptideather than a tetrapeptide. The pentapepgtidainaesin D-Alanine-D-
Alanine and the ultimate BAlanine is cleaved during th&ranspeptidatiorncross
linking processVancomycin binds to BAlanine-D-Alanine andso hinders the cross
linking reaction resulting in a weakened cell wall asubsequenbsmotic lysis.
Vancomycin binds taN-Acetyl-D-Alanine-D-Alanine through 5 hydrogen bonding

interactiongd55, 56, 202] shown asdashed lines in figure. 0.
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Figure4.10 Binding of vancomycin to Alanin®-Alanine of bacteria cell wall

----0

However, there are several factors that influence vancomycintaciivie diffusion

rate of vancomycin to the division septum in bacteria, which is the main location for
the uncrosdinked D-Alanine-D-Alanine residues, plays a crucial role in determining
the efficiency of vancomycin killing188, 203] During the early stage of the
synthesis of the septunthere are fewer crodmked D-Ala-D-Ala moieties which
results ina high rate ofbinding of vancomycin. However, when growth is slow or
stopped and new cell wall is not beisgnthesiseanany more DAla-D-Ala moieties

have had chance to be crdsked and sahere is less opportunity for vancomycin
binding [62]. In addition, the interference by any process that competes with the
hydrogen bond interaction between vancomycin ardld3D-Ala residues of the
peptidoglycaris another factor that influences thimding activity [10]. In the case of
polymers functionalised with vancomycin in the presence of bacteria, the binding of

the vancomycin pendait illustrated in Figurd.11 and further explained below.
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Figure4.11 The interaction of polymer modified with vancomycin teAla-D-Ala in Gram
positiveS. aureusell wall peptidoglycan

HB-PNIPAM-van can bind tdS. aureusOxford (NCTC6751) below and above its
LCST resulting in a aggregatef polymerbacteria complex. Interestingly, when L
PNIPAM-van was incubated witls. aureusOxford at 22°C(below LCST of the
polymer)a small mat formedbut with a gynificant accompanying button bthere
was no sign of mat formation when thePNIPAM-van was incubated with bacteria
above its LCST (Fig QE). This finding could be explained by the accessible
functionality and polymer conformation§evera studieshave showrthat a flexible
polymerbackbonewith multivalent ligandshasgreater potencin biological activity
because it can adopt a more extended conformation to bind to recognition #&&irgets.
22°C loth polymerswith vancomycin endsre in tle fully-open coil conformation,
thus, vancomycin binding sites mustdmexessible for biridg to its target.Binding of
bacteria to vancomycin on both HENIPAM-van and EPNIPAM-vanshould induce

phase transition of the polymers leading todggregatéormation[17]. However, in
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the case of the-PNIPAM-van, formation ofa muchsmaller mabccurred andvith a
considerabldutton Thiswould be consistent with a degree of initial polymer binding
to the bacteria via the vancomycin pendant groups but thigldvbe followed by
desolvation of the linear polymer and conformational change such that the rest of the
pendant vancomycin groups would be shielded within the glolhidevever the
differentlength spacers and binding positions of vancomycin-PNIPAM-van and
HB-PNIPAM-van may have an effect on liganeceptor accessibilitgnd extent of

cell interactiors [144]. Even when the L-PNIPAM-van polymer is in the fully
solvated conformation,and vancomycin pendants othe L-PNIPAM-van that are
located along the polymer backboweuld be expected to biniw bacteria one or
more ofthe vancomycingroupsof its nearesheighbourpolymer chais may not be

able to orient itself properhp bind to othetbacteria cellsWe suggesttherefore that

this results inless crosdinking betweerpolymervancomycinboundto onebacteria

cell also binding toother bacteriacells. In contrat, complete bacterigolymer
complex formation was fourdith HB-PNIPAM-van. It was likely due taccessible
functionality between ligargland receptors. &hcomycin groups on HBNIPAM-
vanarelocated atheterminal chain segments of on average approximately 25 repeat
unitis, and because more bacteria are bound within the compléx possible that
there islonger spacer lengtltompared to LPNIPAM-van and this affects the
accessibilityof vancomycin to interact with bacteri/ork by Pasparakis et §ll44]
indicatedthatthe position of glucose functionality in copolymers of PNIPAM &nd
(dimethylamino)ethyl methacrylataffected the accessibility of ligands on bacle
cells. In their work tvo types of polymers were prepared, and glucose residues were
incorporated via either the anomeric carbon or Haniho position of glucosamine.
They found that the lattezopolymer formed larger aggregates of polyrbacteria
complex compared to the aggregates formed by the former. It was likely due to not
only the different molar mass between tt@polymers, but also thdifferencein
attachment position of the binding sitesd spacer lengtim both copolymersThis is
consisent with the findings of our study in thatet much smalleaggregate rha)
formationof S. aureuOxford (NCTC6751with L-PNIPAM-van occurredbelow its
LCST, which indicates that change inpolymer behaviour is associated with a
change in polymer archiécture from linear to braned while the chemical

composition was kept constant.
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Considering the formation of the bactepalymer complex (mat) when HB
PNIPAM-van was incubated with Oxford (NCTC6751) and S235 bactebave its
LCST (@t 37°Q, it is possble that there are a number of influences on this complex
formation Theseinclude binding of bacteria to vancomycin endsluced coHto-
globule transition of the polymea, role forhydrophobic interactiamand alsaa role

for cooperativity in multivalat interactios. S. aureussimilar to many bacteria, is
relatively hydrophobicBinding of bacterial cells to the polymer chain ends through
vancomycin molecules may trigger a chain of evéimés leads to desolvation of the
outersegments of the HBNIPAM-van, which creates more hydrophobiteractive
environment for bacteriil7, 204] This is consistent with the work described in
chapter 6 using the ligand, -Bla-D-Ala. Moreover, the crosdinking network
betwesn vancomycin groups on the polymer and-safface receptor ({Ala-D-Ala)

on bacteria couldalso be explained bychelate effect andigandinducedreceptor
clustering,which contritibute toin multivalent interaction reported by Bertozzi and
Keissling[205]. Cooperatiity is a pheiomenonn the system that consists of multiple
molecules in which the strength of the interaction between ligands and receptors is
higher than individual pairwise interactioWancomycin groups on the polymer
interacting withD-Ala-D-Ala in the bacteriatell wallsare considered as multivalent
ligands and receptorgspectively. Thewre able to form five hydrogen bonds to each
other @lled multivalent interactionfg’5]. Thus, binding ovancomycinchainends to
D-Ala-D-Ala on bacterial cell surface could cause bacterial clustering that leads to
aggregateformation [144]. In the case of {PNIPAM-van, no aggregation occurs
when the polymer was incubated with bacteria above its LCST because the
organisatiornof binding sites is one of the factors that is involved in the multivalent
binding mechanismespecially chelate effecAbove the LCST, the pendant ligands

of L-PNIPAM-van became shielded inside the globule, rendering them unavailable
for interacting wih bacteria. An increase in activity of multipoint interaction can
occur if the display of binding groups is favourably orienféds notionsuggests that

the polymer architecture plays a vital role in tbetcome of polymer binding
Moreover, the resultsfrom chapter 2 which highlight the effect ofpolymer
architectureonthe LCST, showed that the collapsed state of PIBIPAM-vanabove

the LCSTstill consists of mulple-binding sitedbeingavailable whereaszancomycin

on the linear analoguaould beshielded within the collapsed form of the polymer.
Thus, above the LCST, the aggregated mats are still formed whdPNHBAM-van
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was incubated witts. aureuOxford and S235 because the vancomycin end groups
do not penetrate into the collapsed coils and tigeseps still remain at the surface
even after the coflo globule transitionresulting in crosdinking between polymer
bound to bacteria and other bacterial cellsus, if HB-PNIPAM-van can bind to

more than one bacterial cell thanks to nplétbinding sites, it is likely that a network

of baceriapolymer is formed Furthermore, the same shielding behaviour that
resulted in the formation of-ENIPAM-van aggregates, which provided a cloud point

as detected by turbidimetry, also prevented binding ofdaet vancomycin to the
bacteria. Similarly, at 37°C, it seems likely that in the globules ofPNBPAM-van,

the vancomycin was located at the interface of the polymer and provided electrostatic
colloidal stability so that they were still available for eesing DAla-D-Ala moieties

in the bacterial cell wall. Assuming that these suggestions are true, then aggregation
of S. aureusnto large bacterigpolymer complexes is due, not only to binding of the
bacteria to the pendant vancomycin groups of the HBynped, but also the
consequent phase transition of the polymer which induces a more hydrephobic
interactive environment for the bactef206]. From the results in this worl, model

for formation of bacterigolymeraggregatesnia) with HB-PNIPAM-vanis shown

in figure 412 and the interaction with-PNIPAM-van in figure 4.13A composite of
supporting gidence is also shown in figure 4.14.
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Figure 4.12 Schematic representation of the mat formation of baekBidPNIPAM-van

polymer complex
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S. aureus L-PNIPAM-van 4S. aureus HB-PNIPAM-van +S. aureus

Figure 4.14 Imagesof the mat/button assaand confocal microscop of HB-PNIPAM-van
and L-PNIPAM-van incubated withS. aureusOxford (NCTC6751) in PBSor 24 h

(composite of sections of figs 4.4 &3

In summary, polymer architectusnd the accessibility of funcinal groupshave a
significant effect on its ability to interact with its ligand (i.e. {#BIIPAM-van vs. L
PNIPAM-van). Also, it is noteworthy that only the. aureusOxford (NCT(B571)

and S235 strains formed a mat of bactpoéymer complex with HEPNIPAM-van,
resulting in large clusters of bacteria, whereas no aggregates were formed \&th the
aureusNewman and L98789 strains. This is most likely to be due to factors other than
the availability of DAla-D-Ala in the cell wall such as electrostatic crergnd
hydrophobicity We have investigated hydrophobicity and seen a relationship between
that character and polymer interaction so we then investigated a possible role for

surface charge
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4.4 Bacterial surface charge

According to the corshell struture hypothesis of HBPNIPAM-van in solution, the result in
Chapter 2 indicates that the aggregates ofRMMBPAM-van are stabilised in solution by
electrostatic repulsion, which then fails to aggregate with some bactams above its
LCST. Consequel, it is important to investigate whether the negative charge on the
vancomycin HBPNIPAM end groups might cause a decrease in the binding ability of the
polymer to the hydrophilic strains &. aureusdue to charge repulsion interactions. There
are sevel studies that have shown the effect of ®eaureussurface charge on the
interaction with their targetf207]. Collins et al. found that the modification of negative
charges on the WTAs by introducing positive charges along them had a great influence on the
interaction between the bacteria and other molecules [42]. In addition, it was reported that
positively chaged polymer was able to bind to a range of badtesfecies through
electrostatic interactionsith their negatively chargedetl walls [207]. Therefore, the lower
efficiency of the HBPNIPAM-van with respect to the interaction with the hydroph8ic
aureusNewman and L9879 strains could possibly be influenced by the degree of bacterial
cell surface charge. Surface charge can be measured using electrophoretic mobility as a
function of ionic strength(zeta potential measuremerjf08] and so in this study, the
electrophoretic mobility of the bacterial cells and the polymers in suspensiorssessed.
Bacterial surface charge is affected by the pH and ionic strength of the aguspasading
medium. The charge on the bacterial cell surface stems from dissociation of phosphate,
carboxyl and hydroxyl groups at different pH values and the absorgtions in the solution

[168, 209]

Furthermore, Wilsoret al. showed that the electrostatic charge of bacteria, has an influence
on the polarity of those bacteria and their degree of hydrophilj2g@$]. Therefore, the
charges of the four strains 8 aureusstudied above could be a contributiragtor to its
binding to the PNIPAMvan polymersConsequently, the aim ¢his part of the studwas to
investigatewhetherbacterialcell surface charge &. aureusstrairs was correlatedwith the
levels of hydrophobicityof the strainsandor with their binding to the PNIPAM-van

polymers
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4.4.1 Materials

Potassium chloride (Sigma Aldrich), Dipotassium phosphatgHRK,) (Sigma

Aldrich), monopotassium phosphate (#D,) (Sigma Aldrich), Magnesium
phosphate pentahydrate (MgStHO), (Sigma Aldrich) wex used as received.

Urea was also used as purchased.

4.4.2 Methods

Four strains ofS. aureusnamely NCTC6751 (Oxford), S235, Newman and L9879
were subcultured in BHI broth at 37°C overnight. The cells were harvested by
centrifugation and washed with 01KCI pH7 twice. Bacteria were suspended in
either0.1M phosphate buffer pH 7, PBS pH 7.4 and PUM buffer pH7 to evaluate the
effect of buffer on the bacterial behaviour. Bacterial suspensions in the three buffer
solutions were adjusted to OD 1 (600 nm)r Eeta potential measurement 50 pl of
stock bacterial suspension was added to 1500 ul of each of the buffers and the
mixtures were vortexed before transferring to cuvettésta potentials were
determined using a ZetaPALS analyser(Brookhaven Instrument Cporation)
Measurements were carriedton triplicate for each sampl@he parameters used in

this study & shown below (Table.3).

Table 43 Parameters for determination of zeta potential

No. cycles 20

No. runs 5

Temperature (°C) 20
Liquid Water

pH 7

4.4.3 Results and discussion
The zeta potential (Zp) values of the f&iraureusstains, in each type of buffer are

shaown in figure 4 15
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Zeta potentialin PBS buffer Zeta potential in PUM buffer

Zeta potential (mV)
Zeta potential (mV)
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Figure 4.15 Bar charts showing theeta potential values of four strairdf S. aureus
suspendedh three different buffersTheionic strengtl of PBS PUM buffer and potassium
phosphate buffer wa3.164 M, 0.602 M and 02LM respectively The significance between

di fferences in zeta potenti al were tested
multiple comparison statistical test. The degree of significance is defind®l \ajue as
follows: **** PO 0. 0 P®1 0 ng=*hot significant? > 0.05

Several methods have been used to characterise the electrostatic properties of the
bacteri& cell surfacebut the most commonly used methodthe electrophoretic
mobility measurementfrom which the zeta potential value dhe bacterial cell
surfacecan becalculated The charge group of the bacterial cell wall responds
strongly to changes in pH and ionic strength. It can be dissociated or associated
depending on environmental changes. Thus, three buffers with differemt ioni
strengths were chos@s described abov@BS is a common buffer used in biological

studies. It maintains not only the osmolality of the bacterial cells but also the pH at
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7.4, which is the pH of blood. Thus, it is interesting to investigate the electric
properties of each strain in PBS. PUM was also chosen to study the electrophoretic
properties of the bacteria because it was usedhénhydrophobicity testsand
potassium phosphate buffaras used becausei#t a low ionic strengthandis often

used forelectrophoretic mobility studie$209]. Soni et al. used the zeta potential
measurement to investigate the influence of culture conditions and live and dead
bacterial cells on electrophoreticoperties of several species. They found that the
zeta potential values varied depending on the richness of the culture media and the
viability of the cells[210]. It was important for us to use constant culture conditions
and thatthey were the same as those used for the hydrophobicity and polymer
interacton studies Note that n figure 4.154.16, the zeta potential values were
obtained from the ZetaPALS program, and they were calculated from electrophoretic
mobility of each sample using the Smoluchowski equatiamch @an be seen in

equation 4.3

From figure 415, in PBS buffer, strain L9879 shows theghest Zpof -18.3+2.5,

while the lowest was sk by NCTC 6751(Oxford)-13.0£1.9. The result indicates

that in PBS buffer, the bacterial cell wall of the L9879 strhas the highest
negatively charged wall. Interestingly, when all strains were pedpiar phosphate

buffer pH7, NCTC6751shows the highest zeta potential values followed by the
L9879, S235 and Newman strains and these were much higher than seen in PBS,;
Similar differences were also seen in PUM but with the other strains being more
similar to NCTC 6751(Oxford)although thestandard errors were higher. The Zeta
potential results showed that all of the bacterial strains had net negative charges and
the Zp values decreased as the ionic strength of the buffer incredseld,can be

observedn the summaryigure 416.
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Figure 4.16 Summary of zeta potential values of all stains used in this stuggtassium
phosphate buffe0.12M), PBS(0.164M)and PUM buffer(0.602M)

The zeta potential dd particle is considered as the voltage at the shear plane that is a
distance between the surface of colloid particles and the solvent far away from the
electric double layer; it can be determined by the electrophoretic mobility and

obtained using the Henggquation208], as shown in equation2l

L G- mTQd) o
YO — na g
o
Z = zeta potential
UE = electrophoretic mobility
0 = dielectric constant
Q = viscosity

However, for large particles like bacteria, the Smoluchowski equation is usually used
which is shown below (equation3}[208]; and a simple model of the measurement

of zew potential is shown in figure 4.
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a -YO eq.43

Z = zeta potential
UE = electrophoretic mobility
0 = dielectric constant
Q = viscosity
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Figure4.17 Crosssectional representation of a bacterial cell illustrating the vauleyers of

ions surrounding the cell surface

The electrophoretic mobility can be obtained by measuring the velocity of the bacteria
that moves toward the opposite electrode when a potential is applied using Laser
Doppler velocimetry (LDV). The LDV technige is used in a wide variety of studies
from engineering, such as the supersonic flows in jet engines, to biological studies.
Generally, the charge on the particle surface is balanced by oppositely charged ions in
the solution. However, the counter charge the surrounding solution diffuses in
different layers of colloidal solution systems. The charge of the particle cell surface
can have an effect on the distribution of ions around the interfacial region, and it can
cause the formation of an electricaluiite layer around the cells if the concentration

of counter ions next to the cell surface increases. The electrical potential decreases

exponentially as the distance from the bacterial cell to outside the electric double
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layer increaseR11]. The electrical double layer consisif an inner region and outer
region. lons in solution are firmly bound to the inner regiwhose boundary is called

the Stern layer whereas there is less binding between ions and the outer layer, with its
boundaryis referred to as the shear plane. léver, there are stable regions between

the ions and particles within the outer layer. Under an applied electric field, when the
particles start moving, ions bound to particles in the inner region travel with the
particles whereas the ions in outer regi@nnt. At this boundary region, called the
slipping plane or shear plane, theta potential occurs and a charge density can be
assumed. In a real system, the surface potential of the particles cannot be measured
directly. Only the electrostatic mobilityano be determined; thus, the zeta potential can

be inferred. Therefore, it is essential to understand that the zeta potential value
corresponds to the charge density at the shear plane while the surface potential is the

surface charge density at the inregydr[168, 211213].

The stability of particles in suspension can be indicated by the magnitude of the zeta
potential. If the particles contain a high amount of negative or positive charges, which
denotes a high Wae of the zeta potential, they tend not to aggregate in suspension
because of electrostatic repulsions between each other. On the other hand, if the zeta
potential of the particles is low, they are likely to aggregataqueoussuspension

due to van deWaals attraction. Particles with a zeta potential between +30 mV and

30 mV are usually considered as unstable while particles with a high absolute zeta
potential of more than +30 mV o080 mV are classified as stable colloids in

suspensiofl68].

Characterisation of the bacterial califaice charge is complicated compared with an

inert colloidal particle due to theomplexcell wall compositionthe hydrophobicity

and environmental effects on bactebahaviour, such as the pH of the solution and
ionic strength value§168, 214] Normally, it is understood that Grapositive
bacteria possess a net negative surface charge because of phosphoryl groups in the
WTAs andfor Gramnegative bacteria the carboxyl groups of lipopolysacchalide.
wasrepated that both groups particularly influence the cell surface charge of bacteria

at physiological pH168, 210]

From Rgure 416, it is seenthat the ionic strength of the buffer influences Zp for all

strains. Zpdecreased in all types of strain when the ionic strength of the buffer was
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increased. Carneiret al showed that the increase in ionic strength of the
polysaccharide solutions resulted in a decrease in the zeta potential[2ableS o
evaluate the effect of ionic strength on zeta potential of polysaccharide solution, they
used different concentrations of sodium chloride to vary the ionic strength of the
solution. They found that increasing the sodium chloride cdraton results in a
reduction of the Zaverage value. In addition, the distribution of charge groups inside
the bacterial cell wall affects the electric double layer interaction between the
bacterial cells and the surface of its target at different istnengthd209, 215, 216]
Therefore, nosstatistically significant differences between the electrophoretic
behaviours of strains in PUM buffer could be dughe high ionic strengttof the
solution compared totler buffes used in this studyPUM was chosen to study the
electrophoretic properties of the bacteria because it was usdfeirbacteria
hydrophobicity tests However the results indicatedhat PUM buffer is not
appropriate for measuring electropharetmobility because of its high salt
concentration However, it was interesting thaxford (NCTC675) showed the
highest zeta potential value in potassium phosphate buffer folldyetthe S235,
L9879 and Newman strains, while the trend was the oppositeP?BS buffer.
Therefore, it is important to investigate whether charge on the bacterial cell surface or
hydrophobicity of the bacteria affect the binding ability of bacteria on the polymer
functionalised with vancomycin ugma rapid aggregation assay (Kbattton assay).

The hypothesis was that if the bacterial surface charge plays an important role in the
binding of bacteria to the polym&an, ma formation of the Oxford (NCTE&751)
polymer complex should not appear in potassium phosphate buffer due to the

electrostatic repulsion between the bacteria and the polymer.

Aggregation assay ofS. aureuswith HB-PNIPAM -van and L-PNIPAM -van in

potassium phosphate buffer

HB-PNIPAM-van and EPNIPAM-van were incubated witl®xford (NCTC675),

S235, Newman and L9879 in @6-well plate (Ubottom) at 37°C for 24 hours.
Potassium phosphate pH7 buffer was used instead of PBS to investigate the effect of
the charge of each strain on its binding ability to both types of polymers. The
aggregation assay was conducted as prewodsscribed. Al strains were labelled

with EtBR to enable visualisation under UV light. The zeta potential results of each
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strain in potassium phosphate buffer showed @wdbrd (NCTG75]) is the highest
negatively charged cell surface followed by S288wman and 8870.

The hypothesis was that if the charge of the bacterial cell surface affects the
interaction with the polymers, HBNIPAM-van should be unable to bind to Oxford
(NCTC6751) due to its highly negative charged surface, whereas the polymakt sho
bind to the Newman and L9879 straifitie results from the Médutton assay of both

polymers for all strains in potassium phosphate lbydff€7 are shown in figure 4.18

In potassium phosphate buffer In PBS

A
I 1

L-PNIPAM-van + Oxford HB-PNIPAM-van + Oxford  HB-PNIPAM-van +Oxford

..

Mat of bacteriapolymer complex

In potassium phosphate buffer In PBS

A
[ 1

L-PNIPAM-van + S235 HB-PNIPAM-van + S235 HB-PNIPAM-van + S235

Mat of bacteriapolymer complex
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In potassium phosphate buffer In PBS

A
[ |

L-PNIPAM-van + L9879 HB-PNIPAM-van + L9879  HB-PNIPAM-van + L9879

00

Button of unbound bacteria

In potassium phosphate buffer In PBS

A
[ \

L-PNIPAM-van + Newman HB-PNIPAM-van + Newman HB-PNIPAM-van + Newman

Figure 4.18 Images of aggregation assapf HB-PNIPAM-van and EPNIPAM-van
incubated withOxford (NCTC6751) S235, L9879 and Newman strain labelled with Et/Br in
potassium phosphate buffgravy line)and in PBS (green lineaxt 37°C for 24 hours.

Button of unbound bacteria

From Hgure 418, it can be seethat only HBPNIPAM-van was able to cause mat
formationwith strains Oxford (NCTC6751) and S235 in potassium phosphate buffer

whereas there was no aggregation of strains 228id Newman with the polymer.
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The hypothesis that at pH 7, HENIPAM-van has a negative charge and should repel
the highly negatively charged bacteria, resulting in less binding of bacteria to the
polymervancomycin. This hypothesis was consistent whih bacterial behaviour in

PBS in so far as only strains Oxford (NCTC6751) and S235 bound polymer and these
showed significantly lower surface negative charges than the other two
strainsp<0.005). This might suggest then that there was less charge repulsion
between HBPNIPAM-van andstrainsOxford (NCTC6751)and S235.

However, in potassium phosphate buffer, the results do not agree with this hypothesis.
The hypothesis was that if charge on the bacterial cell wall affects the binding ability
of polymervan tobacteria, a mat should be seen with the Newman strain plus HB
PNIPAM-van while binding of Oxford (NCTC6751) with the polymer should not
occur because this strain had the highest negative charge in potassium phosphate
buffer. Interestingly, the result reaéed that HBPNIPAM-van still formed a mat of
bacteriapolymer complex with the Oxford (NCTG61) and S235 strains, iffare

4.18), whereas the bactefolymer complex was not formed in the polymer with the

L9879 and Newman strains.

There are sever#dctors playing a role in thebinding of bacteria to the polymer with
vancomycin endsThese includegpolymer architecture, accessibility of functional
groups and theproperties of bacterial surface such as hydrophobicity and surface
charge of bacterifld4, 217] Bacterial surface charge is mostly responsible for the
initial adhesion of bacteria to surfadacluding biomaterials[208, 218] However,
whether bacterial surface atges affects the binding ability ofPNIPAM polymers

with vancomycin ends resulting in the crdisking network of bacterigpolymer
complexhas not been studidzefore The results show thdlhere is norelationship
between the bacterial surface chargeheffour strainstestedandthe binding ability

of HB-PNIPAM-van to them with subsequerdggregat formation. Indeed mat
formation of bacterigoolymer complex appeared when HBIIPAM-van bound to

two hydrophobic strains, Oxford (NCTC6751) and S235, ailédto do so withthe

two hydrophilic strains, L9879 and Newman, even though Oxford (NCTC6751) and
S235 had higher negative charge compared to the. latter

Initial attachment between bacteria in aqueous solution amdaterial surface

depends orthe fluid interface the characteristics of bacteria and the specificities of
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substratumAfter initial attachmenbf bacteria to a surfagepecificintermolecular
interactions, such alydrophobic interaction oligandreceptor interaction, occurs.
Gristina et a. suggestedhat an initial repellence occurs between the negatively
charged material surface and negatively charged bactaritathe degree of
hydrophobicity of bacteria also plays a role in positioning bactertheaprimary
minimum where attractive ldyophobic interactions overcome repulsiomhe
repulsion forcecan beovercomeby hydrophobic interactionat the distance of
approximately8-10nm. When bacteria areproximate to thesurface, shortrange

interactiors, such as hydrogen or covalent bondican occuf48, 49]

Interaction between vancomycin and the bacterial cell wall invdiveshydrogen
bonds between three amide NH groups of vancomycin and carboxylate anien of C
terminal DAla-Ala, while the two rdrogen bondsesult from the carboxyl group of
residue 4 and the backbone amide group of resideé vancomycin(Figl.5A).
Kamaromi et al reported that the length of hydrogen bonds between vancomycin and
D-Ala-D-Ala is approximately 2.3 to 3 A°, which ®ightly higher than the usual
values because this binding mode involves five hydrogen bonds. Therefore, a slight
increase in the distance is more energetically favoured for this formation of the

complex[219].

A likely explanation for the behaviour &. aureusvith HB-PNIPAM-van is that the
initially the negatively chargetbacterial cell surfacenay tend torepelthe negatie
charge on the polymeatue tothe carboxylate group on vancomyciHowever,once
hydrogen bonds between vancomycin andl@&D-Ala are formed, théinding is
promoted by hydrophobic interactions originating from Ala methyl groups in their
contacts with tB aromatic rings of vancomyci®l]. A biphasic structure of HB
PNIPAM-van with a globular desolvated core and binding sites located at the
polymer/aqueous interface could favourably contribute to ligand bindewause
multipoint binding involvesonformationakntropy It is suggestedhatthe flexibility

of vancamycin groups attached to terminal chain segmend$ on average
approximately 25 repeag units can reach at least the outer regions of suface
located DAla-D-Ala on the bacterial cell wallMoreover, with the larger size of
bacteria compared to polymer molecule and Brownian motion of bacteria in
suspensionhydrophobic interactianare exerted ad enablethe polymerto become
closer tothe bacterial cell surfacand then specific sherange interactios occurs
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which aremainly hydrogen bonslbetween vancomycin and-Bla-D-Ala [49]. These

ideas areshown in figure 419.

S. aureus

S. aureus

-------- e, Van der Waal forces

o e, Van der Waal forces
L IR

Figure 4.19 Schematic diagram presenting the interactions that occur between bacteria and
HB-PNIPAM-van polymer. e initial repelling interaction between the negatively charged
bacteria and the polymer are overcome at short distance aboy#Qphrilydrogen bonding
occurs between the vancomycin groups at the chain ends of the polymersAtm@Ala in

the bacterial celvall. This scheme is not to scale. (Bacteria ~800 nm, polymer ~30 nm)

In summary, theravasno relationship between the charge of the bacterial cell surface
and the binding capabilitpf the PNIPAMvan polymers The binding of Oxford
(NCTC6751) and S233% aureusto HB-PNIPAM-van, which resulted in the
aggregation of bacteria and mat formation of the baepsmigmer complexcould
howeverbe at least partiallyattributed to the effects of hydrophoity (see ®ction
4.3.3above).

Another factor that mightexplain the variable behaviour of strains with the
vancomycinfunctionalised polymerss the number oD-Ala-D-Ala binding sites on
the bacterial cellsurface We therefore, undertook todetermire the degree of

availability of D-Ala-D-Ala binding sitenthe surfacef eachstrain.
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4.5 Comparison of D-Ala-D-Ala binding sites on S. aureusstrains

using fluorescent vancomycin

4.5.1 Materials and Methods
S. aureusOxford NCTC675) and L9879, were subcultured in BHI broth at 37°C

overnight. The cells wereavested by centrifugatiprwashed and resuspended in
PBS to an O.D 0.5 (600nm). Fluorescent vancomycin (Vancomycin BODIPY®FL)
(2ug/ml) was added to the bacterial suspensions and mixed by vortexing. The samples
were incubated for 15 minutes then washedcéwivith PBS to remove unbound
fluorescent vancomycin. 100ul of eaohthesebacterial suspensisrwas placedin

black 96well plates and the fluorescence intensity measured at 493 amd 530

NMemm

Figure 4.20 Chemical structure of fluorescent vancomycin (BODIPY®RMW = 1723
g/mol)

4.5.2 Results and discussion

It is possible that the efficiency tfeinteraction between bacteria and the PNIRAM
van polymers could be fatcted by the amount or density of availabléAR -D-Ala
binding sites on the surface of each strainThe rationalefor the assay method
employedto measure BAla-D-Ala wasthat the amountof fluorescent vancomycin
thatbinds to the bacterial cell suréa would indicatehe amount oD-Ala-D-Ala that

wasavailable
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Figure4.21 Relative fluorescence intensity boundfluorescent vancomycin two S. aureus

strains. The signifiance between differences relative fluorescence intensity of bound
fluorescent vancomyciwas tested usingtest. The degree of significance is defined By
value as follows: *** whenPO 0. 0001 ,PO* 0* 0WH ePrO* 0. @K ePrO* when
0.05 and no significant wheén> 0.05

No significant difference was found the level of vancomycin binding between the
two strains f = 0.1064) and by extension we surmise that there was no clea
difference in the opportunity of the PNIPANan to bind to each strain through D
Ala-D-Ala binding sites. The cells used were in the same phase of growth (i.e.
stationary phaseas in the other assaymd the method used here was a rapid
technique rathethan an in depth analysis of tBeaureusacterial cell wall. In future
work it would be useful to compare fluorescent vancomycin binding to cells at
different stages of the growth cygcighich would have different amounts ofAla-D-

Ala available.
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4.6 Conclusiors

In summary, it can be concluded that 4##BIIPAM-van binds specifically td5. aureus
resulting in the formation oggregatesal maj of bacteriapolymer complex, whereas- L
PNIPAM-van fails to formsuch aggregatesnder these condition§.he hydrophobicity of
bacteriaappears to hava significant effect on the binding of the bacteria to-PIBIPAM-

van and subsequenaggregatgdormation whereagshe electrical charge on the bacterial cell
surface did not play a significant role in the iamion between HEBPNIPAM-van andS.
aureus Moreover, differences in the behaviour of different strain$Sofureuswith the
PNIPAM-van polymers could not be explained on the basis of them having differing levels of
D-Ala-D-Ala availablefor vancomycin bading
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Chapter 5 : Development of areporter system for Gram-positive bacteria
based onL-PNIPAM and HB-PNIPAM modified with vancomycin using

nile red dye as gorobe

5.1 Introduction

The results from chapter 4how that highly branched PNIPAM functiors&ld with
vancomycin at the chain ends undergoes a phase transition on interaction with bacteria
(aggregate formation). However, aggregate formation is not a useful test for application to
biomedical and clinical situationand so asolvatochromic dye wasised to exploit the
desolvation state of the HBNIPAM on phase transition in the presence of bacteria. Nile red
was chosen as a potential reporter of the mgeraronment of the polymer$loreover, we
considered thatile red could be used to investigdtehavioural differences between the
linear and HB polymersand also determine the sensitivity of the polymer at different

bacterial concentrations.

Nile red is a solvatochromic dye that responds to changes in environmental pbiejtg42,
220-222]. For example, in nepolar solvents such as dioxanelenred assumes a highly
fluorescent pink colour, while in polar solvergsich as methanol, the dye is blue with a low
fluorescence due to the bathochromic sfif23, 224] The change in th8uorescence and
colour of the fe red in polar and nepolar solvents is shown in figurels

Figure5.1 Nile red solution in vadus types of solvea(n-hexane, acetone)

Previously, Plenderleitlet al. suggested thatile red could detect the desolvation state of
various HBPNIPAM polymers with different degrees of branching and at different
temperature$l37]. The hypothesigo be testedvas that Nile red may be a useful probe for
detecting a conformational change iRPNIPAM-van and HBPNIPAM on contact with
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bacteria. Weeasoned that the binding of HENIPAM-van toS. aureushould be detected

by an increase in fluorescence intensity and a wavelength shift due to the change in
hydrophobicity of theenvironmentexperienced byile red. In terms of tPNIPAM-van, we
expectedno significant changes in thale red fluorescence intensity or wavelength with

bacteria because the polymer would have less binding ability to its targets above its LCST.

5.2 Materials
Nile red (Sigma Aldrich)and PBS tablets were used as received. Dityle sulfoxide

anhydrous (DMSO, >99.99%) (Sigma Aldrich) was used as purchased.
5.3 Methods

5.3.1 Bacteria preparation

In this study, the standard laboratory strainSoaureusOxford (NCTC 6751)was
used as a representative Grpositivestrain Bactera were cultured and prepared in
sugpension as described in chapter Also, the concentrations of bacteria 110

10Pcfu/ml) were prepared atescribed in chapter. 4

5.3.2 Mat/button aggregationi rapid method for assessing bacterial binding to
PNIPAM -van pdymers

Solutions of theL-PNIPAM-van and HBPNIPAM-van polymerswere prepared in

PBS at =g/ml. HB-PNIPAM-van and L-PNIPAM-van solutions (10901 ) wer e
incubated withS. aureusat 1x16, 1x1¢, 1x10, 1x1¢ cfu/ml in PBS at 37°C in
roundbottomed 96well plates. The controls were HBNIPAM-van, L-PNIPAM-

van, andS. aureuslone in PBS. The samples were viewed and images were captured
under UV light during the incultéon period at 2, 4 and 24 h

5.3.3 Addition of nile red to polymer incubated with bacteria

All polymer samples and bacterial suspensions were prepared as previously described.
However, in this part of the work a black flawnttomed 96well plate was used instead

of a roundbottomed 96well plate to measure the fluorescence intensitje red

stock solution was prepared hgding 0.01M of ke red in DMSO to 1 ml of PBS

After 2 hours of incubation, thelenred solution (100 ul) was déd directly to all of

the samples, and the fluorescence intensity was measured using a micro plate reader
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(Tecan Spectrophotometer, infinite M2@® 2 h, 4 h and 24 Incubation The
excitation wavelength was 550 nm and emission wavelength wag0&@m. The

results were analysed via Tecan Magellan software.

5.4 Results and discussion

5.4.1 Aggregation assay of HBPNIPAM-van and L-PNIPAM -van incubated

with S. aureusat various bacterial concentrations andncubation times

The HB-PNIPAM-van and EPNIPAM-van were incubated with varying
concentrations of bacteria and for varying times becgus®ious experimest
showed that the incubation time had a significant effect on the formation of pelymer

bacterial complexes

The images in Figure 5.2 show that abd@urs initial settling of bacteria had begun
which then increased by 4h and then in some wells a tight button of cells was visible
after 24h. A fluorescent ring appeared in th®NIPAM-van after 2h which then
progressed to a button by 24h. This was intiast to the HEPNIPAM-containing

wells where a mat was visible at-@ifhe points. However, this was only obvious with
10Pcfu/ml although a very small button was visible in the wells containirigfd/nl.

The latter number of bacteria was the lowest ttmatld be used in the mat/button
technique because it relies on being able to see the collection of bacteria. Below that

number there were just too few bacteria to visualise

However, in general, a bacterial concentration abovefdnl is considered to
represent an infection rather than mere colonisation. Thus, we attempted to develop an
alternative method that could probe the binding of the bacteria to the polymers with

higher sensitivity compared to the mat/button assay.
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L 2h C 2h H 2h C 2h L 4h C 4h H 4h C 4h L 24h C 24h H24h C2h

10cfu/ml

10"cfu/ml

10Pcfu/ml

10°cfu/ml

Figure 5.2 Mat/button assay o§. aureusOxford (NCTC6751)with PNIPAM-van polymers for varying times and with varying number of

bacteria. Bacteria were stained with ethidium bromide and the plates were viewed Urdght.

L = LinearPNIPAM-van; H =highly branched PNIPAMan and C = bacterial suspension controls. Wells were incubated for 2h, 4h or 24h at
37°C.

OlO

L-PNIPAM-van (red box) as a control

HB-PNIPAM-van (blue box) as a control
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5.4.2 Development of a detection system for the binding &. aureusto HB-
PNIPAM -van and L-PNIPAM -van at various bacterial concentrations withnile

red as a probe

The HB-polymersbacteria complexseen in Kure 52 (mat formation)appeared to
represent a phase transition from a hydrophilic, expanded state to a more hydrophobic
collapsed state. Them of this part of thestudy wado develop a detection system for

this phase transition phenomenand we reasoned that the addition of
solvatochromic dyethat could detect the change in the solvation of the micro
environmenimight provide the way fevard. We choseile redsince itcould indicate

the solvency of the PNIPAM segmeiais a change in its optical propertasdwhich

could be easily measurgd25]. Moreover,a g/stem in which anile red solution is

added to a mixture of bacteria and polymer is simple, involving a small number of
operational steps. Therefore, it could be a simple, sensitive and inexpensive technique
to probe the interaction between the bacterial dhe polymer, and future
incorporation ofile red into the polymer backbone might be useful for addition to a
smart bandage\ile red dye has been used as a fluorescent prohavide range of
applications, such as a probe for the determination ofslipidalgae and for the
differentiation of normal cells and cells that accumulated phospholipids in lysosomes
because its colour and fluorescence intensity change in response to the hydrophobicity
of its local environmeni226].

Results and discussion

To weet her a solvatochromicf anheangaews! d nb «
sotvan of the microenvironment of , the p
pol ymempl 8s were prepared as previously de
nnle red in DMSO/ PBS iwsa siamadicbead e’ f wéd ehihl y1
bacteria 7. 2Thhe 4dtl u®dr escenclehei ndxmistiatyi
wav el en§50 hm amc emission wavelength was 640 nm. The measusgment

were repeated at 4 hours and 24 hours. The pr e s e nt afluoresoencer el at i
intensity of # samples are shown ingiure 53.
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Figure 5.3 Bar chart showingelative fluorescent intensity of HBNIPAM-van and k
PNIPAM-van with Nile red solution incubated with 8€fu/ml S. aureusat 37°C for 2, 4 and
24 hoursData aref r ocnnr ee i ndependent experiments pe.l

fluorescence of the controls (bacteria alone

F i g u r3eh owls adignifigant increase in the fluorescence intensity in the HB
PNIPAM-van system on binding to the bactesizured at each time point. A much

smaller change in the fluorescermed intensity of the fluorescence IofPNIPAM-

van mixed withS. aureusvas seercompared witithat observed witiiB-PNIPAM-

van at every time poinill theseshowed greateffuorescenceahan acontrol of HB
PNIPAM-van alone. It is suggested that this relative increase in fluorescence indicates

the change in solvation of the polymer in the presence of baatdrieh was greatest

with the HBPNIPAM-van However, the above data were generatethfeosingle
concentration of bacteri@®cfu/ml) but our aim was to try to detect a more clinically

relevant number of bacteria i2.0c f u.Cmih s e quamyil ygsohutmbet er i ¢
(P@bcfu/welr)e incubated niwliagar @7 Gaeitioert| u s
fluorescence I (30enms axditation) natte®®s ur 4 d and 24 h
Re p r e s eflnareacencevspectra of aamples are shown in figus®&.4-5.6 over a

range of 606700 nmmmwith a maximum peak at 640 nm.
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Figure 5.4 Fluorescence intensity of HBNIPAM-van and LEPNIPAM-van solutions
incubated with 1810°cells/m|S. aureusandnile red at 37°C at 2 h
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Figure 5.5 Fluorescence intensity of HBNIPAM-van and EPNIPAM-van solutions
incubated with 1810cells/mlS. aureusandnile red at 37°C at 4 h
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Figure 5.6 Fluorescence intensity of HBNIPAM-van and EPNIPAM-van solutions
incubated with 1810°cells/mlIS. aureusandnile red at 37°C at 24 h

The fluorescence intensity measments of the polymers incubated wigh aureusat
differentbacterial concentrations withl@ red show that, at the same bacterial concentration

at alktime points, the fluorescence intensity of HB and the linear polymer decreased in the
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order 16<10'<10°® cfu/ml at all times but there was no significant difference between the
polymer with 16 and with 16 cfu/ml of bacteria. A significant increase in the fluorescence
intensity wasfound with HBPNIPAM-van plus fle red incubated with fofu/ml S. aureus
compared with other bacteria concentrations. Also, a comparison of the maximum
fluorescence peaks achieved with highly branched versus-Ri¢@&AM-van showed that

more fluorescence occurred with the #PBlIIPAM-van at all times.

The fluorescence intensityalues of the HEBPNIPAM-van and EPNIPAM-van in the
presence of bacteria arewerked as a bar chart to make comparisoreeasid this is shown

in figure 57. The values of the controls (polymer alone and bacteria alone), were subtracted.
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Figure5.7 Fluorescence intensity of-BNIPAM-van and HBPNIPAM-van with increasing
number of bacterial cells (30° cfu/ml) at 2, 4 an®4 hours usingile red as probe with
excitation at 550 nm and emission at 640 fdine degree of significance is defined By
value: **** when P O 0.0001

We found that, at any given bacterial load, the fluorescence intensity mfethred withHB-
PNIPAM-van was much greater than with thé°’NIPAM-vanor the controlsMoreover, the
fluorescence intensity associated with both polymers decreased as the number of bacteria
decreased (£& 1P < 10’ < 1@ cfu/ml) for all incubation timesHowever, m obviouschange

in the fluorescence intensity was evident for either type of polymer usihgi@fu/ml.

This suggests thahe lowernumberof bacteria did noinduce sufficientconformational

change of the HBPNIPAM-van polymetto be detectable withile red n this system

A slight increase in the fluorescence intensity of tRBENUIPAM-van polymer was evident
when it was incubated with bacteria at any concentration tested, but it was still very low
compared with HEPNIPAM-van. This phenomenon could be exptairby the effect of the
polymer structure on availability of vancomycin for binding to the target. The turbidimetric
data also indicated that vancomycin did not stabilise the collapsed forfRHfRAM-van at

37°C, leading to a detectable cloud point. Tikithought to be due to the collapsed form of

the linear polymer shielding most of the vancomycin inside the globules, resulting in less
available ligands for binding to the bacteria and a low hydrophobic concentration of segments

that protected theile red from quenching in the fluorescence spectrum.
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In the absence of the bacteria, théermred molecules partitioned into a solvated highly
branched structure, but fluorescence quenching wasedsed becauske partly hydrated
coreof the highly branchedegmentslue to hydrophobic aryl branching upitovided a less
polar environment for theile red than the open coiled form of the linear polymer. Thus, a
comparison of two polymeypes alone in PBS showed that {PBIIPAM-van had a higher
intensity than lie linear polymer. In the presence of bactdha, increase in fluorescence
intensity was due to bacterial binding to HBIIPAM-van leading to the desolvation of the

polymer, which changed the mieemvironment of thaile red from polar to nospolar.

The LCST mesurements described in chaptem@icated that both polymer types are in a
semicollapsedform at 37°C. At the LCST of such a thenresponsive polymer, the
cleavage of the hydrogen bonds between water molecules and the amide groups of the
PNIPAM segment occur, causing the release of water molecules from the polymer chain.
This state is the desolvated state in which the polarity of the polymer is decreased and
hydrophobic interactions originating from isopropyl groups behave as a ddgf8h
Moreover, the desolvatedase causes a decrease in the free energy of hydration that results in
a coitto-globule transition of the polymdd31]. The collapse of the linear polymer may
cause the shielding of the polymer chain ends, resulting in less efficient access to the binding
sites and smaller or less aggregation of bacteria. Howtheedesolvation of the polymer did

not shield the polymethain ends in highly branched structures within the globules, which is
consistent with a corshell structure of the globules. The binding sites are still located at the
interface of the globuleand stabilised in solution by hydrogen bonding, which can be
observed as the lack of cloud point above the LCST reported in chapter 4. Therefore, the
binding sites of the HBPNIPAM-van can still bind to the target. Obviously, the core shell
structure of vacomycin functional HEPNIPAM plays a crucial role in the ability of the
polymers to bind to the target. In contrast, a significant change in fluorescence intensity was
not observed for the linear PNIPAWan, which implied that the functional groups on the
polymers were not available to access their targets at any bacterial concentration because the
chain ends were shielded in a collapsed globule and so insufficient end groups were available
to bind to the bacteria and crdgw them.

The results of thesexperiments suggest that the chain ends ofpdmers (vancomycin)

were not shielded in the polymer coils and could bin&.taureusleading to a significant
increase in the fluorescence intensity, which is consistent with the hypothesis of desolvation
of the HBPNIPAM upon binding to the bacteria.
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Solvatochromic dyes, especiakite red, are extensively used as hydrophobic detectors in a
wide range of applications because of their visible optical changes, which can be used to
characterise structuraa a micreheterogeneous system and are sensitive to changes in
solution dynamics such as the polarity of a solvent and interactions between molecules in
solution[140-142, 222, 224, 227, 228Ftuartet al. chosenile red as a probe to investigate

the aggregation behaviour of a surfactant in different types of solvents. They showed that the
fluorescence intensity afile red in methanol was much higher than the fluorescence of Nile
red int-butanol and water, respievely. The emission maximum afile red in methanol
decreased when the solvent polarity increased. They found that a conformational change of a
surfactant in different solvent types could be detectedileyred. They concluded that Nile

red could be uskto measure the polarity of a surfactant in a ternary solvent sy2gdhn
Additionally, Cartwrightchose two different e@gative and positive types of solvatochromic
dyes as molecular probes for detecting homeopathic potency due to several advantages of
solvatochromic dyes, such as the simplicity of operation and their ability to provide specific
information [224]. Lobnik et al. also eploited nile red as a polaritgensitive probe for
investigating a seyel system by droppingile red into various types of sgel systems so

that the micrepolarity could be investigated. They found that the intensity and the position of
the absorptiopeakchangedctonsiderably as the polarity of the gml system changed. They
suggested thatile red is a viable detector of the polarity insithe ormosil cage which is
modified siloxanesrepresenting hybrid system between hydrophilic dndirophobic
properties of sebels precursor§225]. Previous workers showed thaile red can also be

used to detect conformational changes in proteins. For examifdered was used for
detecting changes in structuretbe cdmodulin in the presence of calcium ions. Binding of
the cal modul in prot ei n-helical configuraton,uesultingamtise i n d u
exposure of hydrophobic domains that leads to the enhancemeandfa shift in the
fluorescence intensity aille red[142].

It wasinitially expected that a solvatochromic shift would occur when thePNEPAM-van

bound to the bacteria because of the solvatochromic propertide ofd in environments of
different plarity. The maximummile red peak of the polymer incubated with the bacteria
should be shifted from a higher to a lower wavelength if the binding of thEMIBAM-van

to S. aureuscaused a caoilo-globule transition of the polymer because such bindingilgho
directly change theiile red environment from hydrophilic to hydrophobldowever, the
hypsochromic shift ohile red in the mixture of HBPNIPAM-van polymers incubated with

bacteria could not be clearly obsernmmd a considerable change in the fluscence intensity
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was observed The small hypsochromi shift is a consequence dhe heterogeneous
distribution of the e red portioned within the domains of the HBIIPAM-van polymer.

The data suggest a ceshell structure in the absence of binding ¢stiteg of a desolvated

inner core and solvated out domain. Nile red then partitions between these two domains.
Binding of chain end ligand to its receptoauses desolvation of the shell domain but this
effects only a fraction the portioned nile red ane éffect on the overall spectrum is small.
However, the fluorescence emission spectrum is also affected by desolvation. Desolvation
inhibits quenching of fluorescence because water is prevented from interacting with the dye.
Therefore, the fluorescence émsity increases as the bound domains desolvEte.

schematic in lgure 58 illustrates this explanation.

Nile red partitioned within
solvated segments

& Nile red partitioned within
desolvated segments

® Nilered

® vancomycin

Solvated HB-PNIPAM-van Desolvated outer segments in HB-PNIPAM-van
bound to S. aureus

Nile red distributed into solvated and desolvated domains
Fraction of Nile red in desolvated protected from quenching
Solvatochromic shift was not observed because major
fraction of Nile red partitioned into solvated domains and
absorption dominated by major fraction

Figure5.8 A Schematic diagram showing nbilwmogeneous response of {PBlIIPAM-van

on binding to baeria (via its binding site Ala-D-Ala) in presence ofile red

It was previously assumed that the binding &f aureuso HB-PNIPAM-van resulted in a
homogeneously desolvated state. However, the current results show that only segments of the
polymer boud to bacteria collapseahd this isllustrated in kgure 58. These observations

are best compared in the absence of bacteria becaustethed is localised homogeneously
through the polymer segments but when the polymer binds to bacteria, a frdctlum o
polymer segments become desolvated, andhilkered is partitioned between the solvated

and the desolvated domains. Becausentlgered responses in the polyrgacterial system

166



are sensitive at the segment length scale, the binding of vanconyb& éhain ends of the

HB polymer at dow bacterial concentration would not have a significant effect omitee

red molecules portioned in the open coil segments. Therefore, these observations could also
explain why the change in the environment of thgéer domains due to the binding of
vancomycin to the bacteria at *1Dcfu/ml would not be sufficient for theile red to
respond to the system. With HENIPAM-van and bacteria at0°cfu/ml, however,nile red

could detect a significant change in the hydhobicity of its environment via a fluorescence
increase presumablybecause sufficient bacteria are bound to vancomgaohgroupsto
induce the polymer to assume the collapsed form. Furthermore, partitioning rofetmed
molecules that are in the stdvated segments, which are close to bound vancomycin could
decrease the quenching of the fluorescence, resulting in detectable changes in intensity.
However, asiile red is partitioned between the solvated domain (i.e., the highly branched
structure) andhe desolvated parts in whidmly the outer segments are bound to the bacteria,
it is reasonable to suggest that insufficieite red is contained in the desolvated segments to
produce a solvatochromic shift in the adsorption spectrum. These datdarttietamost of
thenile red molecules are not present in the outer segment.aldwneetric results in chapter

6 also suggest that binding of polymer chain ends withAdD-Ala dipeptide would not
affect the entire polymer segment. Only a #mamogenas response of HBNIPAM-van
binding to the chain ends occy®04]. Plenderleithet al. also usedhile red to detect the
relative polaritychanges produce as thegrees of branchinghangesn HB-PNIPAM at
different temperatures. Their results suggested thatitheed shows a marked decrease in
the peak emission wavelength if the degree of branching ePNIPAM is low, (i.e., 65:1,

75:1 and 85:1 repeating units per branching point) in a temperature range46fCLO
However, only small changes in the fluoresce spectra of 25:1 and 15:1 repeating units per
branching point were noted compared with the low degree oPNBPAM [137]. Their
results supparthe model shown in figure 5.8vhich explains hownile red detected the
desolvation of HBPNIPAM-van interaction witts. aureudy an increase in the fluorescence
intensity but not a change in wavelength.
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5.5 Conclusiors

In summary, bindingof baceria to highly branched PNIPAM functionalised with
vancomycin induced a ceib-globule transitioron a segment length scaled formation of a
crosslinked polymebacteria complex. This was not the case with a linear analogue of the
PNIPAM-van probably beause of shielding of the vancomycin substituted chain ends. The
HB-PNIPAM-van phase transition with bacteria was detectable by the additioiie ofed.

However, a hypsochromic shift ofle red in this system could not be observed due to the
northomogerous response of HBNIPAM-van to bindingof bacteria Also adecrease in

the concentratiomf bacteriapresentplays a significant role in the amount of HiBlymer

that changes phase, and thisulés in a detection limitfani | e r ed as ohe. 6di aghno
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Chapter 6 : Comparison of the interactions of HBPNIPAM -van and L-
PNIPAM -van with D-Ala-D-Ala peptide: Investigation of enthalpy change
and LCST of the polymers

6.1 Introduction

It is known that changing the environment of {®BIIPAM-van, (e.g. i cationic or anionic

salts, chain end modification, polymer architecture) have a marked influence on the phase
transition of the polymer in solutioand the results shown in Chapter5 vealed that the
polymer architecture significantly influenc&NIPAM -van interaction withS. aureugq17,

132, 137, 157, 159, 161, 173, 230]

L-PNIPAM-van and HBPNIPAM-van, andhe results (shown in Chapter&prevealed that

the polymer architecture significantly influencesithnteraction withS. aureus

In terms of the differences observed so far in the interaction df-PRIPAM-van andthe
HB-PNIPAM-van with bacteria, it is important that we determine whether these differences
are due to impaired access 6PNIPAM-van toD-Ala-D-Ala dipeptides in the bacterial cell
wall, or to differences in the response of the polymer tél®D-Ala binding itself.
Consequently, studying interaction with isolatedA@-D-Ala dipeptide provides a good
model system that avoids the possibituence of other constituents of the bacterial cell wall
[202, 231]

The antibiotiepeptide interaction is an extensively used model for examining molecular
recognition processes by various technigues. Coppeal. studied the interaction of
vancomycin  with dipeptide (Mcetyl-D-Ala-D-Ala) using isothermal titration

mi crocal orimetric (1'TC) technique and showe
dependence on the concentration of vancomycin due to aggrédemienzation of

antibiotics even at low concentration (0.6D#M) [232]. Therefore, the BAla-D-Ala

peptide provides a simple model for studying the accessibility of a small targetAke D-

Ala peptide to vancomycin pendant groups on bothkRMNBPAM-van and EPNIPAM-van

polymers and that this interaction lendslitse study of the enthalpy changes and the LCST

of the polymers.

In this work, the interaction between polymers functionalised with vancomycin -#id-D-
Ala peptides was examined using Micro Differential Scanning Calorimetry (microDSC). This

technique an be used not only faletermining the LCST of therm@sponsive polymers, but
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also for investigatinghe enthalpy change of the polymer during the binding process. This is
due to the fact that microDSC can measure the specific heat capagitpf(@olymers
required to break hydrogen bonds between water and the polymer molecules during the phase
transition procesgl05, 233, 234]

The hypothesido be testedh this part of the workvas that binding EAla-D-Ala dipeptides

to the polymer chain ends would disrupt the hydration of the polymer owing to the reduced
amount of water molecules involved, so that a decrease in enthalpy and LCST could be
observed during the binding process. Our rationale for these exptyimas that we
expected both HBPNIPAM-van and EPNIPAM-van to bind to the BAla-D-Ala dipeptide

target, and that the energy transfer required to transition the polymer from opened coil to a
collapsed globule state would be lower when the peptide was houhd vancomycin end
groups, because binding would perturb the solvation of the polymer chain ends, leading to a
decrease in the LCST of the polymers. We envisaged that both linear and highly branched
versiors of the polymer would behave the same becaisthe small size of the dipeptide
vancomycin ligandind the possibility, therefore, of penetration of this peptide into regions of
the polymer where the vancomycin would not be available to larger targets (i.e. whole

bacteria).

6.2 Materials and Method
D-Ala-D-Ala dipeptide (Sigma Aldrich) and phosphétgffered saline (Sigma Aldrich) were

used as received.

5mg of all the types of polymers, namely #HBIIPAM-van, L-PNIPAM-van, L-PNIPAM-
COOH, HBPNIPAM-pyrrole and HBPNIPAM-COOH, were dissolved in 1ml &1BS. D
Ala-D-Ala peptide powder was dissolved in PBS to obtain a 1mg/ml stock solution, which
was aliquoted and stored-@0°C. A range of peptide concentrationaswrepared as shown

in Table 61. The unmodified polymers (HBNIPAM-pyrrole, HBPNIPAM-COCH and L-

PNIPAM-COOH) were used as controls for the vanconyanctionalised versions.
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Table 6.1:The concentrations of theolymers (obtained from ELISA) amueptide used for
measuring entlpy change and LCST by microDSC

Polymer concentration (mg/ml) D-Ala-D-Ala concentrationgg/ml)
5 0
5 0.1
5 0.2
5 0.4
5 0.5
5 0.6
5 0.7
Concentration of vancomycin Concentration of Ratio ofdipeptide to
attached td_-PNIPAM -van & (mM) dipeptide (mM) vancomycin
0.19 0 0
0.19 0.347 1.809
0.19 0.694 3.618
0.19 1.389 7.242
0.19 1.734 9.041
0.19 2.081 10.850
0.19 2.428 12.660
Concentration of vancomycin attach Concentration of Ratioof dipeptide to
to HB-PNIPAM -van & (mM) dipeptide (mM) vancomycin
0.17 0 0
0.17 0.347 2.027
0.17 0.694 4.054
0.17 1.38 8.113
0.17 1.734 10.129
0.17 2.081 12.155
0.17 2.428 14.182

% The concentrationof vancomycin attached to the polymers calculated from ELISA

(Molecular weight of vancomycin is 1458 g/mol)
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The samples were prepared by vortex mixing the polymer eolutith peptide solutions.

The samples were degassed using a ThermoVac before use. For measuring enthalpy change
using microDSC, temperature cycles were set from 10 to 40°C at a heating and cooling rate of
1°C/min. The energy used for collapsing polymees walculated by integrating the areas

under the thermogram curves.

6.3 Results and Discussion

MicroDSC was used to examine the energy required to drive transition of the linear and
highly branched versions of the PNIPARN from coil to globule statenithe presence or
absence of BAla-D-Ala. The microDSC technique provides not only the phase transition
temperatures of polymers, but also accurate amounts of heat capacity (Cp) consumed for the
phase transition from liquid (solution) to solid (gel) or thedease during reversible phase
change from the gedol state. Enthalpy changes for the-gel transition can be calculated

from the thermogram measurement. Results obtained from instruments are a recorder output
of heat capacity as a function of tengtere in which the area under curve between

experimental temperature limit describes the enthalpy cHab§e 234, 235]

on —p=—20 Equation 6.1
\46) T—:OG QY 6 /AY
TY
Cp = heat capacity
H = enthalpyof system
P = pressure
T = temperature

MicroDSC works on null balance concept which an unknown quantitys balanced by a
known quantity that is varied until response of two is equal to. Zém® instrument consists
of two sample holders, which are the reference and sample holder. Energy is provided to each

chamber independently, and the temperatures of each are detected as varying thermal
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behaviour of samples change. For instance, wagrhase transition of a polymeéras
occurred, the polymer will absorb additional associated heat. Thus, the power supply must
generate additional energy to the sample so that its temperature is equal to the reference.
When the phase transition is accomplished, the temperature of tyragposample will
increase and so electrical power is no longer needed to supply additional heat. Therefore, the
varying electrical input shows a record of the phase transition behaviour of the polymer.
Other workers have used this method to study theesponsive polymer phase transition
[165]. Also, microcalorimetry has been used to study bacterial cell metabolic activity in

relation to antibiotic sensitivitf236].

The results of our microDSC work are expressed as endothermic curvesrigspond to

the specific heat capacity gCconsumed by breaking-bonds between polymer and water
molecules versus temperature. The smaller the peak area, the lower the energy consumption
during the desolvation process of the polymers. The exampladigeam of LPNIPAM-van

in presence of dipeptide is shown below. From the thermogram, it can be seen that the
magnitude of endothermic curve was clearly reduced when 100ug of peptide was added,

compared with the control, which was polyavan alone in PBS.

0.0018
i Absence of peptide
00016 i\ ---- L-PNIPAMvan+G~g peptide
0.0014 .
—— L-PNIPAMvan+106-g peptide
0.0012
—— L-PNIPAMvan+200-g peptide
S 0.001
4 .
5 . —— L-PNIPAMvan+406g peptide
= 0.0008 : . 700>g of peptide g pep
@)
—— L-PNIPAMvan+500-g peptide
0.0006
0.0004 —— L-PNIPAMvan+600-g peptide
0.0002 L-PNIPAMvan+700-g peptide
0 | == \
27 29 31 33 35 37 39
0.0002

Temperature {C)

Figure6.1 The microDSC curve of PNIPAM-van solution with various concentrations of

D-Ala-D-Ala peptide on heating from 10 to 40°C with the same heating rate of 1°C/min.

173



From Figure €L, it can be seethat an increase in peptide concentration from 100 to 400ug

slightly reduced the energy needed to collapseNLIPAM-van from opened coiled to globule

state. Then there was raore dramatic decrease in energy consumed during the phase
transition of the pgimer when the amount of peptide was increased up to 600ug/ml and
reached a plateau at 700pug/ml. Unfunctionalised@NIPAM-COOH was used as a control in

order to confirm the specific binding between vancomycin on the polymer &ld-D-Ala

peptide sequenseThe control polymers did not undergo a decrease in enthalpy at transition

in the presence of the peptide (700¢e49, whi c
However, the phase transition temperature at peak maximum of the polythepiesene

of different concentrations of dipeptide appgeatra similar position, which is about 32°C.

There was no change in LCST of the polymer observed. This result evidently confirms an
accessibility of vancomycin functionality on theANIPAM-van polymers tdind to a small

target like the DAla-D-Ala dipeptide. In the case of HBNIPAM-van, the results showed

the same patteras the linear version, (Figure2, that is that the energy transfer required to

pass HBPNIPAM-van through opened coil to collapsgldbule transition was reduced as the
concentrations of the peptide sequences increased. The percentage of enthalpy decrease of
both polymers with an increase in concentration &ilB-D-Alapept de (e g/ ml ) i s s
Figure 62.

LP-VAN

E HBP-VAN

%Enthalpy decrease

0 0.1 0.2 0.4 0.5 0.6 0.7
Concentration of peptidegg/ml)

Figure6.2 The percentage enthalpy decrease-#fNUPAM-van and HBPNIPAM-van in the
presence of EAla-D-Ala peptides at various concentrations.
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The percentage decreases in enthalpy for each polymer at each peptide concerdgration w
obtained by comparison with that found with the polymers in the absence of peptide. Figure

8.2 shows that there were continuous decreases in heat used to transition both the L
PNIPAM-van and the HB’NIPAM-van through open coiled to collapsed states nwhe
peptide concentrations were increased from
significant Ostepd6 decrease in enthalpy occu
to 600pg/ml and a plateau was reached when the peptide concentratiorerdac 7 0 0 € g / ml
Unfunctionalised HBPNIPAM with the peptide, used as a control, did not show the
difference in enthalpy required to pass the polymeruth to the collapsed state. These data

could be explained by the equilibrium binding process betweenomaymin and peptide
sequences leading to abrupt conformational changes oPMRIBAM-van polymer. It

resulted inrmuch lower energy consumption in switching the polymer conformation from coil

to globule state in the presence of peptide.

Indeed, comparison beeen the interactiaof vancomycin in the {PNIPAM-van and in the
HB-PNIPAM-van with D-Ala-D-Ala peptide in terms of the enthalpy change can also be
shown in relation to the ratio of peptide concentration (M) to concentration of vancomycin
(M) on the polyner. These data are shown in Tal2 The concentration of vancomycin on
each polymerwas obtained from ELI8 results (Chapter 2 section 2.3.4) which were
0.1918mM and 0.1712mMttached to tPNIPAM-van and HBPNIPAM-van respectively.

The results of thee experiments are shownhigures 6.3 and 6.4. Figures 6.3 and show

the percentage of enthalpy change é?MIPAM-van and HBPNIPAM-van observed in the
presence of peptide compared to the absence of peptide.
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Figure 6.3 Changes in enthalpy of-BENIPAM-van compared with the ratio of peptide:
vancomycin.The significance between differences in zetdéeptial were tested using one
way ANOVA incorporating Tukeyds multiple ¢
significance is defined by P value: ** P O 0
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Figure 6.4 Changes in enthalpy of HBNIPAM-van as the ratio of peptide: vancomycin
increase.The significance between differences in zeta potential were tested using one way
ANOVA incorpar at i ng Tukeyos mul tiple comparison
significance is defined by P value: ** P O 0
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The headconsumed to pass both polymers from open to collapsed form in the absence of the
peptide was considered to be 100%. There was a gradual decrease in the enthalpy change
when both EPNIPAM-van and HBPNIPAM-van were incubated with increasing
concentrationof the DAla-D-Ala peptide. When the ratio of peptide concentration to
varncomycin concentration was 12.16r HB-PNIPAM-van and 10.85 for {PNIPAM-van,

there was a dramatic decrease in percentage of heat consumption (from 100% to ~ 60%)
required to drive lte polymers through to the collapsed state. Unfunctionalised polymers,
HB-PNIPAM with pyrrole chain ends and-RNIPAM-COOH, were used as controlsThe

result shows that a sudden step change in enthalpy reduction occurs when the ratio of peptide
to vancomgin on both types of polymers is about 10:1.e3édata indicate the crucial
number of interactions required to cause abrupt collapse of most polymer chain ends.
Moreover, a significant change in enthalpy used for passing through coil to globule transition
of both polymers could not be observed at lower safibis could bebecause ther@erenot

a sufficient proportioral of chain ends occupied by peptide to cause detectable changes.
Interestingly, such a step change is similar for both linear and highhcled polymers

which couldinfer that both polymers contaiine same amount of vancomycin bindieges.
Burovaet al. studiedthe effects of conformations of copolymer of PNIPAM with polyacrylic

acids (PAA) orthebinding ability of low molecular welg ionic ligands. They found that the
enthalpy of collapse of the polymer decreased when the concentrations of ligands was
increased231].

There are several techniques that researchers have been used for studying the model of
binding to antibiotics. Molinariet al. used the BPAla-D-Ala dipeptide to study how the
structure of vancomycin interacted with theAla-D-Ala dipeptide in solution using NMR.

They found that the complex of vancomycin with dipeptide resulted in observable proton
chemical shif of amide groups, which indicate strohgdrogen bonding at these positions.
Moreover, they suggested that the binding of vancomycin and such a dipeptide did not cause
a crucial conformational change in vancomycin antibib&causehe hydrogenatom ofthe
secondary amine presenting on tNemethyl leucine of vancomycirretainedthe same
conformation compared with the absence of dipeg&8¢ Calorimetry techniques have been
used for studying an covalent interaction between peptides and antibidtic®hail and
Copperexploitedthe microcalorimetry technique to study the dimerisation of vancomycin in

the presence ofits specific binding ligand N-Acetyl-D-Ala-D-Ala. They found that
vancomycin @merisation was enhanced the presence of such a peptide and affected the
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enthalpies of ligand binding@37]. Here we usednicroDSC to invstigate the binding db-
Ala-D-Ala to the polymers and showed not only theatdecrease in the magnitude of
endotherm and a change in the phase transition peakrred but also that thaipeptide
could provide information othe accessibility of vancomycion L-PNIPAM-van and HB
PNIPM-vanby the target ligan{D-Ala-D-Ala).

Thedata from figure 6.%.4 can be interpreted as being evideat®-Ala-D-Ala dipeptide

binding to the vancomycin pendant of both linear and highly branched polymers and that this
event significantly perturbed the solvated state of the polymers, leading from an open coiled
to a collapsed state. This is illustrated by the decrease in magnitude of the endothermic peak
and area under the curve of the thermogram. However, we founde¢hatths no change in
phase transition temperature of the polymers (LCST, temperature at which the peak is
maximum; 31.34 °C) in the presence of the dipeptidee decrease in peak maxima of
endotherm without an observable change in phase transition mgdstithat the binding of
vancomycin end groups of both polymers to thélB-D-Ala dipeptide affected only the
desolvation of polymer segments, rather than the whole polymer chaenbinding of
vancomycin located dhe outer regions of theolymer cois reduced the solvation of chain

end segments, but the distant regions from the end groups remain ung#@4diethe phase
transition of the inner regions of HB structure would be dominated by the segment crowding
effects[137]. This heterogeneous desolvati@also suppoed by the results #m Chapter 5

The data from Chapter fevealed that the binding of vancomycin end groups of highly
branched pgimers toS. aureugprovided only desolvation of the outer segment, which was
detected by an increase in fluorescence intensity ofstiteatochromic dyenile red.
However,some of thenile red, which wasot present in these desolvated segments, was
guended, resulting in no detectable shift in the spectrum. This situation could also support
the explanation of heterogeneous desolvation in this study. The schematic diagram is shown

in Figure G5.

From Figure 6.5 (A) and (B), whole HBNIPAM-van segments arkilly opened in the
absence of the peptide. When the temperature is increased above its LCST all water
molecules are released from the polymer chains, resulting in homogenous desolvation. On the
other hand, in the presence ofAla-D-Ala peptides, the bating of small peptides to chain

ends of HBPNIPAM-van causes the collapse of only the chain end regions, which are
represented by green lines. Therefore, once the temperature has risen to its LCST less energy

is required for releasing water molecules Igfirrounding the inner segments, which are
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